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Abstract: The occlusion effect is commonly experienced as the altered perception of one’s own
physiological noise when the earcanal entrance is blocked. Objectively, this phenomenon corresponds
to an acoustic pressure increase in the occluded earcanal. The occlusion effect originates from the
earcanal wall normal vibration and depends on the spatial distribution of the latter. At low frequencies,
this spatial distribution can be characterized by the position of its centroid along the earcanal middle
axis. This paper describes the principle of an acoustical method for estimating this centroid position at
low frequencies. The proposed method consists in measuring the eardrum acoustic pressure transfer
function between the earcanal open and occluded by an external capped duct coupled to the earcanal
entrance of a subject submitted to a bone-conducted stimulation. The centroid position is then
estimated at the antiresonance frequency of the coupled system using an associated electro-acoustic
model. The proposed method is evaluated and investigated numerically using a 3D finite element
model of an outer ear. The sensitivity of the method is shown to increase with frequency. To maximize
the method accuracy, the radius of the coupling duct must be as large as possible (in the limits of the
earcanal entrance dimension) and any incomplete seal between the duct and the earcanal entrance must
be avoided. Also, the coupling position of the duct and its temperature must be known as precisely as
possible. On the contrary, the proposed method does not require the knowledge of the eardrum acoustic
impedance.

Keywords: outer ear, acoustic antiresonance, earcanal wall vibration, electro-acoustic model, finite

element model
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1. Introduction

The occlusion effect (OE) is usually described as the increased perception of the bone-conducted
part of one’s own physiological noise (e.g., one’s own voice, chewing, heartbeat, etc.) when the
earcanal (EC) entrance is covered or blocked. This phenomenon is most significant at low frequencies,
typically below 1 kHz, and decreases above [1]. The OE contributes to the lack of comfort associated
with wearing hearing protection devices, in particular for earplugs whereas earmuffs are less
concerned, and partly explains their non-use [2]. Hearing aid users can also be affected by the OE [3],
which is, however, greatly reduced by using vents or open-fit hearing aids [4]. Bone-conducted sound
propagates into the body from the excitation source (e.g., vocal cords, bone-transducer, etc.) to the
basilar membrane of the cochlea in the inner ear, which results in a hearing sensation. The hearing by
bone-conduction has been extensively investigated since the past century and several sound
transmission pathways have been highlighted through the outer ear, the middle ear and the inner ear
itself [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]. The occlusion of the EC entrance alters the contribution
of the outer ear pathway to the hearing by bone-conduction (mainly at low frequencies below 1 kHz).
This is due to the increased acoustic pressure generated by the EC wall when the EC entrance is

occluded. The vibration of the EC wall constitutes the source of the OE.

This vibration is expected to be maximum in the cartilaginous part of the EC and minimum in the
bony part where tissues are less likely to vibrate [10]. Most probably because of experimental
difficulty, the spatial distribution of the EC wall normal vibration has never been directly measured.
Indeed, direct measurement methods such as Doppler laser vibrometer or accelerometer could be very
intricate to perform in a human EC due to its small size, its tortuosity and the presence of hair and wax.
However, the spatial distribution of the EC wall normal vibration has significant influence on the vibro-

acoustic behavior of the open EC [15]. In addition, this distribution governs the reduction of the OE
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with insertion depth [16] [17]. Furthermore, the EC wall vibration distribution could influence the
contribution of earplugs to the OE [18] [19] [20]. Also, this distribution could be influenced by the
bone-conducted stimulation which is known to influence the OE [18] [21] [22] but remains
unexplained. The EC wall normal vibration distribution is therefore of great interest to study the bone-

conduction outer ear pathway and the OE.

Using a 3D finite element (FE) model of an outer ear, the authors have proposed to characterize the
spatial distribution of the EC wall normal vibration by its centroid position [15]. This centroid position
represents the center of normal velocity distributed over the EC wall surface. Also, the authors have
shown that the centroid position corresponds to the location of the equivalent volume velocity source
representing the EC wall normal vibration in an associated electro-acoustic (EA) model of the open EC.
Therefore, the centroid position could be used as a vibratory indicator of the EC wall normal vibration
distribution to study its parameters of influence (e.g., bone-conducted stimulation and position,
anatomical differences, etc.). In addition, the knowledge of the centroid position could possibly guide
to the optimal insertion depth of in-ear devices to reduce the OE without inserting them into the bony

part of the EC.

In this paper, an indirect method is proposed to estimate this centroid position at low frequencies.
This method is inspired from an experiment made by Huizing in 1960 [8]. In order to highlight a
standing wave pattern in the occluded EC, Huizing measured the objective OE (i.e., sound pressure
level (SPL) difference between occluded and open EC) induced by an external capped duct coupled to
the EC entrance of a human subject submitted to a bone-conducted stimulation. Negative OEs were
observed depending on the length of the coupling duct. Huizing interpreted these minima as acoustic
resonances of the coupled system and assumed the occurrence of an acoustic pressure minimum at the

eardrum [8]. In this paper, however, it is shown that the acoustic pressure node does not occur at the
4
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eardrum but at the centroid position of the EC wall normal velocity induced by the bone-conducted
stimulation. Using an EA model of the EC coupled to the external duct, the centroid position can be
estimated from the lowest antiresonance frequency of the coupled system. This paper presents the
experimental setup, the measurement procedure and the EA model associated with the indirect method.
Then, the method is evaluated and investigated numerically using a 3D FE model of an outer ear open
and occluded by an external duct. Finally, the influence of several parameters of the coupled system on
the estimation provided by the method is studied. The knowledge of the parameters influencing the

method is of great interest for a future experimental application on human subjects.

2. Principle of the method

To estimate the centroid position of the EC wall normal velocity, the proposed indirect method
requires (i) the physical measurement of the acoustic pressure transfer function between the EC open
and occluded by an external capped duct coupled at the EC entrance and (ii) analysis using an EA
model of the EC coupled to the same duct. Section 2.1 describes the experimental setup and the
measurement procedure of the proposed indirect method. Then, Sec. 2.2 details the EA model
associated with the indirect method and used to estimate the centroid position of the EC wall normal
velocity. Finally, Sec. 2.3 presents the methodology of the numerical evaluation of the proposed
method using a 3D FE model of an outer ear. No measurements are performed in this work. The

experimental evaluation of the proposed method will be the subject of a future paper.

