The cochlear amplifier as a standing wave: “Squirting” waves
between rows of outer hair cells?
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This paper draws attention to symmetric Lloyd—Redw¢BHR) waves—known in ultrasonics as
“squirting” waves—and points out that their distinctive properties make them well-suited for
carrying positive feedback between rows of outer hair cells. This could result in standing-wave
resonance—in essence a narrow-band cochlear amplifier. Based on known physical properties of the
cochlea, such an amplifier can be readily tuned to match the full 10-octave range of human hearing.
SLR waves propagate in a thin liquid layer enclosed between two thin compliant plates or a single
such plate and a rigid wall, conditions found in the subtectorial space of the cochlea, and rely on the
mass of the inter-plate fluid interacting with the stiffness of the plates to provide low phase velocity
and high dispersion. The first property means SLR wavelengths can be as short as the distance
between rows of outer hair cells, allowing standing wave formation; the second permits wide-range
tuning using only an order-of-magnitude variation in cochlear physical properties, most importantly
the inter-row spacing. Viscous drag at the two surfaces potentially limits SLR wave propagation at
low frequencies, but this can perhaps be overcome by invoking hydrophobic effect200®&
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I. INTRODUCTION at a resonance frequency related to the OHC spacing will
) ) ~_occur and, as a result, will launch a “radial” wave in a di-
A major unresolved problem in cochlear mechanics is gection normal to the rows. This mechanism would operate
basic one: how is it physically possible to finely tune themqost efficiently if the central row, OHC2, responded in an-
human cochlea over three decades of frequency? The cofiphase to the other two rows, and if response sensitivity of
ventional model involving “traveling” waves propagating the individual cells were adjusted neurally to be just below
lengthwise along the basilar membrai@M) certainly gives  the oscillation threshold.
broad tuning, with the local resonance frequency being de- major difficulty confronting this radial wave hypoth-
termined largely by the plate-stiffness and width of the BM, esis, however, is the extremely low wave velocity and high
but a local-resonance theory, in some way involving the acgispersion required in order to have the wavelength match
tive outer hair cell§OHC9, appears necessary to provide thehe separation between OHC rows over the full frequency
observed sharp tuning. The nature of this active tuning haﬁange of the human cochlea. In this paper a wave type is
been a matter for speculation and debate, since the identifiggentified that meets these requirements: a symmetric Lloyd—
material properties of the cochlear structures do not vary bredwood(SLR) wave, known in ultrasonics as a “squirting”
the large factor required in order to cover the large frequencyyave. This mechanism appears to provide the “self-tuned

range involved. S _ _ _ critical oscillators” whose existence has been proposed on
Here a solution is proposed involving standing-wavegeneral grounds by Duke andligher?3

resonance between the rows of OHCs. The resulting wave
direction is across the partitiofradially) in a direction at
right angles to the standard lengthwidengitudina) direc- !l SLR “SQUIRTING” WAVES

tion of propagation of the traveling wave. If the OHCs are SLR waves arise when a thin fluid layer is sandwiched

excited by such a traveling wave, then their mechanical repatveen two deformable plates. They were predicted by
sponses will deflect the membrane to which they are attachelgoyd and Redwooflin 1965 and first experimentally veri-
and launch a secondary wave from each cell. These seconga in the ultrasonic regime by Hassan and Neaigy1997.

ary waves will interact with the other OHCs, causing them toyjike normal flexural or shear waves in a plitthe SLR

respond with further waves, and so on. Because the phagg, e relies primarily upon interaction between the inertia of
change of the primary exciting wave along the rows is smally,q fiyid and the elastic restoring force of the plates. While
many OHCs will respond in unison. Furthermore, since thene griginal analysis of Lloyd and Redwood assumed that the
OHCs are arranged in three parallel rows, positive feedback|ates deformed by shear, plates thinner than about one-sixth
of the wavelength will deform by bending, the case consid-
aElectronic mail: andrew.bell@anu.edu.au ered by Coulouvraet al.” and by Hassan and NagyBoth
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viscosity becomes increasingly pronouncege Appendi-
ce9, a factor that, acting in the subtectorial space, would
tend to damp the wave and prevent its propagation unless
some other mechanism intervenes. As it happens, there ap-

QA band
‘ pears to be just such a possibility deriving from the proper-

< 3:2@ ”"Sg;‘mg" ties of hydrophobic surfaces, as will be discussed later.
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Anatomically, the cochlea has a thin layer of flgatjue-

. , ous endolymph enclosed between the gelatinous tectorial
°gﬂ,°t';':' > foNod membrandTM) and the thin reticular laminéRL), as shown
in Fig. 1. The two surfaces are held apart by the stereocilia of
Hensen the OHCs, with the tips of the tallest stereocilia embedded in
cell the lower surface of the TM. From the analysis of Lloyd and
Redwood and of Hassan and Nagythe phase velocitg of
the symmetric Lloyd—Redwood wave for two identical plates

