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: The three-dimensional modeling of the human ear has emerged as a
relevant alternative to experiments conducted on cadavers, owing to its
accessibility while providing comparable benefits for students (Jenks et al., 2021).
Two primary methods for generating 3D computer models of the human ear are
documented in the literature: the uCT imaging method and the finite element
method, which is based on a numerical approach.

The uCT (Micro-computed tomography) imaging approach involves performing high-
resolution scans at a microscopic scale of the human ear using X-rays, with the aim
of reconstructing it in two or three dimensions. In contrast, the finite element
method employs documented dimensions and geometric shapes from existing
literature to model the human ear using work plans.

The present study will concentrate on the finite element method. It is imperative to
acknowledge that most of the three-dimensional models of the human ear cited in
the extant literature do not account for bony and cartilaginous structures (Gan et
al., 2004), (Zhang and Gan, 2013), (Liu et al., 2022).

This research aims to develop a comprehensive three-dimensional model of the
human external ear, which includes the auditory canal, skin, bone, cartilage, and
tympanic membrane. This model is intended to facilitate an examination of how
bone and cartilage influence the displacement of the umbo. In this constructed
model, both the ossicular chain and cochlea were substituted with a mechanical
impedance represented by a mass-spring-damper system.

The findings from this study suggest that both bone and cartilage contribute to the
displacement of the umbo within a frequency range of 2500 to 6300 Hz.

: Three-dimensional modeling, Finite Element Methods, human ear,
displacement of the umbo.
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1. Introduction

The human ear serves as the organ responsible for auditory perception. Its primary
function encompasses the amplification, transmission, and conversion of acoustic
waves from the environment into electrical impulses that are subsequently
interpreted by the brain through the auditory nerve. The structure of the ear can be
categorized into three distinct sections: the outer ear, which includes the pinna and
external auditory canal; the middle ear, consisting of the tympanic membrane and
ossicular chain (comprising malleus, incus, and stapes); and the inner ear, which
incorporates both the vestibular system and cochlea.

In the literature, two principal approaches are described for three-dimensional
geometric modeling of the human ear: one based on imaging scans and another
grounded in finite element methods.

The imaging scan approach entails capturing high-resolution scans of the human
ear at a microscopic scale using X-rays to reconstruct its geometric shape in two or
three dimensions. Conversely, the finite element method relies on solving
differential equations and utilizes documented dimensions and geometric
descriptions of the human ear found in literature to model its geometric form.

Regardless of the modeling approach employed, the three-dimensional (3D)
modeling of the human ear has emerged as a significant alternative to experiments
conducted on cadavers, owing to its accessibility while providing comparable
benefits for students. In addition to its educational contributions, 3D modeling of
the human ear facilitates various studies regarding the functioning of the auditory
system, as well as examining the impact of auditory prosthetics on this system.

In the present study, we will concentrate on employing the finite element method
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for modeling purposes. Existing literature reveals that the majority of three-
dimensional models of the human ear created using this methodology do not
incorporate bony and cartilaginous tissues (Gan et al., 2004), (Zhang and Gan,
2013), (Liu et al., 2022).

2. Finite element model

Our approach to creating the 3D human ear model involved the following. The
auditory canal was modeled using cross-sections with variable diameters and
orientations (Figure 1.a). By applying the loft operation to all the cross-sections
defining the auditory canal, a 3D geometry of an “S” shaped canal was generated
(Figure 1.b). Both parts of the tympanic membrane were modeled. Its geometry is
conical (Daphalapurkar et al., 2009), with a surface area of 123.5 mm?, a uniform
thickness of 0.1 mm, a height of 1.7 mm (Lee et al., 2006), (Wever and Lawrence,
1954) (Figure 2.a), and it forms an inclination angle of 50 degrees with the auditory
canal (Stinson and Lawton, 1989) (Figure 2.b). The skin was modeled with a
decreasing thickness ranging from 1 mm to 0.8 mm at the cartilaginous part and
from 0.8 mm to 0.5 mm at the bony part (Ballachanda, 2013), (Perry and Shelley,
1955), (Brummund et al., 2014) (Figure 3.a). The cartilage was modeled over a
length of 15 mm from the entrance of the canal, exhibiting a decreasing thickness
from 13.6 mm to 8 mm relative to the auditory canal (Figure 3.b). The bone was
modeled over the other half of the auditory canal, showing a varying thickness from
6.9 mm to 8.8 mm relative to the auditory canal (Figure 3.c).

27.5 mm

\ 4 32.4 mm
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Pars flaccida Pars tensa

Figure 2. Geometric model and dimensionsof the eardrum.

1 mm
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8

Figure 3. Geometric model and dimensions of (a) the skin, (b) cartilage and (c)
bone.

Figure 4. 3D model of the human ear.