2.1 Experimental setup and measurement procedure

In both open and occluded ear, the acoustic pressure is measured close to the eardrum of a human
subject submitted to a bone-conducted stimulation (e.g., bone-transducer applied to the forehead or the
mastoid [21]). Figure 1 illustrates the corresponding experimental setup. In the occluded case (see

Figure 1 (b)), a circular cross-section coupling duct is used. Its outer cross-sectional area must fit in the

5


Estimation#Estimation_of_bone_conduction_skull_tran

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

EC entrance plane. Since the EC cross-sections (including the EC entrance) are generally not circular
[23], the circular cross-section of the coupling duct is necessarily smaller than the EC entrance surface.
The coupling duct is not inserted in the EC but rather held in position in the concha using a “duct
holder”. The duct holder could consist of an imprint of the concha up to the EC entrance plane and
including a hole in which the coupling duct would be inserted. In practice, determining the position of
the acoustic entrance of the EC is not trivial [24] [25]. Therefore, the EC entrance used in the proposed
method could be chosen based on geometrical consideration [26]. In any case, however, the proposed
method can only estimate the centroid position of the EC wall normal velocity between the chosen EC

entrance plane and the eardrum as explained in the following.

The lowest antiresonance frequency of the coupled system is identified from the acoustic pressure
transfer function and corresponds to the first local minimum associated to a sudden phase shift (see
Sec. 3.1). An EA model of the coupled system (presented in next section) is then used to estimate the
centroid position of the EC wall normal velocity. The estimation consists in minimizing the difference
between the experimental and the simulated antiresonance frequency by varying both frequency and
source position in the EA model. The latter requires the knowledge of the EC shape function between
the eardrum and the coupling duct and the geometric dimensions (inner radius and length) of the
coupling duct. The EC shape can be obtained from CT or MRI images [27], 3D scans [28], EC imprint
[26] or estimated using indirect acoustic method [29]. In theory, the EA model also requires the

tympanic membrane acoustic impedance.
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Figure 1: (Color online) (a) Open and (b) occluded EC experimental setup associated with the indirect
method proposed to estimate the centroid position of the EC wall normal vibration induced by a bone-

conducted stimulation.

2.2 Electro-acoustic model associated with the proposed method

This section presents the EA model used in the proposed indirect method to estimate the centroid
position of the EC wall normal velocity. This model is illustrated in Figure 2 and consists of the EC
coupled to an external duct. This model is adapted from a previous model developed by the authors

[15]. The EC is considered as a circular cross-sectional duct of curvilinear length I . and radius r..(z)
where z is the EC middle axis. These parameters are calculated from the measured EC shape [23]. The
equivalent acoustic source Q represents the vibrating EC wall and is located at a position I, which

corresponds to the centroid position of the EC wall normal velocity [15]. The EC downstream section

goes from the eardrum to the source while the upstream section goes from the source to the EC

entrance. An acoustic impedance Z,,, is defined at the eardrum. At low frequencies, the downstream
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section is governed by its compressibility effect of acoustic compliance C,, associated with acoustic
resistance R,. The vibro-acoustic behavior of the EC upstream section depends on its inertia and
compressibility effects through the acoustic mass L, and acoustic compliance C, and their associated

resistances R ,; and R, . Calculation of these constants is detailed in [15]. The vibro-acoustic

behavior of the EC upstream section also depends on the acoustic impedance Z, . of the coupling duct

duct

seen from the EC. This acoustic impedance is given by Z,,, :—jZAe"q““t cot kAe“q“Ctlduct / ., with the

duct length | its radius r,,,, the imaginary number j, and the equivalent wavenumber 12:;“ and

duct ?
characteristic impedance Ze"qUCt accounting for visco-thermal losses in the duct, calculated using a low

reduced frequency (LRF) model detailed in Appx. B. Since the duct inner cross-section is smaller than
the EC entrance area, a discontinuity occurs at the EC entrance and implies an inertia effect at the
medial aperture of the coupling duct. The acoustic mass of discontinuity is given by
Ly =8p,H « / 3r°r,

[30]. H o corresponds to the correction factor of discontinuity as a

uct

function of «, the ratio between the duct and the equivalent EC entrance radius, and can be

approximated by H o =1-1.25« for large discontinuities [31] and to zero for negligible

discontinuities.
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Figure 2: (a) Geometry of the EC coupled to the external capped duct and (b) its corresponding EA

model. The tympanic membrane (TM) is indicated at z=0.

2.3 Numerical investigation of the indirect method

In this paper, the proposed indirect method is numerically investigated using an acousto-mechanical
3D FE model of the outer ear open and occluded by an external capped duct. Also, an associated purely
acoustical 3D FE model is presented. This model considerably decreases the computational time and is
therefore very practical to study the influence of several parameters of the coupled system which could

influence the accuracy of the method.

2.3.1 Acousto-mechanical model

The acousto-mechanical 3D FE model of an outer ear open and occluded by the external duct is
presented here. This outer ear model has been constructed by Brummund et al. [32] from cryosection
images of a female cadaver from the Visible Human Project®. Recently, this model has been improved
by the authors [15]. The latter model is illustrated in Figure 3 (a) in the open case. The shape of the EC
is also displayed in Figure 4 assuming circular cross-sections. In the occluded case, the model is
adapted here to include the external duct (see Figure 3 (b)). The EC is surrounded by skin, cartilaginous
and bony tissues and a particular set of equivalent mechanical loading (reproducing a bone-conducted

stimulation) and boundary conditions is defined to reproduce a “plausible” vibration pattern of the EC
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wall [15]. The middle and inner ears are accounted for using the acoustic impedance ZTM applied at the

tympanic membrane and defined by Shaw and Stinson’s model [33] [34]. The vibration of the TM and
the ossicular chain induced by the bone-conducted stimulation are thus not accounted for. However, the
contribution of this vibration to the SPL generated in the EC is not expected to have significant

influence, at least at low frequencies below the middle ear resonance [16] [11] [10]. In the open case,

the acoustic impedance Z__, is defined at the EC entrance plane to account for the acoustic radiation in

rad
the surrounding environment. In the occluded case, the coupling duct is made of aluminum whereas the
duct holder is made of silicone and fills a portion of the concha ahead of the EC entrance plane. The
external duct is coupled to the EC entrance in the normal direction and with a perfect seal. The outer
surface of the external duct portion which is not inserted in the duct holder is free. However, if the duct
is too long, it should be held in position at its lateral end. The influence of the boundary condition
(either free or fixed) defined at the lateral end circumference of the coupling duct (see Figure 3 (b)) is

studied in Sec. 3.1.
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Figure 3: (Color online) Acousto-mechanical FE model of the outer ear (a) open and (b) occluded by an

external capped duct coupled to the EC entrance using a duct holder; purely acoustical FE model of the

EC (c) open and (d) occluded by the external duct normal to EC entrance plane. In subplot (), an

incomplete seal between the EC cavity and the duct is accounted for as a small tube coupled to the EC

entrance. In subplot (f), the orientation of the duct forms an angle of 30° with the normal to EC

entrance plane. The coordinate system refers to superior (S), inferior (1), posterior (P), anterior (A),

medial (M) and lateral (L).
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Figure 4: EC radius r.. z of the 3D FE model assuming circular cross-section and displayed as a

function of the EC middle axis z . The tympanic membrane coupling region (TMCR) and the EC

entrance are indicated.