) of half-thicknessh, Young’s modulusE, and Poisson'’s ratio
Deiters cells o, separated by a liquid layer of thicknesand densityp, is
given approximately by
basilar membrane Eh3dw? 1/6
— c~| ———— 1)
3(1-0%)p

FIG. 1. Simplified diagram of the anatomy of the human cochlea in crossmov'ded the pIates are thin compared with the Wavelength SO

section. Radial SLR wave&squirting” waves) could be generated by cy- that they deform by bending. The wavelength 27c/ w is
clic length changes of OHCs. Symmetric undulations induced in the facinghen given by
surfaces of the TM and the RL squeeze the intervening fluid and produce a

squirting action(horizontal arrows The wave will continue to the IHCs, Eh3d 1/6
where squirting will tilt the free-standing IHC stereocilia. Shorter OHC AN=2 o o w_1/3, (2)
stereocilia(unattached to TM and also subject to squirting effeate not 3(1-0%)p

shown. White areas are occupied by fluid. . o . . .
which more readily illustrates the dispersive properties of the

wave. A doubling of wavelength, for example, is accompa-

these cases are treated in Appendix A and illustrated in Figli€d Py an eightfold change in frequency.
3. and certain other variations are also discussed. Plates thicker than about one-sixth of the wavelength

To visualize liquid displacement patterns, Lloyd and undergo shear instead of bending, and the approximate result

Redwood solved the equations of motion numerically forO" the case where the plates are still thinner than the en-
two modes, one antisymmetric and the other symmetric wittf!0Sed liquid layer is

respect to a plane along the center of the fluid layer. In the Ehdw? 114

antisymmetric mode, discussed in more detail in Appendix  C~ m (€)
A, the upper and lower layers, and the fluid, move up and

down together in a sinuous fashion, so that the width of thelhe corresponding expression for wavelenytts

fluid layer is constant and no enhanced motion of fluid oc- Ehd Y4

curs. Applied to the cochlea, the lack of such fluid motion =2 m w2 4

implies that the stereocilia would not be deflected. Moreover,

this mode does not give appropriately low propagationAs shown in Appendix A, boti1) and (3) can be simply

speeds or such high dispersi@ee(A13) in Appendix A], so  derived by neglecting the mass of the plates and equating the

we conclude it is not auditorily relevant. kinetic energy of the “squirting” liquid to the elastic strain
The symmetric mode, however, in which the two facingenergy of the plates. Inclusion of the mass of the plates is

solid layers vibrate in mirror symmetry to give a varicose simple, but complicates the resulting expressions unnecessar-

wave, which we call the SLR mode, is of considerablyily.

greater interest. This mode involves squeezing of the inter- When one of the plates is much thicker, much stiffer, or

vening fluid backwards and forwards in the direction of much denser than the other, then it moves very little and the

propagation. Hassan and Nagy called it a “squirting” modemotion reduces essentially to that of the original model with

because horizontal displacements of the fluid become maghe immobile plate located along the center-plane of the

nified when the gap is narrow relative to the wavelength, asriginal fluid layer. Appendix A shows that this does not

is the case in the typical cochlear configuration shown in Figchange the form of the dispersion relatioii$ and (3), ex-

1. Maximum horizontal velocity of fluid occurs one-quarter cept thatd is now equal to twice the thickness of the liquid

of a wavelength away from the place where the plates unlayer. The wave of relevance is therefore that involving

dergo maximum vertical displacement. bending and with a dispersion relation of the fott), pro-
Hassan and Nagy studied the waves at ultrasonic frevided at least one of the plates is sufficiently thin.
guencieg15-150 kHz with a liquid film approaching 1 mm In the case of the cochlea, there is liquid on the outer

in thickness. At audio frequencies, however, the effect ofside of each plate as well as between them, and the wave
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motion extends some distance into this liquid. But again, 10

Appendix A shows that the effect of this surrounding liquid —— calculated SLR wave speed
is small in the case of a structure with dimensions typical of & = = =« required wave speed for resonance

between OHC rows

the cochlea.
An important property of Eqs(l) and (3) is that the

SLR wave velocity increases markedly with frequency, as

w?"in the first case and as/? i

10°F

in the second. The wave is
thus highly dispersive and, as given &) or (4), the wave-
length range for a given frequency range is greatly com-
pressed, varying a® ° and w2, respectively, for the
two cases discussed, rather thanaas® for nondispersive
propagation. It is this feature that potentially allows SLR
waves to provide a way of tuning an active cochlear ampli- ]
fier over a 3-decadél0-octave frequency range by requir- 0o e e o
ing only an order of magnitude variation in other physical frequency (Hz)
parameters.

wave speed (mm/

FIG. 2. Calculated speeds of SLR wavédl line) based on measured RL
dimensions of the water buffaidRef. 10 and assuming that the RL has an
elastic modulus similar to that of the THRef. 11 (2 kP3. The gap width is

