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Etude théorique de I’effet d’occlusion objectif associé aux dispositifs intra-auriculaires:
focus sur I’influence de la vibration pariétale du conduit auditif et de sa distribution
spatiale

Kévin CARILLO

RESUME

Leffet d’occlusion est généralement ressenti comme la perception accrue de ses propres bruits
physiologiques lorsque le conduit auditif est occlus. En diminuant le confort acoustique des
utilisateurs de protecteurs auditifs et d’aides auditives, 1’effet d’occlusion réduit leur temps
de port. Dans cette these, I’effet d’occlusion objectif induit par le port de dispositifs intra-
auriculaires est investigué dans le but de réduire ce phénomene a terme. Cette thése se concentre
ainsi sur (1) I’explication et I’interprétation du mécanisme fondamental de I’effet d’occlusion,
(i1) I'influence de la vibration pariétale du conduit auditif et de sa distribution spatiale, ainsi que
(ii1) le(s) mécanisme(s) de contribution des dispositifs intra-auriculaires a 1’effet d’occlusion.
Dans une premiere partie, le comportement vibro-acoustique du conduit auditif ouvert et
occlus par une impédance infinie et soumis a une stimulation solidienne est minutieusement
analysé, illustré et interprété a 1’aide d’un modele éléments finis 3D d’une oreille externe
réaliste et en conjonction avec un modele électro-acoustique qui lui est associé. Les deux
modeles se révelent étre tres complémentaires afin de détailler les phénomenes physiques mis
en jeu dans le conduit auditif. Cette approche permet également de mettre en évidence et
d’interpréter I’influence de la distribution spatiale de la vibration normale du conduit auditif
sur le comportement vibro-acoustique de ce dernier lorsqu’il est ouvert. Cette distribution
vibratoire est ici caractérisée par la position de son barycentre le long de 1’axe curviligne du
conduit. En particulier, il est démontré que cette position correspond a la localisation de la
source équivalente de débit acoustique représentant la vibration normale de la paroi du conduit
au sein du modele électro-acoustique. Enfin, il est montré que les interprétations courantes de
I’effet d’occlusion en termes de « fuites » et de « piege » ne décrivent pas adéquatement le
mécanisme fondamental du phénomene 1i€ a I’augmentation de I’'impédance du conduit auditif
vue par sa paroi dans le cas occlus. Dans une seconde partie, une théorie largement répandue de
I’effet d’occlusion objectif proposée par Tonndorf en 1964 est revisitée dans le but de clarifier
certains points ambigus desquels certaines interprétations du phénomene ont pu étre tirées.
L'investigation du modele électro-acoustique associé a cette théorie met en évidence I’ existence
d’un filtre passe-haut du second ordre entre le débit acoustique imposé par la paroi du conduit et
celui transféré au tympan. Ce filtre persiste dans le cas d’une occlusion partielle du conduit
mais disparait dans le cas d’une occlusion parfaite, devenant constant avec la fréquence. Dans
ce dernier cas, le débit acoustique transféré entre la paroi du conduit et le tympan augmente
considérablement, ce qui explique la prédominance du chemin de transmission par conduction
osseuse de I’oreille externe occluse en basses fréquences. Dans une troisieme partie, le principe
d’une méthode indirecte d’estimation de la position du barycentre de la vitesse normale du
conduit auditif est présenté. Cette méthode consiste a mesurer la fonction de transfert de pression
acoustique au tympan entre le conduit ouvert et occlus par un tube fermé a son autre extrémité.
La stimulation du conduit est réalisée par conduction osseuse. La position du barycentre de
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vitesse normale est ensuite estimée a la fréquence d’antirésonance la plus basse du systeme
couplé a I’aide d’un modele électro-acoustique associé a ce dernier. Cette méthode indirecte est
évaluée et étudiée a I’aide d’un modele éléments finis 3D de I’oreille externe. Dans une derniere
partie, les mécanismes de contribution des bouchons d’oreille a I’effet d’occlusion sont étudiés
a I’aide d’un modele 2D axi-symétrique par éléments finis de 1’oreille externe en conjonction
avec un modele électro-acoustique associé. Deux mécanismes sont mis en évidence: (i) un
effet de Poisson induit par la composante normale de la vibration pariétale du conduit auditif
et (ii) un mouvement longitudinal provoqué par la composante tangentielle de cette vibration.
En faisant varier la géométrie des tissus biologiques entourant le conduit auditif, il est montré
que la distribution spatiale de sa vibration pariétale, dans les directions normale et tangentielle,
influence la contribution des bouchons d’oreille a I’effet d’occlusion. Aussi, il est montré que
la contribution du bouchon d’oreille a I’effet d’occlusion domine celle de la paroi du conduit
non-couverte par le bouchon a partir d’une profondeur d’insertion moyenne. Dans son ensemble,
cette these constitue un effort supplémentaire dans la compréhension de 1’effet d’occlusion
induit par les dispositifs intra-auriculaires et s’achéve aux balbutiements du développement de
nouveaux concepts passifs atténuant ce phénomene par le moyen de leur propre comportement
vibro-acoustique.

