Journal of the Serbian Society for Computational Mechanics / Vol. 8 / No. 2, 2014 / pp. 29-37

(UDC: 532.542:519.71)

Mechanical and electro—-mechanical box cochlea model

M. Nikolic *?, V. Isailovic % D. Nikolic*?, 1. Saveljic'? Z. Milosevic %, M. Radovic *?,
S.Semmelbauer ®, F. Bohnke ® and N. Filipovic "%

'Faculty of Engineering, University of Kragujevac, Kragujevac, Serbia
obradovicm@kg.ac.rs

2 Bioengineering R&D Center Kragujevac, Kragujevac, Serbia

® Department of Otorhinolaryngology, Technical University Munich, Munich, Germany
* Corresponding author

Abstract

The cochlea is the most important part of the hearing system, due to the fact that it receives
sound in the form of vibrations and converts these vibrations into nerve impulses in the organ of
Corti that sends information about sounds to the brain. Functioning of the cochlea components
and behavior is still not investigated completely because of its complex structure. Human live
cochlea is placed in almost inaccessible place. Because of that it is hard to collect experimental
measurement. Cochlea works as an electro-mechanical system and it is important to investigate
both electrical and mechanical behavior of the cochlea in order to improve treatment of hearing
disorders. This study presents a mechanical model of the uncoiled cochlea using full 3D 8-noded
finite elements, as well the electro-mechanical 1D state—space model of the cochlea. The results
obtained from these two cochlea models show good matching with Greenwood function and
properly simulate the behavior of the cochlea.

Keywords: cochlea, finite element method, state—space model

1. Introduction

Ear consists of external, middle and inner part. Functioning of the hearing system depends on
inner ear, where cochlea is placed. The cochlea is part of the inner ear and it has shape like a
snail. It is divided into three chambers (scala vestibuli, scala media and scala tympani), filled
with fluid (endolymh and perilymph) and separated by membranes—basilar membrane and
Reissner’s membrane (Fig. 1).

Input signal comes from the stapes and then the sound travels through the fluid causing
vibrations of the basilar membrane and motion of the organ of Corti. Then there is a conversion
of mechanical energy into electrical energy, generation of current and change in electrical
potential.

The electrical part of the cochlea serves to amplify sounds and innervate nerves which send
information to the brain. Since the organ of Corti amplifies the input signal, human cochlea can
distinguish sounds in the range of 16Hz—20 kHz. Steele (Steele (1987)) and Nobili (Nobili et al
(1998)) gave detailed summary of analysis and data related to macro-mechanical aspect and
surveys up to 1982 and opened a new area for research of the human hearing system.
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Fig. 1. — Anatomy of the cochlea®

In case when only mechanical behavior of the cochlea is analyzed and modelled, a middle
fluid chamber (scala media) can be neglected, since it does not significantly affect motion of the
basilar membrane. The model consists of the scala vestibuli and scala tympani, separated by the
basilar membrane. The simplest model of the cochlea is a box model of the uncoiled cochlea.
The coiling has not large influence on behavior of the cochlea and therefore most of the cochlea
models are uncoiled because of the simpler geometry and computational efficiency. The
mechanical model of the cochlea was created using finite element method with full 3D elements
(Fig. 2) and solved in PAK solver (Kojic et al. (2009)). Theoretical background for the model
includes acoustic wave equation, for describing behavior of the fluid in chambers, and
Newtonian dynamic equation, for describing the motion of the basilar membrane.

Fig. 2. — Solid (left) and fluid (right) full 3D 8-noded elements.

When the electrical model of cochlea is analyzed, the scala media cannot be neglected. The
organ of Corti is placed inside the scala media and its structure is presented in Fig. 3.

! http://mww.ifd.mavt.ethz.ch/research/group_lk/projects/cochlear_mechanics
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Fig. 3. — Organ of Corti

The most important parts of the organ of Corti are hair cells—outer and inner. Outer hair cells
(OHC) are responsible for the generation of current and feedback force which acts on the basilar
membrane, amplifying the input signal in that manner. Inner hair cells (IHC) innervate nerves
that carry information to the brain. The electro—mechanical model of the cochlea was analyzed as
1D problem with model in state space representation.

2. Fundamental relations

2.1. Mechanical cochlea model

Mechanical model of the cochlea consists of two chambers filled with fluid—scala vestibuli and
scala tympani separated by basilar membrane. The third chamber, scala media, can be neglected
in this type of analysis.