2.3.2 Purely acoustical model

The purely acoustical 3D FE model of the EC open and occluded by the external capped duct is now
presented (see Figure 3 (c) and (d)). The accuracy of the acoustical model is assessed against the
acousto-mechanical model in Sec. 3.1. In the purely acoustical model, the EC and the coupling duct are

rigidly walled (except the eardrum boundary where the acoustic impedance Z.,, is defined). The EC
wall normal vibration is accounted for as an equivalent volume velocity source Q located on the EC
middle axis at a curvilinear position 17 =23.6 mm. This location corresponds to the curvilinear

position of the EC wall normal velocity centroid computed using the acousto-mechanical 3D FE model

[15].

In practice, an incomplete seal could occur at the EC entrance since it is a common issue in hearing
protection for example. The geometry of an incomplete seal is generally unknown and is expected to be
intricate [18]. It can be made of several interconnected pathways [35]. Here, this incomplete seal is

modeled as a small tube of radius r, and length |, coupled to the EC entrance, in parallel with the

external duct (see Figure 3 (e)). At the lateral end of the small tube, a radiation acoustic impedance of a

circular baffled piston accounts for the coupling with the external environment. Furthermore, the
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external duct could be coupled in a direction that differs from the normal direction to the EC entrance
cross-section (see Figure 3 (f)). The influence of the incomplete seal and the duct orientation is
investigated in Secs. 3.2.5 and 3.2.3.
2.3.3 Finite element modeling and computation of indicators

In the acousto-mechanical 3D FE model, the sound propagation in solid domains is governed by the

linear elasto-dynamics equation relating the linearized displacement field U, strain tensor § and stress

tensor ¢ at all points of solid domains [36]:

V-g+pw’i=0, (1)
6=C:¢, ()

~ 1 . AT

§:§ Vu+ Vi, ©))

where p is the solid density, w is the angular frequency, V is the nabla operator and C is the fourth-

order stiffness (elasticity) tensor. In each solid domain, the structural damping is accounted for as a

multiplier 14 jn, in the stiffness matrix where 7, corresponds here to the isotropic loss factor.

Mechanical properties of skin, cartilaginous and bony tissues come from [15] and are summarized in
Table 8 (see Appx. A). In addition, Table 8 presents mechanical properties of the duct and the duct

holder.

In both acousto-mechanical and purely acoustical 3D FE models, the sound propagation in acoustic

domains is governed at all points by Helmholtz equation:

V2p+kZp=0, (4)
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where p denotes the sound pressure and k., is the complex wavenumber accounting for viscous and

thermal losses using a LRF model (see Appx. B). Air properties used here are given in Table 9 (see

Appx. A).

At the interface between mechanical and acoustical domains, the continuity of stress is written as

gn=—pn, where n is the normal vector at the interface, whereas the continuity of normal

displacements is given by ! 5 ap/an =u-n.
w

0

In the acousto-mechanical FE model, a standard (4, p) formulation is used to solve for both

displacements in solids and pressures in the fluid [36]. In the purely acoustical FE model, the problem

is only solved for pressures.

The geometry of each FE model is meshed according to a criterion of at least six 10-noded
(quadratic) tetrahedral elements per wavelength at 1 kHz (maximum frequency of interest). The
wavelength, referred to as \, is defined by A =c/f with ¢ the sound speed and f the frequency. To
minimize the size of the mesh in solid structures of the acousto-mechanical FE model, the minimum
sound speed is taken between the compression and the shear wave speed defined respectively by

CL:\/ E(l—v) | )
pL+v)A—2v)

and

: (6)

G
CT:_
P

with E, p, » and G the Young’s modulus, density, Poisson’s ratio and shear modulus respectively.
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Figure 5 shows the mesh of both the acousto-mechanical FE model and the purely acoustical FE
model using the mesh criteria previously detailed. It is noteworthy that the size of the mesh is also
constrained to capture the geometry of each domain. A convergence study has been performed on both
FE models to ensure the accuracy of simulation results presented in this paper. The current FE models

have been solved using COMSOL Multiphysics® (Sweden).

The surface averaged acoustic pressure computed at the tympanic membrane is referred to as <f)TkM >

where k € open,occl . Using the acousto-mechanical 3D FE model only, the centroid position vector
is computed by

)

l(c — 'wall - , (7)
j; ; Vn,WaII X ‘ds

Vn,wall Z ‘ds

where X is the position vector in 3D space, S, is the EC wall surface and v, ., X is the complex

wall

valued EC wall normal velocity. From Eq. (1), the curvilinear position I* of the centroid position is
obtained by the normal projection of x. on the EC middle axis and it is used in the purely acoustical 3D

FE model as mentioned previously.
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Figure 5: Mesh of (a) the acousto-mechanical and (b) purely acoustical 3D FE model of the outer ear
occluded by the external duct. The coordinate system refers to superior (S), inferior (1), posterior (P),

anterior (A), medial (M) and lateral (L).
3. Results and discussions

This section is organized as follows. In Sec. 3.1, the centroid position of the EC wall normal
velocity is estimated using the inverse method proposed in this paper. In Sec. 3.2, the influence of
several parameters of the coupling system is numerically investigated. Finally, Sec. 3.3 briefly

discusses the limitations of the work presented herein.

3.1 Estimation of the centroid position from acoustic pressure transfer function

In this section, the experimental setup (see Sec. 2.1) of the proposed method is simulated using both
3D FE models (see Sec. 2.3). The aim is to verify the accuracy of the purely acoustical FE model

compared to the acousto-mechanical FE model taken as reference. Then, the purely acoustical FE
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model will be used in the parametric study (see Sec. 3.2) because of its low needs for computational
resources. Then, the centroid position of the virtual outer ear of interest is estimated using the
associated EA model (see Sec. 2.2) and compared to the centroid position directly computed using the

acousto-mechanical 3D FE model in order to validate the indirect method.