Mots-clés: effet d’occlusion, modélisation par éléments finis, analogie electro-acoustique,
vibration pariétale du conduit auditif, contribution des dispositifs intra-auriculaires



On the objective occlusion effect induced by in-ear devices under bone-conducted
stimulation: A theoretical investigation of the influence of the earcanal wall vibration
and its spatial distribution

Kévin CARILLO

ABSTRACT

The occlusion effect is commonly experienced as the altered perception of one’s own physiological
noise when the earcanal entrance is blocked. By affecting the acoustic comfort of hearing
protectors and hearing aids’ users, the occlusion effect participates to their inconsistent or
incorrect use. In this thesis, the objective occlusion effect caused by in-ear devices under
bone-conducted stimulation is investigated in order to ultimately mitigate the phenomenon. For
this purpose, this thesis focuses on (i) the explanation of the fundamental mechanism of the
objective occlusion effect and its multiple interpretations, (ii) the influence of the earcanal wall
vibration and its spatial distribution, and (iii) the mechanism(s) of contribution of in-ear devices
to the occlusion effect. In a first part, the vibro-acoustic behavior of the earcanal open and
occluded by an infinite impedance and submitted to a bone-conducted stimulation is thoroughly
analyzed, illustrated and interpreted using a 3D finite element model of a realistic outer ear in
conjunction with an associated electro-acoustic model. The two models are very complementary
to dissect physical phenomena and to highlight the influence of the earcanal wall normal
vibration distribution on the vibro-acoustic behavior of the open earcanal. This distribution is
here characterized by its centroid position along the earcanal curvilinear axis. In particular, it is
shown that this centroid position corresponds to the location of an equivalent source representing
the normal vibration of the earcanal wall in electro-acoustic model. In addition, common
interpretations of the occlusion effect in terms of “leak™ and “trap” are shown to misrepresent
the fundamental mechanism of the phenomenon related to the earcanal impedance increase. In
a second part, a widespread theory of the objective occlusion effect provided by Tonndorf in
1964 is revisited to clarify its ambiguous points from which several misinterpretations of the
phenomenon could have been derived. Investigating the electro-acoustic model associated with
the theory, a second order high-pass filter effect for the volume velocity transferred between
the earcanal wall and the eardrum is highlighted. This filter remains for partial occlusion but
vanishes for perfect occlusion. In the latter case, the volume velocity transferred from the
earcanal cavity to the middle ear through the eardrum drastically increases, which explains the
predominance of the occluded outer ear pathway on the hearing by bone-conduction at low
frequencies. In a third part, the principle of an indirect method to estimate the centroid position
of the earcanal wall normal velocity is presented. This method consists in measuring the acoustic
pressure transfer function between the earcanal open and occluded by an external capped duct
coupled to the earcanal entrance under bone-conducted stimulation. The centroid position is then
estimated at the lowest antiresonance frequency of the earcanal coupled to the external duct using
an electro-acoustic model associated to the coupled system. This indirect method is evaluated
and investigated using a 3D outer ear finite element model. In a last part, the mechanism(s)
of contribution of earplugs to the occlusion effect is investigated using a 2D axi-symmetric
finite element model of the outer ear in conjunction with an associated electro-acoustic model.



