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COCHLEA FREQUENCY-POSITION FUNCTION OBTAINED FROM ATTENUATION
CHARACTERISTICS OF BASILAR MEMBRANE WAVES
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Abstract: This study focuses on the attenuation characteristics of the wave that propagates
on the basilar membrane. The basilar membrane wave, which occurs from the interaction be-
tween the basilar membrane and fluid, plays a major role in the hearing system. Because the
mass and stiffness of the basilar membrane are graded along its length, the basilar membrane
wave peaks at a specific region along the cochlea depending on the acoustic wave frequency.
We took the viscosity of the fluid into consideration and investigated the wave characteristics
by conducting modal analysis. We found that the attenuation curve of the basilar membrane
wave has an inflection point and the frequency-position function obtained from the inflection
points matches well with the Greenwood function. This suggests that the mode of the basilar
membrane wave drastically changes before and after the peak point.
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1. INTRODUCTION

The elastic wave that occurs from the inter-
action between the basilar membrane (BM)
and fluid plays a major role in the hearing
system. We call this wave the BM wave. The
wave propagates along the cochlea from the
base to the apex. Because the mass and stiff-
ness of the BM are graded along its length,
the elastic wave peaks at a specific region
along the cochlea, depending on the acoustic
wave frequency. Greenwood developed the
cochlea frequency-position function (Green-
wood function) based on physiological data.
He integrated an exponential function fitted
to a subset of frequency-resolution-integra-
tion estimates [1].

The vibration mechanics of the BM have been
investigated using various numerical models
[2—6]. Many researchers have used the Went-
zel-Kramers-Brillouin (WKB) method, which is
based on the wavenumber distribution along
the cochlea [7-12]. This method inherently in-
cludes assumptions such as the wave prop-
agation being limited to one direction and
the variation of the wavenumber being small
enough compared to the wavelength. The fi-
nite-element (FE) method has also been ad-
opted, especially for 3D cochlea structures

[13—-16]. Gan et. al. conducted an acous-
tic-structure-fluid coupled FE analysis on
a human ear model consisting of the ear canal,
middle ear, and cochlea [14]. Bohnke et. al., on
the other hand, analyzed the fluid-structure
couplings between the perilymph and the sta-
pes footplate, round window membrane, and
elastic cochlea partition using the FE method
[13]. On the other hand, we have conducted
elastic-wave modal analyses of the cochlea
[17-19]. By applying the modal analysis to the
cochlea, we can discuss which modes can be
assisted by the structure that includes several
membranes such as the BM, Reissner’'s mem-
brane, and tectorial membrane. We can also
illustrate the mode field and displacement of
the membranes caused by the mode.

The human cochlea contains two types of flu-
id: perilymph and endolymph. Perilymph fills
the scala vestibuli and scala tympani, while
Endolymph fills the scala media. Both flu-
ids have viscosity, which causes attenuation
of the waves that occur from the interaction
between the membranes and fluid. In this
study, we focused on the attenuation charac-
teristics of the BM wave and considered the
viscosity of the fluid. We investigated the BM
wave using modal analysis and discussed the
relationship between the attenuation charac-
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teristics and the Greenwood function. We em-
ployed COMSOL Multiphysics, based on the
FE method, for our analysis.

2. MATERIALS AND METHODS

The human cochlea consists of a triple cham-
bered duct that is divided by the BM and
Reisner's membrane. We modeled it as a du-
al-chambered duct composed of the scala
vestibuli and scala tympani. In this study, we
focus on the influence of the BM; therefore,
Reissner’'s membrane, the organ of Corti, and
the inner and outer hair cells were not includ-
ed in the analysis. Fig. 1 shows the analysis
model.

scala vestibuli

scala tympani

Fig. 1: Analysis model

The propagation characteristics, including the
attenuation characteristics, were investigated
by conducting modal analysis on the struc-
ture shown in this figure. The rigid boundar-
ies were used to enclose the scala vestibule
and scala tympani, aside from the BM. The
cochlea duct had a circular shape, and the ra-
dius was uniformly 0.5 mm along the cochlea
for the sake of simplicity. The width w, height
h, and Young’'s modulus E of the BM varied
along the cochlea in accordance with the fol-
lowing equations [14].

— o1 0.4[mm] .
w=0. [mm]+m><z, (D)
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E= SO[MPa]-m Xz, (3)

The length z along the cochlea varied from 0
to 35 mm. The viscosity, bulk modulus, and
density of the fluid were 2.810 Pas, 2.2x10°
Pa, and 1.034x10® kg/m3, respectively. The
Poisson’s ratio and density of the BM were
0.49 and 1.2X10% kg/m?, respectively [20, 21].

3. RESULTS AND DISCUSSION

In this chapter, all results were obtained
through modal analysis using COMSOL Multi-
physics, based on the FE method.