Figure 6 (a) and (b) display respectively the level in dB and the phase of the tympanic membrane
acoustic pressure transfer function between the EC open and occluded by an external capped duct
computed as a function of frequency using the acousto-mechanical 3D FE model. Simulations
considering both free (red squares) and fixed (blue stars) boundary conditions of the lateral end of the
coupling duct are presented. The coupling duct has a length of 150 mm, an inner radius of 2 mm and a
wall thickness of 0.2 mm and is normally coupled to the EC entrance with a perfect seal. Note that the
level in dB (factor 20) of the tympanic membrane acoustic pressure transfer function corresponds to the
objective OE. According to Figure 6 (a), the transfer function amplitude reaches a local minimum and a
local maximum. Figure 6 also displays the results computed using the purely acoustical 3D FE model
in which the EC wall normal vibration is modeled as an equivalent ideal source of volume velocity
located at the centroid position of the corresponding vibration (see black line). This model gives the
same results as the acousto-mechanical FE model (including both boundary conditions of the coupling
duct), at least up to the transfer function local minimum frequency. Above this frequency, slight
discrepancies are observed between both models due to the elastic modes of deformation of the duct
holder and the coupling duct itself (not accounted for in the purely acoustical model). In the acousto-
mechanical FE model, the boundary condition defined at the lateral end of the coupling duct (either
free or fixed) is shown to have little influence on the results displayed in Figure 6. According to Figure
6 (a) and (b), local extrema of the transfer function amplitude are associated with sudden phase shifts
which characterize the occurrence of acoustic antiresonance (local minimum at 516 Hz) and acoustic

resonance (local maximum at 725 Hz) in the EC coupled to the duct.
17



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

To illustrate these phenomena, Figure 7 displays the acoustic pressure field (in dB) in the coupled
system in (a) antiresonance and (b) resonance states computed using the purely 3D FE model. In Figure
7 (a), the acoustic pressure level is minimum in the region between the eardrum and the centroid
position of the EC wall normal velocity and gradually increases to reach a maximum value at the
capped lateral end of the duct. A quarter-wavelength acoustic resonance occurs in the EC upstream
section (from the centroid position to the EC entrance) coupled to the external duct and corresponds to
an antiresonance seen by the EC wall normal vibration which encounters a pronounced acoustic
pressure dip at its centroid position. The acoustic pressure is also approximately minimum up to the
eardrum because the vibro-acoustic behavior of the EC downstream section (from the centroid position
to the eardrum) is governed by its compressibility effect [15]. In Figure 7 (b), the acoustic pressure
level is maximum at both the eardrum and the capped lateral end of the coupling duct and minimum in
between. This standing wave pattern is characteristic of a half-wavelength acoustic resonance of the
whole coupled system excited by the EC wall normal vibration. Unlike resonance, antiresonance
depends on the location of the source which corresponds to the centroid position of the EC wall normal

vibration. Therefore, acoustic antiresonance can be used to estimate the centroid position.

To the authors’ knowledge, no experimental data of the transfer function displayed in Figure 6 exist
in the literature. In 1960, however, Huizing [8] measured the objective OE induced by an external
capped duct on a human subject for several duct lengths for a bone-conducted stimulation at a
frequency 1 kHz. Huizing conducted this experiment to highlight a standing wave pattern in the EC. In
Appx. C, Huizing’s experiment is simulated using the purely acoustical 3D FE model and both
simulated and measured objective OE are shown to be in relatively good agreement. Huizing
interpreted OE minima as acoustic resonances with an acoustic pressure node at the eardrum. Several

years after Huizing, Tonndorf [37] reproduced this experiment and obtained similar results which were
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interpreted in the same way, assuming a low enough acoustic impedance of the tympanic membrane.
However, as previously explained, OE minima rather come from acoustic antiresonances with an
acoustic node at the centroid position of the EC wall normal velocity (see Figure 7 (a)). At
antiresonances, the acoustic pressure is also minimum at the eardrum for the reason explained above

(i.e., EC downstream section governed by its compressibility effect).

The antiresonance frequency of the coupled system is then determined from the transfer function of
Figure 6 and corresponds to the amplitude minimum which is also associated with the sudden phase
shift. For the 150 mm duct considered here, the antiresonance frequency is equal to 516 Hz. It is
noteworthy that the antiresonance frequency could be determined directly from the acoustic pressure
measured in the occluded EC. The use of the OE, however, has the advantage to avoid the influence of
variations of the EC wall normal vibration (amplitude and phase) with frequency on the antiresonance

frequency determination (not shown here).

From the antiresonance frequency determined using the 3D FE models (both models provide the
same antiresonance frequency), the centroid position is estimated using the EA model. For this
purpose, the antiresonance frequency of the coupled system is computed using the EA model as a
function of the source position included between the tympanic membrane coupling region and the EC
entrance. Then, the centroid position is obtained by minimizing the difference between the
antiresonance frequency determined from the 3D FE model and that computed by the EA model as a
function of the source position. In the configuration of interest, the EA model estimates the centroid
position of the EC wall normal vibration with a slight difference of 0.3 mm compared to the 3D FE
model. This difference does not come from a lack of convergence of the method (this has been checked

but not shown here for conciseness), but is more likely due to the planar waves assumption used by the
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EA model. This assumption could be debatable mainly in the coupling region between the EC and the

external duct and to a lesser extent in the tympanic membrane coupling region.

Regarding in particular the coupling region between the EC and the duct, the cross-sectional

discontinuity is accounted for, in the EA model, as an inertia effect of acoustic mass L, added to the

input acoustic impedance Z, . of the duct (see Sec. 2.2). The acoustic mass is calculated from Karal’s

duct
formula [30] developed for the coupling between two cylindrical ducts of constant radius. Here,
however, the cross-section of the EC is not circular and its shape varies along the EC middle axis.
Schmidt and Hudde [38] underlined that the mass of discontinuity is critically dependent on the shape
of the EC entrance region. Therefore, the EA model cannot exactly account for the influence of the EC
entrance discontinuity and, in consequence, it cannot provide an exact estimation of the centroid

position. A difference lower than 0.5 mm is however considered acceptable.

—— Purely acoustical 3D FE model
m 30 --f3--- Coupled 3D FE model (free duct)
= - ¥ - Coupled 3D FE model (fixed duct)
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Figure 6: (a) Level in dB (20log,,, ref. 1) and (b) phase of the tympanic membrane acoustic pressure

ratio between the occluded and the open EC computed using the purely acoustical and the acousto-
mechanical 3D FE models. The occlusion is ensured by a capped duct coupled at the EC entrance of
150 mm length, 2 mm inner radius, and, in the acousto-mechanical model only, 0.2 mm wall thickness.

In the acousto-mechanical model, the boundary condition at the external end of the duct is free or fixed.
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Figure 7: (Color online) Acoustic pressure field in dB (20log,,, ref. 2x10° Pa) in the EC coupled to

an external capped duct of length 150 mm and inner radius 2 mm in (a) antiresonance (516 Hz) and (b)

resonance (725 Hz) states computed using the acoustical 3D FE model.

3.2 Influence of several parameters of the coupled system

This section investigates the influence of several parameters of the coupled system on the estimation
of the centroid position using the proposed method. These parameters are the length of the duct, its
radius, the duct orientation, the coupling position of the duct in the EC, the presence of an incomplete
seal between the coupling duct and the EC entrance, the EC shape, the temperature in the coupled
system and the EC downstream section and tympanic membrane acoustic impedance. In this section,
the purely acoustical FE model is used instead of the acousto-mechanical FE model since it requires

significantly less computational resources.