I1l. SLR WAVE IN THE COCHLEA
; ; ; that for human stereociliar heigliRef. 12 and a human frequency—place
As Appendix A makes clear, the primary requirement formap (Ref. 13 is used. These speeds agree well with wave speeds inferred

generating SLR waves in accordance with is that at least (dotted ling from assuming one wavelength of a standing wave to form
one of the two enclosing plates is thin enough to deform bybetween the experimentally determin@ef. 17 spacing OHC1—OHC3 for
bending. Given the extreme thinness of the R=3 um), humans.
this condition appears likely to be met in the cochlea, al-
though no direct measurements of this structure’s stiffnest fractional distancex from the apex is well-approximated
have been made. It is known, however, that this articulatedy the functionf =165.4(16—0.88), and this expression
mesh of interlocking plates appears more flexible than thés used in the following calculations.
basilar membrafeand there is some indicatidnhat it is Since Fig. 2 reflects a mixture of cochlear properties
more compliant than the TM. In what follows, therefore, it is from water buffalo, guinea pig, and human, one may ques-
assumed that deformation is by bending of at least one of théon the aptness of the values derived frdf) to human
plate structures involved, so that the dispersion relation ifiearing. In general, micrographs show that the differences
given by(1). A difficulty, however, is that no individual data between these species are not major, and most cross sections
set provides all required values, so it is necessary to use daggppear similar. Although detailed measurements of human
compiled from measurements on several different species afM dimensions are lacking, it does seem, however, that the
mammal. thickness of the human TM is, at least at the apex, apprecia-
The most comprehensive data in the literature relates tobly greater than in the water buffalo, and its overall structure
the water buffald® here the thicknesses of the TkB—8  thus appears as in Fig. 1. The analysis in Appendix A then
um) and RL(1.8—2.9um) are tabulated along the cochlea. It shows that SLR waves will propagate by bending of the RL
is immediately apparent that, in this case, both of these kewith the TM remaining nearly inactive. Since the speed of an
structures are appreciably thinner than a wavelength, sugsLR wave varies only as the sixth root of the Young’s modu-
gesting that both undergo bending. Since the RL appears tas, errors introduced by assuming values of RL stiffness
have an elastic modulus comparable to that of the®liMs  about equal to those of the Ti kPa should not be serious.
appropriate to use RL dimensions and to combine these with As well as the subtectorial space in the cochlea being
a representative Young’s modulus of 2 kPa, as derived fromvell-configured for propagation of SLR waves, it is impor-
recent measurementson the guinea pig TM in which fig- tant to note that OHCs appear strategically positioned to gen-
ures of 0.7—3.9 kPa were reported. The gap widthmeflects  erate these waves, as shown in Fig. 1. A key property of
the height of the tallest stereocilia, and here there is no watdDHCs is that they are electromotile, with the ability to
buffalo data; instead, human ddfashowing a gradation of change length, cycle by cycle, in response to variations in
3-7 um from base to apex, are used. cell potential** such as might be caused by stereocilia de-
For the mid-region of the cochlea where frequenciedlection. Thus, changes in length of OHCs could excite SLR
near 1000 HzZw~6000 rad ') are detected, the assumed waves.
values are thus,E~2kPa, h~1um, d~3um, and OHCs are clamped at the bottom by Deiters cells, which
p~1000 kg/mi. Equation (1) then gives a wave speetl  rest on the basilar membrane, and are firmly connected at the
~40 mm/s and a wavelengtb/f, of about 40um. A plot of  top to the interlocking platelike network of the RL. When
wave speed against frequency over the length of the cochlé@HCs are electrically stimulateidh vivo, the RL at the top
is shown as the full line in Fig. 2 and shows values rangingnoves 5—10 times motéhan does the basilar membrane at
from 3 mm/s at the apef20 Hz) to 300 mm/s at the bag@0  the bottom, a key indicator that the RL is highly flexible and
kHz). Extremely slow wave speeds and short wavelengthsould readily respond to elongation and contraction of
thus appear possible in the cochlear structure. According t®@HCs.
LePage-® the tonotopic mappin¢for humans of frequencyf From this numerical analysis, supported by the theoret-
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ical results in Appendix A, it can be concluded that audio-V. THE COCHLEAR AMPLIFIER AS A STANDING
frequency SLR waves with speeds as low as tens to hundred¥AVE?
of millimeters per second and wavelengths of tens to hun-

dreds of micrometers could occur in many, if not all, mam-,nqg correspondingly short wavelengths. At the same time, a
malla_n cochleas..The wave speed will be governed by th'gystem in which motile elemenf©HC cell bodies are in
bending pf the thinnest membrane, us_ually Fhe RL, althougl}lose proximity to sensory elemenf®HC stereociliq im-
deformation O.f the TM may also contrlbute IN SOMe cases. mediately raises the possibility of feedback. Over the span of
T_he possible eX|stence_of such ra_1d|al waves p_rompts thg single SLR wavelength the phase of a propagating wave
qL_Jestlon of how the_y may |_nteract W't.h a Iong|t_ud|_nal trav- changes by 360°, a situation inviting positive feedback and,
eling wave. _Some_klnd_ of direct coup_lmg of excitation from given a suitable two-way interaction, standing waves. It ap-
the Ic_)ngltudln_al direction to the _radlal would presumably pears significant that OHCs typically lie in three well-defined
help n f“””e"T‘g energy of a.parucular f_requency 10 1S @P-r6\5 and are graded in their separation along the cochlea so
propriate location on the partition, at which point the OHCsaS to span a distance ranging from 20 to 58, dimensions

could then begin actively fine-tuning the response via SLR: mparable to calculated SLR wavelengths. It is also of
waves. The precise micromechanics of this process is beyo me reassurance for our previous pooling of data that the
the scope of this paper. It is reasonable, however, to treat t aded spacings of OHC rows for both hurtaand water
radial wave as an independent entity because its wavelengf} .10 4o nearly identical.