Fig. 2 shows the frequency characteristics of
the propagation constants of the BMwave. The
zalong the cochlea was 10 mm, and the solid
and dashed lines represent the phase and at-
tenuation constants, respectively. The phase
constant monotonically increases as the fre-
guency becomes higher, indicating that the
high frequency waves propagate slower than
the low frequency waves. The velocity of the
BM wave differed significantly depending on
the acoustic frequency, with the attenuation
constant sharply increasing around 5 kHz and
maintaining a relatively constant value above
this frequency. We then further examined the
inflection point of the attenuation constant
curve.
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Fig. 2: Dispersion diagram of BM wave when
z=10 mm
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Fig. 3: Frequency characteristics of attenuation
constants of BM wave when z=10, 15, and 20 mm

The frequency characteristics of the atten-
uation constants of the BM wave are shown
in Fig. 3. The solid, dashed, and dash-dotted
lines represent the results when zequals 10,
15, and 20 mm, respectively. The attenuation
constants exhibited an inflection point at all
z positions along the cochlea, and the fre-
guency of the inflection point varied depend-
ing on z. For instance, when z=20 mm, the in-
flection point occurred at approximately 1.4
kHz, while it was about 3 kHz when zequaled
15 mm. It can be observed that the frequen-
cy of the inflection point increases as zde-
creases. This trend is similar to the cochlea
frequency-position function.
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Fig. 4: Propagation constants of BM wave as
a function of zwhen f=1 kHz

Fig. 4 illustrates the propagation constants
of the BM wave as a function of zalong the
cochlea when f equals 1 kHz. The solid and
dashed lines indicate the phase and atten-
uation constants, respectively. The phase
constant exhibited asharp increase when
z exceeded approximately 20 mm. The atten-
uation constant also increased in the same
region. Thus, we can conclude that the wave
dissipates around this point and hardly prop-
agates further toward the apex. Additionally,
the attenuation constant curve exhibited an
inflection point at approximately 22 mm.
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Fig. 5: Attenuation constants of BM wave as
a function of zwhen f=0.2, 1, and 5 kHz
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Fig. 6: Cochlea frequency-position function
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Fig. 5 shows the attenuation constants of the
BM wave as a function of zalong the cochlea.
The solid, dashed, and dash-dotted lines rep-
resent the results when fequals 0.2, 1, and 5
kHz, respectively. The attenuation curve as
a function of zalso shows an inflection point.
For instance, the inflection point was about
1M mm when =5 kHz and it increased as the
frequency decreased. We then compared the
frequency-position function obtained from
the inflection points of the attenuation curve
with the Greenwood function.

Fig. 6 shows the cochlea frequency-position
function. The solid line represents the results
calculated using the Greenwood function,
which is expressed as follows [1]:

f=A10" -k}, (4

where x [mm] is the distance from the apex,
and the parameters were chosen as A=165.4,
a=0.06, and k=0.88, which are the values for
human ears. The dashed line shows the re-
sults obtained from the inflection points of
the attenuation curve of the BM wave. The

REFERENCES

results obtained from the attenuation curve
have similar characteristics as the Green-
wood- function results. The two curves match
wellin the low-frequency region. The BM wave
with a certain frequency peaks at a specific
region along the cochlea. At that region, the
BM wave attenuation curve has an inflection
point, suggesting that the mode of the BM
wave undergoes a drastic change before and
after the peak point.

4. CONCLUSION

We investigated the attenuation characteris-
tics of the wave that propagates on the BM.
We found that the attenuation curve of the
BM wave has an inflection point, and that the
frequency-position function obtained from
the inflection points matches well with the
Greenwood function. This suggests that the
mode of the basilar membrane wave under-
goes adrastic change before and after the
peak point.

[1]1 Greenwood D. D.: A cochlear frequency-position function for several species - 29 years later.
Journal of the Acoustic Society of America, Vol. 87, pp. 25692-2605, 1990 DOI: 10.1121/1.399052

[2] Neely S. T.. Finite difference solution of atwo-dimensional mathematical model of
the cochlea. Journal of the Acoustic Society of America, Vol. 69, pp. 1386-1393, 1981 DOI;
10.1121/1.385820

[3] Parthasarathi A. A., Grosh K., Nuttall A. L.: Three-dimensional numerical modeling for global
cochlear dynamics. Journal of the Acoustic Society of America, Vol. 107, pp. 474—485, 2000
DOI: 10.1121/1.428352

[4] Cai H., Chadwick R.: Radial structure of traveling waves in the inner ear. SIAM Journal on
Applied Mathematics, Vol. 63, pp. 1105-1120, 2003 DOI: 10.1137/S0036139901388957

[5] Ni G., Elliott S. J.: Effect of basilar membrane radial velocity profile on fluid coupling in
the cochlea. Journal of the Acoustic Society of America, Vol. 133, pp. EL181-EL187, 2013 DOI:
10.1121/1.4789863

[6] Chan W. X., Yoon Y. J.: Effects of basilar membrane arch and radial tension on the trav-
elling wave in gerbil cochlea. Hearing Research, Vol. 327, pp. 136-142, 2015 DOI: 10.1016/].
heares.2015.06.002