3.2.1 Length of the coupling duct and sensitivity of the indirect method

In the acousto-mechanical 3D FE model, the centroid position of the EC wall normal velocity does
not significantly vary between 100 Hz and 1 kHz [15]. In practice, however, it could be possible that
the centroid position varies in the low frequency range of interest. Since the proposed method estimates

the centroid position at the antiresonance frequency of the coupled system, different duct lengths must
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be used to cover the frequency range (100 Hz to 1 kHz). Here, in addition to the 150 mm duct used in
Sec. 3.1, two additional duct lengths are used: 750 mm and 75 mm. In the case of a 750 mm duct,

several antiresonances occur between 100 Hz and 1 kHz but only the lowest frequency is considered

f FE
antires

here. Table 1 presents the first antiresonance frequency of the EC coupled to these three external

ducts and computed using the acoustical 3D FE model. The longer the coupling duct, the lower the first

antiresonance frequency of the coupled system. The EA model is now used to estimate the centroid

FE
antires *

position from the antiresonance frequencies f Table 1 presents the difference Al between the

centroid position 17 estimated by the EA model and the effective centroid position 1.5 used in the

acoustical 3D FE model. According to Table 1, this difference is maximum for the longest duct
(+1.2 mm) and minimum for the shortest (-0.1 mm). As discussed in Sec. 3.1, the error of estimation of
the EA model mainly comes from the way the discontinuity at the EC entrance is accounted for
between the EC and the coupling duct. The reason why this error increases with the length of the
coupling duct is however related to the sensitivity of the method which is now investigated depending

on the duct length.

Table 1: Antiresonance frequency of the coupled system depending on the external duct length
computed using the 3D FE models. The centroid position estimated using the EA model is also

presented in each case (relative to the effective position computed using the 3D FE model).

IdUCt [mm] fa';Eres [HZ], AIC - ICEA —lcFE
FE model [mm]
750 104 +1.2
150 516 +0.3
75 980 -0.1

In order to illustrate the calculation of the method sensitivity, Figure 8 displays the antiresonance

frequency of the coupled system as a function of the source position |, computed using the EA model

for the three duct lengths (750, 150 and 75 mm). In practice, the centroid position is not expected to lie
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in the tympanic membrane coupling region (TMCR) so this region is excluded from the variation range

of the source. For each duct, the antiresonance frequency increases with |, because the distance

between the source and the capped lateral end of the duct decreases. More importantly, Figure 8 shows
that the range of variation of the antiresonance frequency is minimum for the longest duct and
maximum for the shortest duct. The antiresonance frequency of the coupled system is more sensitive to
a variation of the centroid position when the coupling duct is short and vice versa. The mean sensitivity
of the method, referred to as & and expressed in Hz mm™, can be computed as the ratio between the
antiresonance frequency interval and the source position interval. For the 750 mm duct,

o= 105—103 / 34.7—8 =~ 0.1 Hzmm™. For the 150 mm, the mean sensitivity of the method is

equal to approximately 2 Hz mm and to about 8 Hz mm for the 75 mm duct. It is not yet certain with
which precision the centroid position should be estimated. It surely depends on the use of this position
(e.g., input of an EA model, validation of a FE model, study of the influence of a bone-conducted
source to the EC wall vibration distribution). It is certain, however, that the antiresonance frequency
cannot be identified from experimental data with an accuracy of 0.1 Hz. In fact, it would be probably
tricky to obtain the antiresonance frequency with an accuracy of 1 Hz. In this condition, it could not be
possible to accurately estimate the centroid position with the proposed method below approximately
500 Hz (i.e., for a coupling duct longer than 150 mm). In the following, the 750 mm duct is therefore

not considered anymore.
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Figure 8: Antiresonance frequency computed as a function of the source position comprised between
the tympanic membrane coupling region (TMCR) and the EC entrance using the EA model for three

duct lengths. In each case, the duct inner radius is equal to 2 mm.

3.2.2 Inner radius of the coupling duct

In previous simulations, the inner radius of the duct has been chosen equal to 2 mm and corresponds
to the largest admissible duct radius for the EC entrance considered here. In this section, the influence
of the duct radius on the mean sensitivity of the method is investigated. Figure 9 displays the mean
sensitivity of the method as a function of the duct radius computed using the EA model for two lengths

of the coupling duct (150 mm and 75 mm). The duct radius r,,, decreases from the equivalent radius

uct

e lec =2.8 mm of the EC entrance (assuming circular cross-section) to almost 0.5 mm. For each

duct radius, the mean sensitivity of the method is higher for the 75 mm duct compared to the 150 mm
duct for the reason explained in Sec. 3.2.1. For both ducts, the mean sensitivity of the method would be

maximum if the duct could have the same radius as the EC entrance (assuming circular cross-section).
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The mean sensitivity tends to zero when the duct radius diminishes. Indeed, when the radius of the

coupling duct decreases, the modulus of its acoustic impedance Z, . seen from the EC entrance

duct
increases, mainly due to (i) the sudden change in section between the EC entrance and the duct and (ii)
the augmentation of visco-thermal losses in the coupling duct (see Sec. 2.2). In consequence, the EC
upstream section gradually shifts from a mass-controlled vibro-acoustic behavior governed by the

acoustic mass L, to a compliance-controlled vibro-acoustic behavior dominated by the acoustic
compliance C, (see Figure 2 (b)). The antiresonance frequency of the coupled system thus tends to the

quarter-wavelength resonance of the external duct and becomes independent from the centroid position.
Since the influence of the centroid position on the antiresonance frequency of the coupled system
vanishes when the duct radius decreases, the mean sensitivity of the method tends to zero (see Figure
9). For small enough duct radius (below approximately 0.5 mm), the antiresonance phenomenon itself
vanishes in the low frequency range of interest because there is no more wave propagation in the
coupling duct due to visco-thermal damping and the EC coupled to the duct behaves as if the EC were
occluded at its entrance (no coupling duct). To perform the method and maximize its accuracy, the
outer radius of the coupling duct must be chosen as large as possible (in the limit, however, of the size

of the EC entrance) whereas the thickness of its wall should be minimum.
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Figure 9: Mean sensitivity of the indirect method computed using the EA model as a function of the

duct radius for two lengths of the external duct (150 mm and 75 mm).
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3.2.3 Orientation of the coupling duct

In previous simulations, the direction of the coupling duct has been assumed normal to the plane of
the EC entrance. In practice, however, when the contemplated physical measurements are made, the
direction of the duct is constrained by the pinna and the tragus. Therefore, it would be certainly
difficult, if not impossible, to ensure the coupling in the exact normal direction of the EC entrance
plane. In this section, the influence of a variation of the duct orientation on the accuracy of the method
is studied for the two duct lengths 150 and 75 mm. For this purpose, the duct orientation is changed by
30° from the EC entrance normal direction (see Figure 3 (f)). Similarly to what proposed Schmidt and
Hudde [38], the rotation of the coupling duct is performed around a fixed point corresponding to the
intersection of the EC middle axis with the EC entrance plane where the duct is coupled. Therefore, the
curvilinear length of the EC remains untouched, as well as the length of the coupling duct. The change
in orientation, however, increases the area of the coupling between the EC entrance and the duct. Table
2 presents the corresponding change in antiresonance frequency computed using the 3D FE model. The
coupling angle slightly increases the antiresonance frequency of the coupled system. Indeed, due to the

increase of the coupling area, the associated acoustic mass of discontinuity decreases and therefore the

apparent length of the coupled system also diminishes. Table 2 also presents the variation Al of the

centroid position induced by the change in orientation of the duct and estimated using the EA model

from antiresonance frequencies predicted by the FE model. According to Table 2, Al, is close to

0.3 mm for each duct. The method proposed here to estimate the centroid position of the EC wall
normal velocity is thus little influenced by the duct orientation in the range of variation considered

here.
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Table 2: Influence of the duct orientation on the antiresonance frequency computed using the 3D FE

model. The influence on the centroid position estimated using the EA model is also presented.