Two mechanisms are highlighted: (i) a Poisson effect induced by the normal component of the
earcanal wall vibration and (ii) a longitudinal motion caused by the tangential component of
the earcanal wall vibration. By varying the geometry of the earcanal surrounding tissues, the
spatial distribution of the earcanal wall vibration, in both normal and tangential directions, is
shown to influence the contribution of earplugs to the occlusion effect. Also, it is shown that
the contribution of earplugs to the occlusion effect dominates that of the earcanal wall which is
not covered by them from medium to deep insertion depth. Overall, this thesis constitutes an
additional effort in the understanding of the occlusion effect induced by in-ear devices and ends
at the beginning of the development of new concepts mitigating the phenomenon using their
own passive vibro-acoustic behavior.

Keywords: occlusion effect, finite element modeling, electro-acoustic analogy, earcanal wall
vibration, in-ear devices contribution
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INTRODUCTION

0.1 Context

Intense sound impulse and prolonged noise exposure are responsible for irreversible hearing
loss. According to the World Health Organization (WHO), over 5% of the world’s population
presents disabling hearing loss (WHO, 2020). The WHO estimates that this proportion could
reach 10% by 2050. Among the many causes of hearing loss, occupational noise represents
an important risk factor (Nelson, Kohnert, Sabur & Shaw, 2005). In Quebec, despite the
legislation of occupational noise exposure (Légis-Québec, 2020), hearing loss is the most
recorded occupational disease and costs hundreds of millions of dollars in compensation and
indirect costs (Lebeau, 2014). In addition to auditory effect, noise exposure induces non-auditory
health effects such as stress, disturbs sleep, and also increases the risk of hypertension and
cardiovascular disease (Basner, Babisch, Davis, Brink, Clark, Janssen & Stansfeld, 2014).
Hearing protection devices such as earplugs and earmuffs are commonly used to protect workers
from noise-induced hearing loss. Their performance comes from the sound attenuation they
provide. To be efficient, however, hearing protectors require to be consistently and correctly
worn during the exposure time (Berger, 2003). The lack of comfort associated with wearing
hearing protectors is a strong factor influencing their use (Doutres, Sgard, Terroir, Perrin, Jolly,
Gauvin & Negrini, 2019). The comfort perception depends on the environment of use, the user
and the hearing protection device used (Doutres, Sgard, Terroir, Perrin, Jolly, Gauvin & Negrini,
2020). A recent definition of hearing protector comfort underlined the multidimensionality of
this construct and proposes to focus on the following four dimensions of comfort: (i) physical,
(i1) functional, (iii) acoustical and (iv) psychological (Doutres et al., 2019). The acoustical
dimension is of particular interest in this thesis. This dimension refers to the alteration of the
hearing of external sounds (e.g., noise but also oral communication between workers or alarm

signals) and internal sounds (e.g., physiological noise such as one’s own voice, chewing or



heartbeat). The increased auditory perception of physiological noise is known as the occlusion
effect (OE) and is deemed to be a notable source of discomfort (Berger, 2003; Suter, 2002;
Doutres et al., 2019). This phenomenon occurs when the earcanal entrance is covered or blocked
and amplifies the hearing sensation of bone-conducted sounds (Berger, 2003). The OE is most
prominent in the case of earplug compared to earmuff (Berger, 2003). The OE also affects the
acoustic comfort of hearing aids’ users (Kochkin, 2010). Comfort issues could contribute to the
83% gap in hearing aid need and use estimated by the WHO (2020). In both hearing protection
and hearing aid fields, solutions have been proposed to mitigate the OE. They can be, however,
associated with drawbacks and provide a compromise between different comfort dimensions.
New solutions are thus still sought to optimize the wearers’ comfort. This thesis is an additional

effort in this direction and focuses on the OE caused by in-ear devices.

0.2 Research problem

The OE is intrinsically related to the hearing by bone-conduction and depends on the occlusion
device and its fit. Therefore, Sec. 0.2.1 first describes the ear anatomy and details the bone-
conduction mechanisms. Then, Sec. 0.2.2 presents the OE, its descriptions and interpretations.
Finally, Sec. 0.2.3 focuses on the influence of in-ear devices and the strategies already proposed

to mitigate the OE.