is generally very small—tens of micrometers—compared to A real possibility, therefore, is that positive feedback
that of a traveling wave, which is typically in the range of may occur between dHC rows. I’n response to a sound stimu-
millimetres. In turn this means that the input stimulus to the, us, the OHCs will undergo movement, launching an SLR
OHCs is essentially in phase over reasonably large OHC _’ '

tes. In th ¢ t N ¢ ave, and the distinctive squirting motion of the wave will
aggregates. In the case of spontaneous emissIons, of CoUrgle, jnitiate positive feedback through bending of neighbor-

where the active process dominates, the situation could bl?‘lg OHC stereocilia, creating a standing wave. Here we con-
rathir d'lfferlen.t.t tation. th broadly in keepi ith sider that it is the shorter OHC stereocilia, which are free-

|7 simpie Interpretation, then, broadly in keeping wi standing, that are bent and contribute most to feedback. At
existing traveling wave theory, might be that the travellngthe same time, the tallest stereocilia, which are firmly at-

wave is the primary filter and_ the SLR wave the second ﬁltertached to the TM may still contribute feedback as they must
However, _the SLR mechanl_sn_w proposed here does _undeﬁh with respect to their bases when the reticular lamina, on
score the importance OT cla_nfylng the r?at“fe of the Primary, hich they rest, undulates underneath. The important result
mput. to the OHCs, which is not Ce“a”.‘- In. parthular, the is that in the end some of the oscillating fluid flow associated
poss.lble role of the f"?ISt pr‘?ssi‘ge wave in stimulating OHC%\/ith the standing wave will escape the OHC region and
requires careful consideratidn: propagate towards the IHCs, where the jetting fluid will bend
stereocilia(which here are all free-standingnd greatly en-
hance the responses of the cells at the standing-wave reso-
IV. DISPERSION AND TONOTOPIC TUNING nance frequency.
A mention of nonradial propagation of SLR waves is
It was noted earlier that SLR waves are highly disper-also called for. Because OHCs are regularly arranged longi-
sive (cxw?3), so that in order to vary tuning 1000-fold, tudinally as well as radially, cell interaction may launch
dispersion will provide a factor of 100, leaving only a factor lengthwise SLR waves, too. We note, however, that the lon-
of 10 to be contributed by other variables. This means that ifjitudinal cell spacing is smaller than the radial spacing, so
inter-row spacing of OHCs were constant between base artie corresponding resonance frequency would be much
apex, physical and geometrical characteristics of the cochleaigher, perhaps making the initial tuned stimulus from a trav-
would only be called on to alter wave speed by tenfold ineling wave ineffective. Moreover, these waves would travel
order to maintain a full wavelength between OHC1 andin directions that would not strongly affect the IHCs. While
OHC3. In reality, the spacing of OHC rows in hum&hs subtle effects due to nonradial waves cannot therefore be
widens by a factor of 2.5 from base to apex, meaning thaimmediately ruled out, they do not constitute the major
wave speed need only vary by a factor of 4 through the othemechanism investigated here.
parameters ifl). The location of the maxima and minima of the standing
The same equation indicates that elastidtyand gap wave relative to the OHC rows will depend upon the me-
thicknessd are of little consequence in tuning, as phase ve-chanical impedance of the OHCs relative to the wave imped-
locity only varies as their sixth root. The most likely param- ance of the surrounding plate. Since the cells are large in
eter leading to tuning is the membrane half-thickriigssince  diameter relative to the thickness of the plate, it is likely that
cxh'2 A systematic variation i from base to apex might their mechanical impedandéorce divided by displacement
therefore be expected, with smaller at the apedow fre-  velocity) is also relatively large, which means that the stand-
quencies The detailed water buffalo ddfaconfirms this ing wave will be excited in such a way that the OHCs lie
expectation. For this animal, the thickness of the TM de-lose to, but not coincident with, the displacement nodes of
creases from 2@um at the base to 1m at the apex2.6- the plate. Furthermore, because these plate displacement
fold); similarly, the RL thins out from 2.9um to 1.8 um  nodes are also the regions of maximum squirting wave fluid
(1.6-fold). velocity (and maximum tilt of stereocilia with respect to their

Distinctive features of SLR waves are their low speeds
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baseg this location also provides optimal feedback to theVl. CONCLUSIONS