IdUCt [mm] fa'rfires [HZ]’ fa'rzltEires [HZ]! AIc [mm]
normal direction | 30° slanted
150 516 516.5 +0.3

75 980 982.4 +0.3

3.2.4 Coupling position of the external duct

In previous simulations, the external capped duct has been exactly coupled to the EC entrance plane.
In practice, however, the coupling position of the duct could be slightly more inside or outside the EC
compared to the chosen position of the EC entrance plane used in the EA model involved in the indirect
method. This section thus investigates the influence of this uncertainty on the estimated centroid
position. Table 3 presents the change in antiresonance frequency of the coupled system computed using
the EA model due to a shift in the coupling position from +3 mm (outward the EC entrance plane) to -
3 mm (inward the EC entrance plane). Two lengths of coupling duct are considered (150 and 75 mm).
In each case, the inner radius of the duct is equal to 2 mm. For both ducts, the antiresonance frequency
is the highest when the coupling position is the farthest inside the EC (see Table 3). This is explained

by the reduction of the distance between the centroid position and the lateral capped end of the duct.

Table 3 also presents the variation Al, of the estimated centroid position due to an error in the

coupling position. The estimation is performed using the EA model assuming that the external duct is
exactly coupled to the EC entrance plane (i.e., a coupling position variation of 0 mm). When the
effective coupling position is shifted outside the EC, the centroid position is estimated further in the
EC, and vice versa (see Table 3). Also, the error in the estimated centroid position is lower than the
coupling position shift (in absolute value). This error, however, depends on the EC shape and tends to
be equal to the coupling position shift when the EC shape is straight (not shown in Table 3). The

maximum error in the estimated centroid position is thus bounded by the coupling position shift.
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Table 3: Influence of the coupling position (relative to the EC entrance position) on the antiresonance
frequency computed using the EA model. The influence on the centroid position estimated using the

EA model is also presented.

lor [mm] | Coupling | §5% [Hz] | Al [mm]
position [mm]
150 +3 512 -1.9
+1.5 514 -0.8
0 517 0
-1.5 520 +0.9
-3 523 +2.3
73 +3 961 -2.2
+1.5 970 -1.2
0 979 0
-1.5 990 +0.9
-3 1005 +2.3

3.2.5 Incomplete seal at the earcanal/duct junction

In previous simulations, a perfect seal has been assumed between the coupling duct and the EC wall
at the EC entrance. In this section, the influence of an incomplete seal on the accuracy of the method is
investigated using the 3D FE model for two duct lengths 150 mm and 75 mm. The incomplete seal is

modeled as a small cylindrical tube of radius r, and length I, coupled at the EC entrance in parallel

with the external coupling duct (see Figure 3 (e)). Two “plausible” values of radius (0.4 and 0.6 mm)
and length (5 and 10 mm) are chosen to illustrate the influence of an incomplete seal. Table 4 presents

the change in antiresonance frequency computed using the 3D FE model. Table 4 also presents the
variation Al_ of the centroid position induced by incomplete seals and estimated using the EA model
from antiresonance frequencies predicted by the FE model. According to Table 4, the influence of the
incomplete seal on the estimated centroid position is similar for each coupling duct. In addition, this
influence decreases when the length of the incomplete seal increases and when its radius decreases.

This phenomenon is due to the augmentation of both the acoustic mass and the acoustic resistance of
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the incomplete seal which increases its acoustic impedance and thus decreases the volume velocity
transfer through it. The influence of an incomplete seal on the acoustic pressure field of the coupled
system is very small around the antiresonance frequency because the acoustic pressure is already
minimum in the EC (see Figure 7 (a)). The influence of an incomplete seal is rather of significant
importance when the acoustic pressure is maximum in the EC (e.g., at low frequencies for an occlusion
ensured at the EC entrance [18]). However, in order to maximize the accuracy of the proposed method,
an incomplete seal must be avoided as much as possible. The quality of the seal could be assessed

using fit-testing method developed for hearing protection [39] [40].

Table 4: Influence of an incomplete seal between the duct and the EC entrance on the antiresonance
frequency computed using the 3D FE model. The incomplete seal is modeled as a small tube of radius

r, and length I, connected to the EC entrance in parallel with the coupling duct. The influence on the

centroid position estimated using the EA model is also presented.

IdUCt [mm] fﬁEtEireS [HZ]’ fa'r:tEires [HZ]’ AIc [mm]
perfect seal incomplete seal
150 516 r=04mm, | =5mm | 518 +0.9

t

r,=0.4mm, |, =10mm | 517 +0.5
r,=0.6mm, |, =5mm | 520 +1.8
75 980 r,=04mm, |, =5mm | 986 +0.7
L =0.4mm, |, =10mm | 983 +0.4
r,=06mm, |, =5mm | 992 +1.4

t

3.2.6 Straight cylindrical earcanal versus 3D earcanal shape

In previous simulations, the shape of the EC was perfectly known. If the 3D shape could not be
measured, could the EC be assumed to a straight cylinder? This section investigates the error of
estimation of the centroid position associated with this assumption. For this purpose, a straight EC of

constant radius 2.8 mm and length 34.7 mm is used. The radius corresponds to the equivalent radius of
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the 3D EC entrance (assuming circular cross-section) whereas the length is equal to the curvilinear
length of the 3D EC. Table 5 presents the antiresonance frequency of the coupled system using the 3D
EC shape and the straight EC for two duct lengths (150 and 75 mm). For both coupling ducts, higher
antiresonance frequencies are obtained with the straight EC compared to the real 3D EC shape. Due to
the absence of constriction close to the EC entrance in the straight EC compared to the 3D EC shape
(see Figure 4), the acoustic mass of the EC upstream section is smaller in the former than the latter EC.
In consequence, the effective length of the EC upstream section appears smaller in the straight EC than

in the 3D EC shape, explaining the antiresonance frequencies difference between both.