MJ HI ’ Moroccan Journal of
Health and Innovation

3. Boundary conditions

For this study, the auditory canal was defined as a fluid domain filled with air. The
skin, bone, cartilage, and tympanic membrane were delineated as solid domains.

To restrict any movement in space, the tympanic ring, the circumferential
boundaries of the skin, bone, and cartilage were fixed using a fixed constraint
displacement (u,=u,=u,=0).

The loading of the ear components located directly after the tympanic membrane
(the malleus, incus, stapes and cochlea) has been replaced by an equivalent
mechanical impedance represented by a mass-spring-damper system. For this
mechanical impedance, the value of the spring constant ‘K’ and the friction
coefficient ‘d” used are respectively 120 N/m and 0.2 N-s/m.

A plane wave of 0.2 Pa corresponding to 80 dB was applied at the entrance of the
auditory canal. The interfaces between the solid domains and the auditory canal
were expressed through acoustic-structural coupling.

Material properties

The materials’ properties have been taken from the literature and are presented in
Table 1.

Young'’'s , , ,
modulus (Dker/\;srl]gy)/ rPaotlisoson 5 Loss factor
(MPa) 9
Value 11316 1714 0.3 0.01
Bone
Reference (Shaw and (Sstihnasvc\)lnand (Delille et al., n/a
Stinson, 1981) 1981) 2007)
Value 7.2 1080 0.26 0.05
Cartilage (Peterson and (Peterson
(Grellmann et
Reference |[Dechow, al., 2006) and Dechow,|n/a
2003) " 2003)
Value 0.5 1100 0.4 0.1
Skin (Cox and
(Sarvazyan et
Reference ||Peacock, al.. 1995) n/a n/a
1979) "
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Tympanic Value 33.3 1200 0.3
membrane Reference (Cameron, (Cameron, n/a
1991) 1991)

The auditory canal is defined as an air-filled domain with a density of p,, = 1.20
kg/m3 and a speed of sound of ¢c,, = 343.2 m/s.

4. Results and interpretations

In this section, we will examine the impact of bone and cartilage on the
displacement of the umbo.

Here, we examine two configurations. The first is that of a 3D model of the human
ear, as described in section 2. For reference, this foundational model comprises the
auditory canal, cartilage, skin, bone, and tympanic membrane. To investigate the
influence of bone and cartilage on umbo displacement within the proposed model,
we removed the skin, bone, and cartilage from the proposed model. Subsequently,
we substituted the skin with a physiological impedance.
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This figure presents the comparative results of the displacement of the umbo
induced by an acoustic pressure of 80 dB at the entrance of the ear canal. In this
figure, we have the results of the 3D model of the human ear developed with or

without bony and cartilaginous tissues, and the results of Koike et al. (Koike et al.,
2002).

First, we have a comparison between the results of the 3D model of the human ear
developed when the cartilaginous and bony tissues are taken into account or not.
The comparison of these two results highlights the effect of bone and cartilage on
the displacement of the umbo. Indeed, we find that bony and cartilaginous tissues
have a frequency range of interest between 2500 and 6300 Hz.

Secondly, we have a comparison between the results of our model and those of
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Koike et al. (Koike et al., 2002). This comparative study allows us first to validate
the modeling approach, the geometric dimensions, and the parameters used. Then,
we observe that the results of the model taking into account the bone and cartilage
present a nearly similar trend to those of Koike et al. (Koike et al., 2002). Although
we have a shift in the peak of the maximum displacement of the umbo. Indeed,
Koike et al. obtained the maximum displacement around 1250 Hz, but with the 3D
model of the human ear with the bone and cartilage, the peak of the maximum
displacement is observed around 2500 Hz. One of the reasons that could explain
this shift might be the fact that Koike et al. (Koike et al., 2002) modeled the
ossicular chain, the ligaments, and tendons of the middle ear and replaced the
cochlea with a mechanical impedance, whereas in our model, the ossicular chain
and the cochlea were represented by the impedance of a mass-spring-damper
system.

5.Conclusion

This study aimed to develop a 3D human ear model to investigate how bony and
cartilaginous tissues influence umbo displacement. The model includes the auditory
canal, bone, skin, cartilage, and tympanic membrane (pars tensa and pars flaccida).
The middle ear’s influence was accounted for by replacing the ossicular chain and
cochlea with an equivalent mass-spring-damper impedance.

Our findings indicate that bone and cartilage influence the response between 2500
and 6300 Hz. A comparison with Koike et al. (Koike et al., 2002) revealed
discrepancies at various frequencies, which we attribute to differences in modeling
methodology. Specifically, our model simplifies the ossicular chain and cochlea into
a mass-spring-damper impedance, whereas Koike et al. explicitly modeled the
ossicular chain, tendons, and ligaments while representing the cochlea with an
impedance. To enhance our model, future work will incorporate detailed modeling
of the ossicular chain, ligaments, tendons, and cochlea
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