OHCs through displacement of their stereocilia. Although  This paper has constructed an attractively simple model
each OHC acts as a circular wave source, their linear afgy sharp tuning in the cochlea by assuming that SLR waves
rangement effectively produces a nearly linear wavefrongre generated by interaction between rows of motile outer
parallel to the OHC rows, and in this way an escaping wavehair cells, the reticular lamina, and the fluid lying between it
propagates at right angles to the rows and towards the IHCand the tectorial membrane. In turn, these squirting waves
Some experiment$!® have seen large phase variationscreate, through stereocilia-mediated positive feedback, a
across the partitionup to 180° between points 1@im  standing wave between the rows. The gain of the reverberat-
apart®), which can be interpreted as good evidence for shortng system—operating broadly like a solid-state surface
wavelength radial wave motion; however ottf8fisave seen acoustic wave device—is presumably neurally adjusted so as
no radial phase variability, so that more work is needed td0 be close to the oscillation threshold in order to provide
clarify this behavior. high gain and narrow frequency response. Squirting waves
The dotted line in Fig. 2 shows the phase velocity re-generated in the.OHC region could propa_ggtg radially across
quired to create feedback resonance between rows of oHdhe space to the inner hair cells and there initiate a strong and
in the human cochlea, placed next to a line showing the way&@rPly tuned neural response. _
velocities expected from an SLR wave based on composite This r_nodel_ also displays other mteref\syng_ features, I_:or
cochlear data. To calculate the dotted line, the speed need é?mP'e’ |t_a55|gns a roIe_ to Hgnsen cell I|p|(_15 I overcoming
to make the OHC1-OHC3 distance a full-wavelength stand—'m'tatlorls imposed by viscosity. It also points to a highly

. . . . . . localized basis for the cochlear amplifier, suggesting for ex-
ing wave cavity was used; this distance is continuously " 99 9

s ample that spontaneous otoacoustic emissions could arise
graded’ from base20 um) to apex(50 um) in humans, and P P

h ¢ I ety . q from a small group of OHCs with positive feedback gain
the same frequency—place was again used to convert exceeding the oscillation threshold for SLR waves.

location to frequency. The general trend and proximity of the
lines support the possibility that resonance between OH@QCKNOWLEDGMENTS
rows may occur via SLR waves. An SLR wave thus makes 14 5 thors thank M. V. Srinivasan, A. W. Gummer, and

an ideal can_didate f(_)r tuning st.an_ding waves between OHG \iaddess for helpful comments. A.B. is supported by a
rows. Modeling of this process is incomplete, and so furtheippy b scholarship from the Australian National University
details are not given here. However, since OHC stereociligng received seed funding from the University Gbingen.
are particularly sensitive to lateral jets of fiiitithe postu-  This research complies with the Declaration of Helsinki; a
lated reverberating activity between rows of OHCs couldfyll statement of animal research ethics for A.B. is set out
provide a physical realization of the cochlear amplifier, theelsewhergRef. 27. Catherine Eadie helped in drawing the
device proposed by Davisto explain the active nature of figures.

the cochlea at low sound pressures. It also has strong paral- Note added in proofSince acceptance of this article we
lels with the “regenerative receiver” described by Gold have come across the papers “Active control of waves in a
and with surface acoustic way®AW) resonator devices:'®  cochlear model with subpartitions,” by R. S. Chadwick, E.
If SLR waves do operate in the cochlea as supposed here, . Dimitriadis, and K. H. Iwasa, Proc. Natl. Acad. Sci.
would confirm some long-standing conjectures that fluidU.S.A., 93, 2564-2569(1996 and “Evidence of tectorial
flow in the subtectorial space was crucial for IHC membrane radial mositon in a propagating mode of a
stimulatiorf*?> and would relate to a recent speculaton comples cochlear model,” by H. Cai, B. Shoelson, and R. S.
that the cochlear amplifier was a fluid pump. Chadwick, Proc. Natl. Acad. Sci. U.S.A101, 6243—-6248

There is, however, a major problem with the SLR wave(2004. These papers considered radial fluid motion in the

hypothesis: the analysis in Appendix A indicates that propaRL"TM gap, but rejected it because of viscosity consider-

gation of SLR waves in the narrow subtectorial space migh'ons-

be expected to be strongly damped by viscous forces, pakppeNDIX A: DERIVATION OF EQUATIONS

ticularly at low frequencies as indicated in HA15). Butit ~ GOVERNING SQUIRTING WAVES
is now known that the effects of viscosity in narrow channels

can be greatly diminished when hydrophobic surfaces are Suppose that, to conform to the notation of previous
9 y ydrop >gvestigators, the system consists of two identical parallel

involved, and it may well be that the cochlea makes use o lates, each of thicknes$i2densityp, , Young’s modulu,

this phenomenon. As described in more detail in AppendiX,,q poisson's ratier, separated by a layer of liquid of thick-

B, slippage between a polar liquid and its bounding surfaceﬁessd, and density, as shown in Fig. 3. The simplest way
can be considerably enhanced if the surfaces are made hys jetermine the phase velocieyof a wave of angular fre-
drophobic by coating them with a thin layer of oil. The rel- qyencyw that is symmetric about the center plane AB, which
evance here is that lipid droplets are secreted by Hensefje have called an SLR wave, is to equate the maximum
cells, immediately next to the subtectorial spéee Fig. 1,  values of the potential and kinetic energies of the wave. This
and a natural supposition is that the function of these dropprocedure is clearly appropriate in the case of standing
lets is to coat both TM and RL surfacésut presumably not waves, where displacement and velocity are 90° out of phase
the stereocilip and so reduce their viscous drag upon thewith each other, but can also be shown to be correct for
squirting fluid in the subtectorial space. propagating waves. In the derivations below, some factors of
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K plate™ Plhwzazv (A4)

but the liquid motion requires more analysis.