Table 5 also presents the influence of the EC shape on the estimated centroid position. The
estimation is performed from antiresonance frequencies of the 3D EC shape coupled to the external
ducts using the EA model which assumes a straight EC. According to Table 5, neglecting the 3D EC
shape induces significant errors in the estimation of the centroid position (around 8 mm towards the
eardrum) and, therefore, cannot be neglected. The magnitude of this error, however, depends on the

individual EC shape and how the latter differs from a cylindrical shape.

Table 5: Influence of the EC shape on the antiresonance frequency computed using the EA model. The

influence on the centroid position estimated using the EA model is also presented.

IdUCt [mm] falrifi\res [HZ]’ faE?ires [HZ]1 AIc [mm]
3D EC shape | Straight EC
150 517 543 -8.5

75 979 1083 -1.4

3.2.7 Temperature in the coupled system

Air properties used in previous simulations approximately correspond to ambient temperature 19°C,
atmospheric pressure 1013 hPa and relative humidity 20 %. Appendix. D details the calculation of air

properties from temperature, atmospheric pressure and relative humidity. These values can be easily
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measured during the experiment. An uncertainty exists, however, regarding the temperature in the EC
occluded by the coupling duct. Indeed, assuming that the temperature of the EC wall is close to 37°C
while the ambient temperature is equal to 19°C, a gradient of temperature occurs between the EC and
the coupling duct. Also, this gradient could change during the measurement, depending on the

measurement duration, due to heat transfer by convection.

In this section, the effect of the temperature is investigated. For this purpose, two additional

configurations are proposed: (i) the temperature in the EC is equal to T.. =37 °C whereas the

temperature in the coupling duct is equal to T,,, =19°C and (ii) the temperature in the coupled system

uct
is homogenous and equal to 37°C. Table 6 presents the change in antiresonance frequency of the
coupled system computed using the EA model due to the variation in temperature. The augmentation of
the temperature in the EC only or in the entire coupled system increases the antiresonance frequency.

This is mainly explained by the increase of sound speed with temperature from 343 to 354 m s*. Table

6 also presents the variation Al of the estimated centroid position induced by the change in

antiresonance frequency due to the temperature. The estimation is performed using the EA model and
assuming a homogeneous temperature of 19°C in the entire coupled system as reference. According to

Table 6, an error in temperature of the EC only has little effect on the estimation of the centroid

position (Al, =0.6 mm for both coupling ducts). However, the same error in temperature in the entire

coupled system has more influence (Al, =4.8 mm for the 150 mm duct and Al, =2.7 mm for the

75 mm duct). The knowledge of the temperature in the EC is thus of lesser importance than that in the

coupling duct.
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Table 6: Influence of the temperature on the antiresonance frequency of the coupled system computed

using the EA model. The influence on the centroid position estimated using the EA model is also

presented.
lyoe [mMm] | Temperature [°C] | 52 [Hz] | Al, [mm]
150 T =T, =19 517 0
Tee =37, Ty =19 518 +0.6
Tee =Ty =37 533 +4.8
75 Tee =T, =19 979 0
Tee =37, Ty =19 986 +0.6
Toe =T =37 1010 +2.7

3.2.8 Earcanal downstream section and eardrum acoustic impedance

In previous sections, the EA model used to estimate the centroid position has accounted for both
downstream and upstream sections of the EC. Since the acoustic antiresonance occurs in the EC
upstream section coupled to the external duct, one may wonder if it is necessary to account for the EC
downstream section and the acoustic impedance associated with the eardrum. Table 7 presents the
change in centroid position estimated by the EA model when the eardrum only or the whole EC
downstream section is assumed acoustically rigid. It is shown that using an infinite impedance instead
of the tympanic membrane acoustic impedance implies an error of estimation in the centroid position
lower than 0.2 mm for the 150 mm duct and very negligible for the 75 mm duct. Neglecting the entire
EC downstream section has also little influence on the centroid position estimation. Therefore, this
method does not require the knowledge of the tympanic membrane acoustic impedance (for an intact
ear). This is good to know since the latter can be difficult to obtain with accuracy [25]. In addition, the
EA model does not require the shape of the EC downstream section to estimate the centroid position.
However, since the centroid position is a priori unknown before its estimation, the EC shape must be

known at least up to the tympanic membrane coupling region.
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Table 7: Influence of the EC downstream section and tympanic membrane acoustic impedance on the

centroid position estimated by the EA model.

lawee [Mm] Configuration Al [mm]
150 Rigid eardrum -0.2
Rigid EC downstream section -0.4
75 Rigid eardrum ~0
Rigid EC downstream section ~0

3.3 Limitations

The indirect method proposed in this paper has been evaluated and investigated using a 3D FE
model of a single outer ear open and occluded by an external capped duct. The FE model has been used
(1) to simulate the measurement and compute the antiresonance frequency from which the EA model
estimates the centroid position and (ii) as a reference to compare the theoretical and the centroid
position estimated using the EA model. The acousto-mechanical 3D FE model accounts for the
surrounding tissues of the EC, the external capped duct and its duct holder, and also the bone-
conducted stimulation. However, this model is still a simplification of a real outer ear submitted by
bone-conduction. In particular, this model is truncated so the influence of the whole head vibration has
not been accounted for in this study. Also, it is certain that the determination of the acoustic
antiresonance of the coupled system will be more difficult due to the presence of noise in measurement
data and to the post-treatment process, contrary to FE simulations. In addition, several sources of
uncertainty have been highlighted here and will affect to some extent the accuracy of the method in
practice. Furthermore, a stimulation by bone-transducer has been assumed here. However, the method
could be used to study the influence of the type of bone-conducted stimulation on the outer ear pathway
and, in particular, on the OE. Therefore, stimulation by chewing or speech could be required. However,
lower jaw movement implies large deformation of the EC [41] [42]. In consequence, the position of
both the coupling duct (compared to the chosen EC entrance plane) and the centroid of the EC wall
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normal vibration could vary during the measurement. In addition, incomplete seal could occur due to
lower jaw movement and therefore affect the accuracy of the method. Furthermore, since the same
bone-conducted stimulation could not be exactly obtained between open and occluded measurements
for chewing or speech, the acoustic pressure should be simultaneously measured in one ear open and in
the other occluded by the coupling duct, such as in the “real-time” OE measurement [22]. This method,
however, assumes a symmetry between ears (with respect to the sagittal plane) in terms of geometry

and bone-conducted propagation whereas differences could be expected.

