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A one-dimensional (1D) model of the cochlea of the inner ear has been built and validated
against the previously built three-dimensional (3D) fluid-structure interaction (FSI) model
of the cochlea. The 1D model has been used to assess the influence of the round window
impedance on the pressure distribution in the cochlea. It was shown that high impedance,
which enables compression reflection pressure wave at the round window, leads to the biggest
pressure difference between the scala vestibule and the scala tympani in the cochlea, which
may lead to a stronger excitation of the basilar membrane.
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1. Introduction

A lot of people in the world suffer from deafness. In order to be able to design
better hearing aids it is important to understand well the macro-mechanics of
the human hearing system.

1.1. Anatomy of human hearing system

The human hearing system, shown in Fig. 1, consists of three sections: the
outer ear, the middle ear, and the inner ear. The inner ear can be divided into
the semicircular canals and the cochlea. The semicircular canals are responsible
for the sense of the body balance, while the cochlea is the organ responsible for
hearing. The cochlea is a coiled bony tube filled with a liquid whose mechanical
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Fig. 1. Anatomy of the human hearing system. The cochlea is presented as
uncoiled structure. The semicircular canals of the inner ear are not shown.
OW – oval window, RW – round window, SV – scala vestibule, ST – scala

tympani, SM – scala media. The picture is adopted from [3].

properties are similar to mechanical properties of water. This bony structure
consists of three, parallel canals: the scala vestibule (SV), the scala tympani
(ST) and the elastic scala media (SM) between them. The SM and the ST have
a common, elastic wall called the basilar membrane (BM). The SV and the ST
are connected at one end in a place called the helicotrema. The other end of the
SV is closed by the oval window (OW). The ST ends with the round window
(RW). In the literature [1, 2], the SM is very often modeled not as being built
of few layers of cells, and the BM is placed directly between the SV and the ST.
The pressure wave in the air excites the eardrum, which transfers the vibra-

tions to the auditory ossicles in the middle ear. The ossicles excite the OW in
the cochlea. The vibrations of the OW introduce a pressure wave into the liquid.
The pressure difference between the SV and the ST causes the BM to vibrate.
Different sound frequencies excite different parts of the BM. High frequencies
excite the part of the BM close to the OW, while low frequencies the part closer
to the helicotrema.
Two waves can be distinguished in the cochlea: a pressure wave in the liquid,

which travels with the speed of 1500 m/s and a wave in the BM, whose speed
is one order of a magnitude lower than the one in the liquid.

1.2. State of the art model

Many experiments in hearing have been done in the past regarding frequency-
position data [4], differential pressure in the cochlea [5], and deflection amplitude
of the OW and the RW at specific frequencies [6, 7]. The experiments provide
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a lot of interesting information but due to a small size of the inner ear and
difficult access location in the temporal bone, they are very difficult to carry out.
Based on the knowledge gained in the experimental work, numerical mod-

els are a good complement and help in better understanding of the inner ear
macro-mechanics. Many numerical models of the inner ear have been built until
now. First models were based on analogy modeling technique using mechanical
and electrical components [8–11]. Also analytical models [12–14] and 3D finite
element models [6, 15, 16] were calculated. The models were mostly calculated
in a frequency domain that provides quasi-steady solution.
The authors of this paper developed a 3D FSI model in the cochlea, calcu-

lated in a time domain, which was presented at the IUTAM 2016 conference. This
model was calculated using the ANSYS software. The obtained 3D FSI model
led to interesting conclusions, but due to a complex numerical FSI scheme in
3D, it took several days to calculate the model.
As the next step in the FSI modeling of the cochlea we would like to propose

a 1D FSI model that will be based on 1D Navier-Stokes equations for solving
fluid dynamics and a dynamic equation of motion for solving the BM vibrations.
In this paper, we would like to present some preliminary results of the 1D

modeling of the cochlea restrained to fluid dynamics coupled with the RW me-
chanics and possibilities for practical usage of this model. It was assumed that
the BM is inflexible, and the acoustic wave in the cochlea does not cause any of
its vibrations.