To investigate the mechanical behavior of the cochlea, the acoustic wave equation and
Newtonian motion equation were used (Elliot et al (2013)). Acoustic wave equation has the
form:

2 2
op_1op_, )

s

In equation (1) p stands for pressure of the fluid, x;,(i=1,2,3) are spatial coordinates, t is time
and c is speed of sound. Equation (1) can be written in the matrix form:

Qp+Hp=0 )
where Q represents fluid mass matrix, and H is fluid stiffness matrix.
Solid elements were described with Newtonian dynamic equation:
MU +CU+KU = F*™ (3)

where M,C,K are mass, damping and stiffness matrix, respectively, Uis vector of
displacement, and F** is vector of external forces.

In the modal analysis equation (3) can be rewritten in another form, since damping matrix
can be presented as imaginary part of complex stiffness matrix,

MU +K(1+in)U = F* (4)

In equation (4) 7 is the hysteresis damping ratio.
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Combined together, equations (2) and (4) form a system:

Bl I

where R and Sare coupling matrices (S =R",(Zienkiewicz (1983)), and p, is density of the
fluid inside the chambers.

Coupling condition used in this system is that normal pressure gradient of the fluid element
in contact must be equal to normal acceleration of the solid element in the contact (Zienkiewicz
(1983)), as it can be seen from equation (6),

n-Vp=pn-i (6)

If solutions for pressure and displacement are assumed in a sinusoidal form, then from equation
(5) system will become system of linear equations, which can be easily solved in PAK solver:
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2.2. Electro — mechanical cochlea model

Electro — mechanical cochlea model includes generated current inside the organ of Corti. Organ
of Corti is placed inside scala media, so model contains all three fluid chambers. Outer hair cells
(OHC) play an important role in the electrical model of the cochlea. Most of the electrical
models are presented by the state space models. The creation of the electrical model was based
on the Lui and Neely work (Liu and Neely (2010)).

In contrast to the mechanical model, apart from the basilar membrane there are also
oscillations of the OHC and motion of the reticular lamina, which separate the scala media and
the scala tympani. Motion of the basilar membrane causes motion of the OHC and the reticular
lamina:

S =6 TS 8)
where & ,& and & are the displacement of the basilar membrane, displacement of reticular
lamina and displacement of OHC, respectively.

There are two membranes, solid parts — basilar membrane, and reticular lamina:
mé.éb + réb +ké, =P

’ . )
M, +RS, +KE, = fOHC

In equation (9) m,r,k are mass, damping and stiffness matrices of basilar membrane per unit
area, and M,R,K are mass, damping and stiffness matrices of reticular lamina. P is fluid
pressure and f,,. is force which is generated due to the motion of OHC and which depends on

transmembrane potential. OHC contraction is linearly proportional to charge accumulation Q
(the constant of proportionality is piezoelectric constant T ),
ST =Q (10)

Generated current is a function of transmembrane potential and charge accumulation:
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ir:Cd—V+GV+d—Q (11)
dt dt
On the other hand, the generated current is a function of motion of the reticular lamina:
i, =a,é +a,é (12)

By combining equations (8) - (12), we obtained the model in the state space (equation (13)),
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Fluid pressure is not state space variable. It is placed on the right hand side of the equation (13).
According to Newtonian’s second law and equation of continuity, together with the Neumann
boundary conditions, pressure can be defined by the following:
2
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In equation (14) V is acceleration at the stapes and it is assumed to be a sine function.

3. Results

3.1. Results from mechanical cochlea model

Mechanical cochlea model was tested firstly with frequency mapping along the cochlea. Basilar
membrane of the cochlea has a capability to distinguish different input frequencies. For each
input frequency in the range 16 Hz to 20 kHz, there is the characteristic place, where
displacement of the basilar membrane reaches the peak.

Frequency mapping was established by Grennwood, based on the experimental
measurements. It is the so called Greenwood function which can be used for validation of the
model. Comparison of Grenwood function and results obtained by the finite element PAK solver,
is presented in the Fig. 4.
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Fig. 4. — Frequency mapping obtained using PAK model and experimental data

It can be seen that results for mechanical cochlea model obtained using the PAK solver are

in good agreement with Grenwood function, developed from experimental measurements (Fig.
4).

To obtain good frequency mapping with rectangular geometry of basilar membrane, material
properties of the membrane need to be variable along the length. Young’s modulous and
damping were changed according to:

47 fg (X) A,o(l—v2 )
= I
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n(x)

(15)

where: fB(x) is frequency distribution along cochlear length, A - cross-sectional area, p -

density, v - Poisson’s ratio, S - coefficient with a dimension of m™which depends on
boundary condition, | - second moment of the cross-section, @ - circular frequency, &, -
basilar membrane damping ratio, x - position along basilar membrane, @, - natural frequency
at the base. Details about expressions (15) could be obtained in (Ni (2012)).

The results using the mechanical cochlea model were compared with results obtained with
WKB method. The modal velocity magnitudes calculated by using PAK solver and by WKB
method (Steele and Taber (1979)) are shown in Fig. 5.
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Fig. 5. — Modal velocity obtained using PAK model and the WKB method, for input frequency
of 1 kHz
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Agreement of the results shown in Fig. 5 serves as the validation of the mechanical cochlea
model implemented in the PAK solver.