4. Conclusion

In this paper, the principle of an indirect method has been proposed to estimate the centroid position
of the human EC wall normal velocity induced by a bone-conducted stimulation at low frequencies
(100 Hz — 1 kHz). The centroid position can be used as an indicator of the EC wall normal vibration
distribution to study the influence of the bone-conduction stimulation on the outer ear pathway and on
the OE. Firstly, the indirect method consists in determining the frequency of the lowest local minima of
the eardrum acoustic pressure transfer function between the EC open and occluded by an external
capped duct coupled to the EC entrance. These local minima correspond to acoustic antiresonances
occurring in the EC coupled to the duct and are associated with sudden phase shift. Secondly, the
centroid position is estimated at the lowest antiresonance frequency using an EA model associated to
the coupled system in situ. The estimation consists in minimizing the difference between the
antiresonance frequency measured and that estimated using the EA model. In this paper, the method
has been evaluated and investigated numerically using an acousto-mechanical 3D FE model of the EC
open and occluded by the external capped duct. The sensitivity of the method has been shown to
increase with frequency and could be sufficient, in practice, to estimate the centroid position above
500 Hz. To maximize the accuracy of the method, the radius of the coupling duct must be as large as

possible (in the limits of the EC entrance dimension) and any incomplete seal between the duct and the
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EC should be avoided. Also, the EC shape, the coupling position between the EC and the duct and the
temperature in the coupling duct must be known as precisely as possible. On the contrary, the tympanic
membrane acoustic impedance is not required to estimate the centroid position in an intact ear. While
this study has presented the principle of the method and its numerical investigation, a future work will

be dedicated to its experimental application on human subjects.
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APPENDIX A: MATERIAL PROPERTIES

Mechanical properties of the solid domains used in the acousto-mechanical 3D FE models are given
in Table 8. In addition, classic values of ambient air properties are given in Table 9. It is noteworthy
that air properties can be calculated from the knowledge of temperature, atmospheric pressure and

relative humidity (see Appx. D).

Table 8: Density p,, Young’s modulus E, Poisson’s ratio v and structural loss factor 7, of solid

domains.
Domain p, [kg m3] E [MPa] v [1] n, [1]
Skin 1100 0.5 0.4 0.1
Cartilage 1080 7.2 0.26 0.05
Bone 1714 11 316 0.3 0.01
Coupling duct 2700 70 000 0.33 0.01
Duct holder 1050 0.85 0.48 0.1
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Table 9: Density p,, sound speed c,, dynamic viscosity s, thermal conductivity coefficient «, ratio of

specific heats v, and heat capacity at constant pressure C_ of ambient air.

Property Value Property Value
po (kg m3) 1.2 r (WmtK? 0.025

¢, (ms?) 343 v (1) 1.4

w (Pas) 1.8313x10°° C, Jkg* K% 1.0025x10°

APPENDIX B: LOW REDUCED FREQUENCY MODEL

The LRF model is used to account for viscous and thermal losses that exist in tubes [43]. The LRF

model is valid when the acoustic wavelength is much larger than both the tube cross-section and the

boundary layer thickness. In a domain i, the equivalent wavenumber |2;q and the equivalent

characteristic impedance Ze‘q are given by

v— =11
(¥

ki =k

eq 0

el
] : (8)

Zﬂeiq =2, [w\ln y— -1 1ptlh ]7% ©)

In Egs. (2) and (3), k, =w/c, and Z, = p,c, represent respectively the free space wavenumber and
characteristic impedance, p, and c, are respectively the air density and the sound speed, and ~

corresponds to the ratio of specific heats. In addition, <!, and ¢y, correspond to geometry and material

dependent functions associated to viscous and thermal effects and defined by

i_ — vii , 10

¢VI ‘]O kvirl ( )
, J, k. r

t|h — 2 th'i ' (11)
Jo Kl
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In Egs.(4) and (5), J, is the first order Bessel function for integer « . In addition,

K; =+—Jwp, /1 and k,, = J—iwp,C, I~ are the viscous and thermal wavenumbers while ,., C,

and « represent respectively the dynamic viscosity, the heat capacity at constant pressure and the
thermal conductivity coefficient. Air properties can be calculated from temperature, atmospheric

pressure and relative humidity (see Appx. D).

APPENDIX C: COMPARISON TO EXISTING EXPERIMENTAL DATA

This section provides a comparison between experimental data and simulation of the objective OE
induced by an external capped duct coupled to the EC entrance. Experimental data were measured by
Huizing on a human subject as a function of the duct length while the bone-conducted stimulation was
fixed at 1 kHz. Huizing used a copper duct of 500 mm length which was occluded at 12 different
positions along its length. The radius of the duct was chosen “equal” to that of the EC entrance, which
is a priori not circular. The seal between the EC entrance and the duct was not detailed. The bone-
conducted stimulation was ensured by a bone-transducer located at the ipsilateral mastoid. The acoustic
pressure was measured close to the tympanic membrane. In this work, Huizing’s experiment is
numerically reproduced using the purely acoustical 3D FE model in order to assess the model’s
validity. The radius of the coupling duct is equal to the equivalent radius of the EC entrance assuming
circular cross-section. Measured and simulated OEs induced by an external capped duct are displayed

in Figure 10 as a function of the duct length I, (added to the EC length .. and normalized by the

duct
lossless wavelength calculated at 1 kHz). According to Figure 10, experimental and simulated OEs are
in relative agreement and present similar slopes which periodically decrease and increase with the

length of the coupling duct.
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Figure 10: Objective OE induced by an external capped duct coupled at the EC entrance computed at
1 kHz as a function of the duct length using the purely acoustical 3D FE model versus experimental

data measured on a human subject by Huizing [8].

APPENDIX D: CALCULATION OF AIR PROPERTIES FROM
TEMPERATURE, ATMOSPHERIC PRESSURE AND RELATIVE HUMIDITY
This section details the computation of density p,, sound speed c,, dynamic viscosity ., heat
capacity at constant pressure C; and ratio of specific heats ~ of air from the knowledge of the
temperature T (in Kelvin, 1°C is equal to 273.15 K), atmospheric pressure P, (in Pascal) and relative
humidity H,, (in percentage). The thermal conductivity , however, can be assumed constant within

the usual range of variation of these parameters and equal to 0.025 W m* K1,

The density of humid air is given by

Pun [L_L]MXQ 12)

P=RT R, RJW00 T

where R, =287.031 J kg K*' and R, =461.521 J kg* K are the specific gas constants for dry air
and for water vapor respectively whereas P, is the saturation water vapor pressure estimated as a
function of the temperature [44] by
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P, =0.0658xT°® —53.7558 x T +14703.8127 x T —1345485.0465 . (13)

The specific heat at constant pressure can also be estimated as a function of temperature [45] by

C, =4168.8x(0.249679 —7.55179 x10° xT +1.69194x10 " xT? —6.46128 x10 " xT?). (14)

The ratio of specific heat is then given by

Y=o (15)

Under the ideal gas assumption, the isentropic sound speed is then calculated by

P!
C, = Fm (16)
Po
Finally, the dynamic viscosity can be estimated as a function of the temperature [46] by
(= T7.72488x10 ° xT —5.95238x10 ™ xT? +2.71368x10 * xT?. (17)
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