0.2.1 Ear anatomy and bone-conduction mechanisms

The human ear, illustrated in Fig. 0.1, is commonly divided into the outer, the middle and the
inner components. The outer ear includes the pinna and the earcanal. In conjunction with the
head, pinnae play an important role on the spatial location of air-conducted sounds from the
surrounding environment (Makous & Middlebrooks, 1990). Also, the geometry of the pinna and
the earcanal determines the free field-to-eardrum acoustic pressure transfer function, which is

maximum around the quarter-wavelength acoustic resonance of the open earcanal around 3 kHz



(Wightman & Kistler, 1989). The curvature and the cross-section of the earcanal generally vary
along its length and depend on each human subject (Stinson & Lawton, 1989). Pinna and earcanal
are covered by skin tissue. Between one-third (Alvord & Farmer, 1997; Oliveira & Hoeker,
2003) and one-half (Ballachanda, 2013) of the earcanal is backed by cartilage that also fills the
pinna. The remaining portion of the earcanal towards the eardrum is backed by the temporal
bone. The tympanic membrane marks the medial end of the earcanal and couples the outer ear to
the middle ear. The middle ear acts as a transducer that transforms acoustic signals into vibratory
signals transmitted to the inner ear. This transfer is ensured by the auditory ossicles including
the malleus, the incus and the stapes. These ossicles are supported by stabilizing ligaments
(not detailed in Fig. 0.1) connected to the wall of the tympanic cavity surrounding the auditory
ossicles. The stapes is connected to the oval window of the cochlea. The cochlea constitutes the
hearing organ of the inner ear and transforms vibratory signals into nerve impulses transmitted
to the brain where they are interpreted as hearing sensation (Gelfand, 2009). The outer, middle
and inner ears contribute together to the bandwidth of hearing (Ruggero & Temchin, 2002). The

previous description of the human hearing assumed an intact and functional ear.
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Figure 0.1 Anatomy of the human ear



The hearing by bone-conduction has been the subject of many studies (Barany, 1938; Békésy,
1948, 1949, 1960; Huizing, 1960; Tonndorf, 1964; Goldstein & Hayes, 1965; Khanna, Ton-
ndorf & Queller, 1976; Berger & Kerivan, 1983; Stenfelt, Wild, Hato & Goode, 2003; Sten-
felt & Goode, 2005; Dobrev, Sim, Stenfelt, Thrle, Gerig, Pfiffner, Eiber, Huber & Ro6sli,
2017; Sohmer, 2017; Chordekar, Perez, Adelman, Sohmer & Kishon-Rabin, 2018; Dobreyv,
Farahmandi, Sim, Pfiffner, Huber & R606sli, 2020). Bone-conducted sounds, or body-conducted
sounds (Homma, Du & Puria, 2009), originate from (i) internal body sources referred to
as physiological noise (e.g., bone-conduction part of one’s own voice, breathing, heartbeat,
chewing), (i1) external mechanical stimulation of the body (e.g., bone-transducer applied to the
head), or (iii) external acoustical stimulation. In the latter case, the bone-conduction pathway is
known to limit the sound attenuation that a hearing protection device can achieve by blocking the
air-conduction pathway (Berger, Kieper & Gauger, 2003; Homma, Shimizu, Kim, Du & Puria,
2010). Bone-conducted sounds propagates up to the cochlea through the outer, middle and
inner ears via different mechanisms (Tonndorf, Greenfield & Kaufman, 1966; Stenfelt & Goode,
2005). In the outer ear, the bone-conducted propagation induces the vibration of the earcanal
wall, which generates an acoustic pressure. The latter excites the tympanic membrane similarly
to air-conducted sounds. In the middle ear, the bone-conducted propagation sets into vibration
the auditory ossicles through their ligaments. It is interesting to note that the ossicular resonance
mode of the middle ear below 2 kHz (not detailed here) differs between air-conducted and
bone-conducted propagation (Homma er al., 2009). In the inner ear, the bone-conducted
propagation induces vibrational distortions of the bone enclosing the cochlea fluid. The relative
contribution of each mechanism on the hearing by bone-conduction is frequency-dependent
(Stenfelt, 2016). At low frequencies, the contribution of the outer ear mechanism is not of
primary importance when the earcanal is open but it becomes predominant when the earcanal is
occluded (Stenfelt ef al., 2003). This change of contribution to the hearing by bone-conduction

corresponds to the OE.