From (A1), if it is assumed that the plates are close
enough together thati<1, the fluid flow velocity in the
space between the plates is essentially parallel to AB and has
the form

2f(z) (xady _ 2aw
dJoax &% kd

f(z)sinkx coswt,
(A5)

wherez is the coordinate normal to the plates and the func-
tion f(z) is approximately parabolic and becomes zero at the
plane of contact with the plates, so ttf%lf(z)dz= 1. Since
f(z) contributes a factor of order unity, it will be neglected in
the following analysis. The mean square velocity amplitude
averaged over the-direction is

v(x,z,t)=

5 2a’w? 2a?c?
()= o g (A6)

and the peak kinetic energy of the flow is

FIG. 3. (a) Section of two parallel plates surrounded by liguia). Geometry
of the symmetric Lloyd—Redwoo@LR) wave, the motion of which gives
rise to the “squirting” of liquid between the plate&) The antisymmetric 2 2

wave, displayed here for completeness. It is considered to play no functional K. ~ pa-c (A7)
role in the cochlea. li d

. . . . Finally, because in the case of the cochlea the plates are
order UI’II"Ey are neglected in the interests of S'mp“c'tY fimmersed in a surrounding liquid, account must be taken of
presentation. The final results are therefore only approximatg, yinetic energy associated with flow in this liquid. Con-
but, since fourth or sixth roots are involved, this is of little sideration of the wave equation for a liquid with a standing
practlcalhcor}S(lelquence. ider the behavi | or propagating wave disturbance imposed upon its surface

. In what follows, we consider the behavior on only ON€ghows that this wave is exponentially attenuated with dis-
side of the symmetry plane AB, and assume a standing Wavt%ncey from the surface by a factor expky). To evaluate,
of the form to an adequate approximation, the kinetic energy associated
y(x,t)=acoskxsinwt, (A1)  with this motion, the quantityd in (A7) can simply be re-

wherek=w/c. If \ is the wavelength at angular frequency placed byk ¢/w, giving a kinetic energy contribution

w, and the plates are sufficiently thin tHat\, then their K outer= 2pa’Cow, (A8)
elastic distortion occurs through bending, and the peak elas- S .
. . g . and the total kinetic energy is
tic potential energyP.,qPer unit area is

Ehck‘a2 Ehdw?a Kiotal™ Kplate+ Kliq+ Kouter- (A9)
3(1—o?) = 3(1—o?)ct (A2) The total symmetric propagation problem can now be
solved by choosing eithelP,gnq O Pshean depending upon
If, however, the plates are thicker so thafs greater than the thickness of the plates, and setting this equakg,.
about M/, then the plates distort predominantly by shearFor the standard SLR-wave situation, the plates are taken to
rather than bending, and the corresponding result is be thin enough that<\/27 so thatPy,qis the appropriate
EhiCa? Ehw?a? choice, and they are close enough togetherdhaxlzm SO
(A3) thatK pae aNdK e CaN be neglected relative K, . Setting

Ppend™

214 0) 2(1+0)c? Ppend= Kiiq then leads to the Hassan—Nagy result
The difference in structure betwedA2) and (A3) is ac- Enddw? |Y°
counted for partly by the fact that the bending modulus is ¢~ PO o w?B, (A10)
involved in (A2) while the shear modulus is involved in 3(1-0%)p

(A3), and partly by the fact that the V\Qave_equation for ajf the thickness of the plates is comparable to or greater than
bending wave involves the opezrawﬁz/ax while that for a  the wavelength, however, then distortion is by shear and,
shear wave involves only“z/dx=. provided the plates are close enough togetherkhats still

The kinetic energy in the simple system considered inyreater thar pae aNd K ouier, the equatiorP e~ Kjq leads
volves two contributions, one from the moving mass of theyg the result

plates, and one from that of the liquid between them. The
kinetic energyK . Per unit area of the single plate has the
simple form

1/4

Ehdw?
w2, (A11)