2. Methods

Schematic view of the 1D model of the cochlea is presented in Fig. 2. The SV
and the ST are represented by two 1D straight pipes of a constant cross-section
connected at the helicotrema. The pipes are filled with a liquid. The velocity
and pressure profiles at the cross-sections are assumed to be uniform. The OW
is represented by a velocity inlet boundary condition. The impedance boundary
condition is applied to the RW. The impedance is defined as the ratio between
pressure change and velocity change. By adjusting the impedance of the RW

Fig. 2. Schematic view of 1D model divided into n discrete elements.
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it is possible to obtain reflection or non – reflection condition for the pressure
wave at the RW. The helicotrema is represented by an orifice between the two
pipes, which reduces a flow of the fluid. The presence of this pipe narrowing has
been taken into account by introducing a discharge coefficient.
The model was excited with harmonically changing velocity at the OW. The

amplitude of the velocity is based on the experimental data [6]. Two cycles of
the excitation wave were calculated in a time domain
The governing equations of the fluid flow are 1D Navier-Stokes equations

(Eqs. (2.1) and (2.2)). The viscosity effects, as the transit time in the cochlea
was relatively short, were not taken into account. The fluid equations were solved
using the method of characteristics.BρBt � u

BρBx � ρ
BuBx � 0 – continuity equation,(2.1)

ρ
BuBt � ρu

BpBx � BpBx � 0 – momentum equation,(2.2)

where ρ – density, u – fluid velocity in x direction, p – pressure, t – time, and x
– position along the cochlea canals.

3. Results

Firstly, a pressure – time history at a point in the SV, predicted by the
new 1D model was compared with the results of 3D model. This comparison is
shown in Fig. 3. In this case, the discharge coefficient of the helicotrema in the
1D model was adjusted to obtain similar results as in the 3D case. It can be
seen that the curves are similar but the pressure amplitudes in the 1D model
are bigger than in the 3D model. This may be due to the stiff BM in the 1D
model and the fact that 3D effects at the OW are not taken into account in the
1D model.
After the model was validated, the influence of the RW impedance on the

pressure distribution in the cochlea was studied. In this case, in order to elim-
inate too many input coefficients, the effect of orifice at the helicotrema was
omitted. Thus, the fluid was able to flow through the helicotrema without any
pressure losses. Figure 4 presents the pressure – time history along the SV and
the ST at non – refection boundary condition at the RW (RWimpedance � 1.3E6
(Pa � s)/m). It can be seen that the wave propagates through the SV and passes
to the ST. As there is no reflection of the pressure wave at the RW, the ampli-
tude of the wave does not change at the RW. The maximum pressure difference
between the SV and the ST in this case is approximately 25 Pa. If the RW is
stiffer a compression reflection wave will occur, but if the RW is more elastic
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Fig. 3. Pressure – time history in 1D and in 3D model at a point in the SV offset
by 10 mm from the BM base.

Fig. 4. Pressure wave in the SV and ST. The impedance of the RW is R � 1.3E6 (Pa � s)/m,
the discharge coefficient of the helicotrema was chosen in such a way as not to give any pressure

drop.

a decompression reflection wave will be present. A summary of results for the
reflection and non – reflection boundary condition is presented in Table 1. As
can be seen, with stiffening of the RW (higher value of the RW impedance)
the pressure difference increases, thus it may lead to a stronger excitation of
the BM.

Table 1. Summary of the results. Maximum pressure difference in reference
to the RW impedance.

Impedance of the RW,
R [(Pa � s)/m] 4.6E5

(reflection
decompression
wave)

1.3E6
(non-reflection)

1.3E7
(reflection
– compression
wave)

Maximum pressure
difference between
SV and ST,

dp [Pa]

20 25 40
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4. Conclusions

The 1D model of the human cochlea has been built. Although the model
contains many simplifications it is able to give results similar to 3D FSI model.
The calculation time of one cycle of the excitation wave in 3D model takes
around one week, while in 1D model it takes few seconds.
This 1D model may be used to explore the influence of the cochlea mechanical

and geometrical parameters on its macro – mechanics. This may allow for a fast
assessment of hearing loss and good results can be obtained using new hearing
recovery methods before physical testing.
In the future, we plan to study a 1D fully coupled model with the BM

represented by a shell structure.
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