0.2.2 Occlusion effect

According to Huizing (1960), Wheatstone (1827) and Tortual (1827) independently reported,
in 1827, the first known experiments highlighting the phenomenon now referred to as the
OE. Using a tuning fork held against the head of a human subject, Wheatstone noted that
a louder sound was perceived by the occluded ear compared to the open one (Wheatstone,
1827). Tortual observed the same phenomenon using the ticking sound of a mechanical watch
clamped between the teeth (Tortual, 1827). Nowadays, the OE is commonly encountered by
in-ear devices’ wearers. This phenomenon is usually perceived as the increased sensation of
bone-conducted part of one’s own physiological noise (Berger, 2003). This amplification is most
significant for low frequencies, typically below 1 kHz. In the case of speech production, the OE
is usually described as one’s own voice perceived as “hollow” or “talking into a barrel” (Mueller,
Bright & Northern, 1996). This perception is the conjunction of both the bone-conducted
transmission increase and the air-conducted transmission decrease due to the presence of the

occlusion device (Stenfelt & Reinfeldt, 2007).

The name “OE” encompasses three descriptions of the phenomenon. Firstly, the perceptive
OE is related to the discomfort induced by the phenomenon and commonly quantified using
questionnaires (Brown-Rothwell, 1986; Conrad & Rout, 2013). Secondly, the subjective OE is
defined as the difference between the open and occluded hearing thresholds (Huizing, 1960;
Berger & Kerivan, 1983; Stenfelt & Reinfeldt, 2007; Reinfeldt, Stenfelt & Hakansson, 2013).
Thirdly, the objective OE is defined as the sound pressure level (SPL) difference between
occluded and open configurations (Barany, 1938; Huizing, 1960; Stenfelt & Reinfeldt, 2007;
Reinfeldt ef al., 2013; Brummund, Sgard, Petit, Laville & Nélisse, 2015). The perceptive OE
is probably the most important to reduce since it is directly related to the acoustical comfort
dimension. The perceptive OE is, however, also the most intricate to relate to physical variables

compared to subjective and objective OEs. At low frequencies, the objective OE is generally



greater than the subjective OE (Huizing, 1960; Stenfelt & Reinfeldt, 2007; Saint-Gaudens,
Nélisse, Sgard, Laville & Doutres, 2019) due to the difference in bone-conduction pathways
accounted for between both OEs. Indeed, the objective OE only accounts for the outer ear
pathway, contrary to the subjective OE which includes all bone-conduction pathways. When
the earcanal is open, the outer ear pathway is negligible in the hearing by bone conduction.
The acoustic pressure generated in the earcanal, therefore, is not responsible for the hearing
sensation in the open case compared to the occluded case. The difference in hearing thresholds
between occluded and open configurations is thus smaller than the corresponding difference in
earcanal acoustic pressure levels. The SPL in open and occluded earcanals is not expected to
be significantly influenced by the acoustic radiation of the tympanic membrane induced by the
vibration of the middle ear ossicles excited via their ligaments by the bone-conducted propagation
at least at low frequencies below the middle ear resonance (Schroeter & Poesselt, 1986; Stenfelt,
Hato & Goode, 2002). This phenomenon, however, influences the vibration transmitted to the
cochlea and therefore influences the perception of the OE (Schroeter & Poesselt, 1986; Stenfelt
et al., 2003). In this thesis, the focus is put on the objective OE, easier to study, assuming that a

reduction of the objective OE is also associated with a reduction of the perceived OE.

Several explanations of the fundamental mechanism of the objective OE coexist in the liter-
ature!. The first one was proposed by Tonndorf (1964) and has been widely quoted in the
literature (Khanna et al., 1976; Berger & Kerivan, 1983; Schroeter & Poesselt, 1986; Howell,
Williams & Dix, 1988; Kuk, 1991; Fagelson & Martin, 1998; Stenfelt et al., 2002, 2003; Sten-
felt & Goode, 2005; Vasil & Cienkowski, 2006; Stenfelt & Reinfeldt, 2007; Reinfeldt, Stenfelt,
Good & Hékansson, 2007; Lee, 2011; Small & Hu, 2011; Brummund, Sgard, Petit & Laville,