(1+ao)p
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For intermediate cases, an appropriate interpolation betweemherey measures the longitudinal displacement of the fluid
(A2) and(A3) for the potential energy must be used, and thebetween the plates and is the elastic stiffness of these
full expression(A9) may be required for the kinetic energy. plates, expressed in termsyflf a standing-wave resonance
One further important implication of the model is also for this oscillation is considered, then the quality factdrs
worth noting. The squirting-wave motions considered aboveiven by
are mirror-symmetric about the central plane AB of Fig. 3. P
This means that exactly the same results will be obtained ifa Q= P , (A15)
rigid plate is set along this plane, so that there is only a 7
single thin plate separated from it by a liquid-filled space ofwhere w is the frequency of the standing-wave resonance.
width d/2. Indeed, the elastic stiffness of a thin plate in-|nserting numerical values for the human cochlea {Ab4)
creases so rapidly with its thickness, as indicated A3), givesQ~10"%w, so that at 1 kHZQ is only about 0.1 and
that in most asymmetric situations an assumption that thepout 1 at 10 kHz. Any such standing-wave resonance is
thicker plate is essentially rigid will provide a good approxi- therefore virtually nonexistent under these simple assump-
mation, provided the thinner plate can distort by bendingtions. While active resonant feedback between cells would
rather than shear. Of course, the relative elastic moduli of theontribute negative resistance that could help reduce the ef-
two plates must also be taken into account. fect of this damping, this would not overcome the damping
A similar approach to that above can be applied to thepetween OHC1 and the IHCs, so the waves could not then
antisymmetric case. Since there is no squirting motion, theropagate effectively.
enclosed fluid simply moves up and down with the enclosing  Propagating SLR waves of frequenayin the system
plates, and its mass is added to the combined plate mass. Fgfe attenuated in amplitude as exp{x/2cQ), which
plates thinner than abou6, so that they deform by bend- amounts to expt#/Q) per wavelength. Clearly we require
ing, the result is that Q>1 for propagating waves to have any significance.
Since Q increases nearly linearly with frequency while the
viscous barrier-layer thickness is greater than the liquid film
thickness, as assumed abdeed actually as the square root
of frequency above this limit this explains why SLR waves

where 7 is the thickness ang, the density of each of the have been studied mainly at megahertz frequencies and for

plates. If the plate sandwich is taken to be much thinner thafuch thicker liquid layers than found in the cochlea.

A6 and immersed in surrounding liquid, as discussed above AS suggested in the main text, however, the existence of
for the symmetric case, then the loading effect of the sur@ hydrophobic film on each of the two surfaces involved

rounding evanescent waves must be taken into account. THQU!d induce slip between the endolymph and its bounding

3 1/4
c~ 2Eh o'?, (A12)
3(pd+4p;h)(1-0?)

result is a propagation law of the form s.ur.fac.es in the su.btecto.rial space, thergby Qvercoming. this
limitation. The basis of viscosity calculations is the classical
ER3 15 “no slip” assumption, and for narrow channels and hydro-
~l—— | @35 (A13) phobic surfaces this is not always correct. Instead, the inter-
3(1-d?)p face may give rise to relative slff,and this will make the

) ) liquid more slippery than its bulk viscosity would predict. In
These equations imply much faster speed and rather less digporatory experiment® the effective viscous drag was re-

persion than in the symmetric case. Another point of interesgj,ced by a measured factor of about 5 for films of the thick-
is that, in the case discussed above in which one of the platgssss found in the cochlea and a single treated surface, using
is essentially rigid and the other flexible, antisymmetricsimple laboratory chemicals to produce the film. Such a film
waves do not exist, as can be seen from simple symmetryppjied to both surfaces might be expected to increase the
considerations. . _resonanQ value by a factor of about 10, and thus to about 1
There is, however, an apparent major obstacle to thigt 1 kHz and 10 at 10 kHz, which begins to allow significant
cochlear model, namely the viscosity of the liquid in the propagation of SLR waves. Indeed, when more is known
narrow region between the two plates. These viscous 10Ssg$,out the molecular and hydrodynamic mechanisms in-

will generally exceed all other losses in the system and thugg|yed, the increase might prove to be larger than this.
provide the primary wave damping. The viscositpf water

at body temperature is abouk710™ 4 Pas, so that the diffu-
sion lengthL~(5/pw)*? at a frequency of 1 kHz is about APPENDIX B: VISCOSITY AND THE EFFECTS OF
10 xwm and essentially all of the inter-plate liquid will be HYDROPHOBICITY

within the boundary layer. Viscosity will therefore provide a As outlined in the main text and calculated in Appendix

nearly .frequency—lndependent dampmg. forze~('17/d)v. A, the viscosity of the waterlike endolymph between the re-
per unit area, where is the flow velocity. Inserting this . : . )

. . . I . ticular lamina and the tectorial membrane appears at first to
viscous damping term, an equation describing the behavior . : .