[7] Steele C. R., Taber L. A.: Comparison of WKB calculations and experimental results for
three-dimensional cochlear models. Journal of the Acoustic Society of America, Vol. 65, pp.
1007-1018, 1979 DOI: 10.1121/1.382570

33



AKUSTIKA, VOLUME 49 / October 2025

www.akustikad.com

[8] Fuhrmann E., Schneider W., Schultz M.: Wave propagation in the cochlea (inner ear): effects
of Reissner’'s membrane and non-rectangular cross-section. Acta Mechanica, Vol. 70, pp. 15—
30,1987 DOI: 10.1007/BF01174644

[9] Lim K. M., Steele C. R.: Athree-dimensional nonlinear active cochlear model analyzed by
the WKB-numeric method. Hearing Research, Vol. 170, pp. 190—-205, 2002 DOI: 10.1016/S0378-
5955(02)00491-4

[10] Elliot S. J., Lineton B., Ni G.: Fluid coupling in a discrete model of cochlear mechanics. Jour-
nal of the Acoustic Society of America, Vol. 130, pp. 1441-1451, 2011 DOI: 10.1121/1.3607420

[11]ElliottS.J.,NiG.,Mace B.R., Lineton B.: A wave finite element analysis of the passive cochlea.
Journalofthe Acoustic Society of America, Vol.133,1535-1545,2013 D0I: 10.1121/1.4790350

[12] Ni G., Elliot S. J.: Comparing methods of modeling near field fluid coupling in the cochlea.
Journal of the Acoustic Society of America, Vol. 137, pp. 1309-1317, 2015 DOI: 10.1121/1.4908242

[13]1 Bohnke F.,, Arnold W.: 3D-finite element model of the human cochlea including fluid-struc-
ture couplings. Journal for Oto-Rhino-Laryngology, Head and Neck Surgery, Vol. 61, pp. 305—
310, 1999 DOI: 10.1159/000027688

[14] Gan R. Z., Reeves B. P, Wang X.: Modeling of sound transmission from ear canal to co-
chlea. Annals of Biomedical Engineering, Vol. 35, pp. 2180—-2195, 2007 DOI: 10.1007/s10439-
007-9366-y

[15]Zhang X.,GanR.Z.: Finite element modeling of energy absorbance innormaland disordered
humanears.HearingResearch,Vol.301,pp.146—-155,2013D0I:10.1016/j.heares.2012.12.005

[16] Ni G., Elliott S. J., Baumgart J.: Finite-element model of the active organ of Corti. Journal of
The Royal Society Interface, Vol. 13, 20150913, 2016 DOI: 10.1098/rsif.2015.0913

[171Kitamura T.: Investigation of coupling efficiency of slow-wave propagation mode along co-
chlea. Physics of Wave Phenomena, Vol. 27, pp. 242—-245, 2019 DOI: 10.3103/s1541308x19030129

[18] Kitamura T.: Mode analysis of tectorial membrane in cochlea. Biomedical and Pharmacol-
ogy Journal, Vol. 14, pp. 1389—-1395, 2021 DOI: 10.13005/bpj/2241

[19] Kitamura T, Ueno T.: Attenuation characteristics of tectorial membrane wave. Akustika, Vol.
43, pp.60-64,2022 DOI: 1036336/akustika20224360

[20] Koike T., Sakamoto C., Sakashita T., Hayashi K., Kanzaki S., Ogawa K.: Effects of a perilym-
phatic fistula on the passive vibration response of the basilar membrane. Hearing Research,
Vol. 283, pp. 117-125, 2012 DOI: 10.1016/j.heares.2011.10.006

[21] Paolis A. D., Bikson M., Nelson J. T., Alexander de Ru J., Packer M., Cardoso L.: Analytical
and numerical modeling of the hearing system: advances towards the assessment of hearing
damage. Hearing Research, Vol. 349, pp. 111-128, 2017 DOI: 10.1016/j.heares.2017.01.015

34



AKUSTIKA, VOLUME 49 / October 2025

www.akustikad.com

Yu Sueyasu

is a master’s student in Electrical, Electronic and Information En-
gineering, Engineering Science Major, Graduate School of Science
and Engineering, Kansai University, Suita, Japan, He engages in the
research of numerical analysis of auditory system.

Toshiaki Kitamura

received the B.E., M.E., and Ph.D. degrees in electrical communica-
tion engineering from Osaka University, Osaka, Japan. From 1994
to 2007, he was with the Department of Electrical and Information
Systems, Osaka Prefecture University, Sakai, Japan. Since 2007 he
has been with the Faculty of Engineering Science, Kansai Universi-
ty, Suita, Japan, where he is engaged in research and education on
biomedical engineering, phononic devices, and microwave circuits.

35



	_Hlk174371917
	_Hlk204670890
	_Hlk188801897
	_Hlk108702561
	_Hlk202796697
	_Hlk204169902
	_Hlk204169301
	_Hlk202797588
	_Hlk110503506
	_GoBack
	_GoBack