2014; Brummund et al., 2015). Based on a simple electro-acoustic (EA) model of the open and

' Alternative explanations of the OE than those presented here such as the “masking theory” (Guild,
1936) and the “outflow theory” (Mach, 1863) are not included since they have been invalidated (Huizing,
1960; Stenfelt & Goode, 2005). In addition, the explanation of the OE provided by Huizing (1960) and
related to the change in resonance properties of the earcanal when it is occluded is not presented since
this explanation does not apply at low frequencies (Tonndorf, 1964; Stenfelt ez al., 2003).



occluded earcanal, Tonndorf’s theory explained the objective OE as the removal of the open
earcanal high-pass filter effect due to the occlusion of the earcanal entrance. Characteristics of
this filter, however, have never been clearly defined. In a second explanation of the objective OE,
the increase of acoustic pressure generated by the vibrating earcanal wall has been explained by
the augmentation of the earcanal acoustic reactance (imaginary part of the acoustic impedance),
seen by the earcanal wall, due to the occlusion (Berger & Kerivan, 1983; Schroeter & Poesselt,
1986; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Zurbriigg, Stirnemannn, Kuster & Lissek, 2014).
This explanation has been supported by several analytical models of the OE (Schroeter & Poesselt,
1986; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Zurbriigg et al., 2014). Thirdly, Brummund
et al. (2014) have alternatively proposed to explain the objective OE as the increase of the
acoustic power (time-averaged over one period) injected by the vibrating earcanal wall to the
earcanal cavity due to the augmentation of the earcanal acoustic resistance (real part of the
acoustic impedance), seen by the earcanal wall, when the earcanal is occluded. Finally, one may

wonder how these different explanations are consistent with each other.

In addition, the OE has been commonly interpreted as follows: the bone-conducted sound
generated by the earcanal wall “escapes” through the earcanal opening, whereas it is “trapped”
when the earcanal entrance is occluded (Carle, Laugesen & Nielsen, 2002; Kiessling, Brenner,
Jespersen, Groth & Jensen, 2005; Keidser, Carter, Chalupper & Dillon, 2007). Sometimes, the
“bone-conducted sound” has been replaced by the “sound pressure” (Staab, 1996; Nielsen & Dark-
ner, 2011) or the “sound vibration” (Winkler, Latzel & Holube, 2016). In many cases, the
earcanal opening has been interpreted as a “leak” for the sound energy which has been assumed
to be “trapped” in the occluded earcanal (Kuk, 1991; Mueller, 1994; Mueller et al., 1996; Chung,
2004; Borges, Costa, Naylor & Ferreira, 2014). Sound waves generated by the earcanal wall are
assumed to be mainly transmitted in the surrounding environment in the open case and mainly
reflected back by the occlusion device towards the tympanic membrane, therefore increasing the

acoustic pressure in the occluded earcanal (Hansen & Stinson, 1998). These multiple interpreta-



tions can seem “logical” but are ambiguous in the author’s opinion because they describe the OE
using several physical variables, concepts and sometimes an instinctive vocabulary. Therefore,
one may wonder if these interpretations are consistent with the fundamental mechanism of the

OE.

0.2.3 Influence of in-ear devices and their fit

Several factors are known to influence the OE: (i) the ear anatomy (Stenfelt et al., 2003;
Zurbriigg et al., 2014), (ii) the bone-conducted stimulation (Hansen, 1998; Reinfeldt ez al., 2013;
Saint-Gaudens er al., 2019) and (ii1) the occlusion device and its fit (Watson & Gales, 1943;
Schroeter & Poesselt, 1986; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Lee, 2011; Brummund
et al., 2015). Unlike the two first factors which are intrinsic to the wearer, the third factor (i.e.,
the influence of the occlusion device) is of great interest in order to reduce the OE. Hundreds of
passive earplug models exist in the market and vary in terms of geometry and material properties.
A foam earplug is known to cause an OE lower than a silicone earplug (Hansen, 1998; Lee,
2011; Brummund et al., 2015). However, none is known to significantly reduce the OE. The
deep insertion principle has been proposed for this purpose and also used with hearing aids
(Mueller, 1994; Staab, 1996; Nielsen & Darkner, 2011; Branda, 2012). This principle is based
on the reduction of the vibrating earcanal wall area generating acoustic pressure in the occluded
earcanal. The deep insertion, however, is often associated with a mechanical discomfort due to
the sensitivity of the earcanal bony part. In the hearing aid field, the use of vent (Kuk, 1991;
Carle et al., 2002; Kiessling et al., 2005; Keidser et al., 2007) or open-fittings (MacKenzie,
2006; Blau, Sankowsky, Stirnemann, Oberdanner & Schmitt, 2008) can significantly reduce the
OE but are associated with feedback issue (Chung, 2004; Borges et al., 2014; Winkler et al.,
2016). More recently, the development of active earplugs (Bernier, 2013) and hearing aids
(Ryan, Rule & Armstrong, 2006; Sunohara, Osawa, Hashiura & Tateno, 2015) has opened an