. offer an insurmountable barrier to the propagation of SLR
of an SLR standing wave has the form
waves below about 10 kHz.
However, the classical “no slip” assumption underlying

a_y +Ky=0 (A14) high viscous forces in narrow channels may be unwarranted.
(9 1

t HelmholtZ° in 1860 published an analysis of experiments

7y

7
a2 d

pd
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using a water—gold interface and concluded there was appréhe reticular lamin¥ (as well as Hensen ceff$ is decorated
ciable slip. More recent experiments using atomic forcewith similarly shaped microvilli whose large surface area
microscopy® have confirmed these long-held suspicions andvould act to increase the hydophobicity of the surfaces from
shown that in some situations the solid surface and liquidvhich they protrude.
may slip relative to each other, a phenomenon describable in  These considerations suggest that the ear may use hy-
terms of a “slip length.?® The present focus of much sur- drophobic properties to increase slippage and escape the
face physics is on understanding the unique properties aftandard limitations imposed by viscosity. Measurements of
water, and it is now known that water near boundaries ighe contact angle of endolymph on the reticular lamina
more “slippery” than its bulk viscosity value would predict. would be of great interest, as would modern assessments of
The physics underlying slippage is still uncertain, but itthe chemical make up and physical properties of the lipids
is clear that the effect is one involving surface tension and isecreted by Hensen cells, which, as far as now known, are
greatest for hydrophobic surfac&dit is therefore significant made up of cholesterol esters, triglycerides, and
for the configuration of the cochlea that Hensen cells arghospholipids® These substances may provide a more effec-
located immediately adjacent to the subtectorial space aniive slip than the materials used so far in surface film experi-
that these cells are characterized by abundant production ofents.
lipid droplets® which, at least in the case of guinea pigs,
accumulate on their surface. The funct!on of the dropl'ets ISIR ¢ Naidu and D. C. Mountain, “Measurements of the stiffness map
puzzling, but one could suppose that this substance might bechallenge a basic tenet of cochlear theories,” Hear. R&d, 124-131
readily conveyed by capillary effects to the nearby reticularz(T19§8|; o E Neher At . - e Ph
lamina and, via the marginal net, to the underside of the R-ev.uL:ttégo, 1-581“(3)1‘(9;0 . ;“"e traveling wave in the cochlea,” Phys.
tectorial membrane. By coating the subtectorial space withsg, Camalet, T. Duke, F."lcher, and J. Prost, “Auditory sensitivity pro-
an oily, hydrophobic film, the cochlea could overcome the vided by self-tuned critical oscillations of hair cells,” Proc. Natl. Acad.
limitations imposed by the bulk viscosity of water and be Sci. U.S.A.97, 3183-31882000. o
able to support a full range of audiofrequency SLR waves. " Llovd and M. Redwood, "Wave propagation in a layered plate com-
R . posed of two solids with perfect contact, slip, or a fluid layer at their
Significantly, Hensen cells are larger and the lipid droplets interface,” Acustical6, 224—232(1965.
more abundant at the low-frequency apex where(Adsb) SW. Hassan and P. B. Nagy, “On the low-frequency oscillation of a fluid
indicates, viscosity reduction is most needed. At the same ayer between two elastic plates,” J. Acoust. Soc. AT02, 3343-3348
tlme’ the height of the.taHESt. OHC stereociland hence the 6M. C. Junger and D. FeitSound, Structures, and Their Interaction
width of the subtectorial ggpncreases from about @m at (Acoustical Society of America, New York, 199%p. 236—239.

the base to #um at the apex, again helping to reduce viscous 'F. Coulouvrat, M. Rousseau, O. Lenoir, and J.-L. Izbiki, “Lamb-type
drag waves in a symmetric solid-fluid-solid trilayer,” Acust. Acta Acu§y,

h . for h hobi £ . . 12-20(1998.
The evidence for hydrophobic surfaces reducing ViSCOUSsE \vammano and J. F. Ashmore, “Reverse transduction measured in the

forces is widespread, but it has been collected using varyingisolated cochlea by laser Michelson interferometry,” Nat{k®ndon
apparatus under disparate conditions. Perhaps most relevaggﬁfxcszs,—dwl(&%ﬁ- ol <ot th - Corti and their s

. . . _ . C. Naidu, “Mechanical propertles of the organ o orti and their SIg-
to the SUbteCt,onal Space I,s the_ fmd%ﬁghat the f‘?“?e be nificance in cochlear mechanics,” Ph.D. thesis, Boston University, 2001,
tween a spherical surface vibrating underwater within several pp 117-134.
micrometers of a plane surface was reduced by a factor dfH. Tiedemann, “A new approach to theory of hearing,” Acta Otolaryngol.
about 5 when one of the surfaces was made hydrophobigSuPp!-(Stockh 277, 1-50(1970. = _ _

d ti fact £ 10 if both f treated B. Shoelson, E. K. Dimitriadis, H. Cai, and R. S. Chadwick, “Theoretical
(and sugges "?g a a_c or O_ ihboth surfaces were r ated ,ng experimental considerations for the study of anisotropic elastic moduli
Another experimerif involving a sphere and a plane vibrat-  of the mammalian tectorial membrane,” Midwinter Meeting, Association
ing relative to each other underwater found a slip length of for Research in Otolaryngology, Florida, 2003, http://www.aro.org/

P . ; _archives/2003/200332.html

up t(.) 2 pum under some conditions; in _thIS case hydmdy 127, Wright, “Dimensions of the cochlear stereocilia in man and the guinea
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. :o.B. N. Evans and P. Dallos, “Stereocilia displacement induced somatic
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