3.2. Results obtained using the electro—-mechanical cochlea model

Displacement distribution of the reticular lamina was calculated by employing the electro—
mechanical cochlea model. It was observed that for different excitation frequency displacement
of reticular lamina reaches peak at different places along the length of the membrane. These
positions of characteristic places are correspond to the Greenwood function.

The responses of reticular lamina for three different input frequencies: 500Hz, 1 kHz and 5
kHz, are plotted in Fig. 6.
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Fig. 6. — Reticular lamina displacements for input frequencies of 500 Hz, 1 kHz and 5 kHz
obtained using electro-mechanical state—space model

Characteristic places are near the base (beginning of the membrane) at higher excitation
frequencies, while at lower excitation frequencies characteristic places go toward apex side (the
end of the membrane).

Displacement distribution obtained using the electro-mechanical model is sharper then
displacements obtained using the mechanical model. The electrical part of the model works as an
amplifier and produces faster and sharper response.

Results using the electro—mechanical and the mechanical model, developed from state—space
model (equation 13), are presented in Fig. 7. Electrical variables are assumed to be zero. The
input frequency was 1 kHz and simulations were performed using 700 time steps and time step
duration of 1/100000s.
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Fig. 7. — Displacement of reticular lamina from electro—-mechanical (left) and mechanical (right)
state—space model for input frequency of 1 kHz
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It can be noticed that travelling wave travels slower when there are no electrical components
in the model, and therefore mechanical model has slower response (Fig 7). Displacement is
sharper for the electro—mechanical response and it is amplified. The magnitude of the
displacement is larger for the electro-mechanical model than for mechanical cochlea model.

Displacement magnitude values depend on the level of the velocity at the stapes. Here it is
only presented behavior of the electro—mechanical model, without comparison with experimental
measurement because of the lack of data in the literature.

4. Conclusion

A 3D finite element mechanical cochlea model and 1D state—space electro—mechanical cochlea
model show good matching with experimental measurements in terms of frequency mapping.
Both models show the characteristic places for input frequencies which are in agreement with
Greenwood function. The mechanical model results are compared with results obtained using
WKB method in order to validate the model implemented in the PAK solver. By using the state—
space electro—mechanical cochlea model, it was shown that the electrical part of the model has
influence on the membrane response. Comparison of the models with and without electrical
components showed the difference in amplification of the magnitude, different sharpness of the
curves and difference in the time response. These models can be further generalized in order to
include modeling of some realistic disturbances of the hearing system and to help clinicians in
diagnosis and treatment of the diseases.
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Pe3ume

Koxnea je HajBaKHHjH €0 OpraHa ciyxa, 300T YHILECHHUIIC A IPHUXBaTa 3BYKE Yy OOJIHKY
BHOpanuja u MpeBoIM OBe BUOpanuje y HepBHE nuMiryince yHyrap KopTujeBor oprana, Koju masbe
nHpopmanuje o 3ByKy 10 Mo3ra. DyHKIMOHUCAmhe KOMIIOHEHTH KOXJIEe U FbHXOBO ITOHAIIAmE
JOII YBEK HHje UCTPaXXEHO y MOTITYHOCTH 300T IbHXOBE CIOKeHe CTpykType. OcuM Tora Temiko je
CaKylIUTH EKCIIEpUMEHTAJIHE TIOJaTKe 3a JKMBE JbYACKE KOXJIee jep ce Hajaze y BeoMma
HeTpucTynayHoM fery. Jlo cazna je yrBpheHo 1a Koxjiea paan Kao elIeKTPO—MEXaHHIKH CHCTEM U
MIOTPEOHO j€ UCTPAKUTHU M €IEKTPUIHO U MEXaHHUYKO MOHAMIAKkE KOXJIee Kako OM ce 1mo0osbIIalio
neyerse Oomectn oprana ciyxa. OBaj pax IpeAcTaB/ba MEXaHMYKH MOJEN HECaBHjEHE KOoXJiee
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HanpaBibeH KopuihemeM 3J] OCMOYBOPHHX ejeMeHaTa, Ka0 M aHalu3y eJeKTPO—MEXaHUYKOr
1] Momena Koxjiee y MpoOCTOpY cTama. Pe3ynaratu moOujeHH m3 00a Mojena Koxjee IMOKa3yjy
no0po mopeheme ca 'peeHwoo pyHKITHjOM 3a oroBapajyhe moHamame Koxjee.

KIby‘{He pedu: Koxjiea, METO/Ia KOHAYHUX €JI€EMEHATa, MOJICII Y IPOCTOPY CTama
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