interesting way to mitigate the OE. Active solutions are based on the principle of destructive



interference and require an electronic system to do so. The development of new passive solutions,
on the other hand, could be interesting to avoid the use of electronic system. In this case, the

reduction of the OE would rather only rely on the mechanical properties of the occlusion device.

0.3 Research objectives

This research aims at improving the understanding of the OE caused by in-ear devices in order
to ultimately develop new concepts that mitigate the phenomenon using their own passive

vibro-acoustic behavior. For this purpose, three specific objectives are identified:

1. First of all, the way the OE is explained and interpreted certainly influences the solutions
sought to reduce it. Therefore, the fundamental mechanism of the OE will be revisited and
its multiple interpretations will be investigated.

2. Secondly, since the OE originates from the vibration of the earcanal wall, the influence
of its spatial distribution in terms of amplitude, phase and direction, on the OE will be
investigated in open and occluded earcanals.

3. Thirdly, in order to mitigate the OE using occlusion devices them-selves, their mechanism(s)

of contribution must be known and thus will be studied.

0.4 Thesis overview

The structure of the thesis is organized as follows. Chapter 1 is dedicated to a literature
review related to the thesis objectives. Scientific developments are presented from Chapter 2 to
Chapter 5 and correspond to four papers published in or submitted to peer-reviewed journals.
Finally, Chapter 6 ends this thesis with a general conclusion on this work. The remainder of this

section provides summaries of the six chapters of this thesis.
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0.4.1 Chapter 1: Literature review

Chapter 1 is dedicated to a comprehensive literature review related to the three specific objectives
of this thesis. Therefore, this literature review focuses on (i) the fundamental mechanism of the
objective OE, (ii) the influence of the earcanal wall vibration, its modeling and measurement,
and (iii) the contribution of in-ear devices to the OE. Both experimental and modeling works
available in the literature are included. Finally, the usefulness of OE models to deepen the
understanding of aforementioned aspects is demonstrated and a mixed investigation approach

including both EA and FE models is presented.

0.4.2 Chapter 2: Fundamental mechanism of the occlusion effect and its
interpretations

Chapter 2 is a paper published in the Journal of the Acoustical Society of America in May 2020.
This paper is entitled “Theoretical investigation of the low-frequency fundamental mechanism of
the objective occlusion effect induced by bone-conducted stimulation” (Carillo, Doutres & Sgard,
2020). This chapter mainly answers to the first and, to a lesser extent, to the second specific
objectives. Indeed, this chapter aims at revisiting the fundamental mechanism of the objective
OE in order to clarify the multiple interpretations of the phenomenon. For this purpose, the
vibro-acoustic behavior of the earcanal open and occluded by an infinite impedance is thoroughly
analyzed and illustrated using a 3D FE model of a realistic outer ear adapted from Brummund
et al. (2014). An associated EA model is proposed to help interpretation. Inputs of the EA
model are all derived from the 3D FE model. In particular, the parameters of the volume
velocity source used in the EA model are directly related to the earcanal wall normal vibration
pattern predicted by the 3D FE model. The two models are complementary to dissect physical
phenomena involved in the fundamental mechanism of the OE. In addition, the influence of the
earcanal wall normal vibration spatial distribution on the vibro-acoustic behavior of the open

earcanal is highlighted. This spatial distribution is characterized by its centroid position which
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is shown to correspond to the position of the equivalent volume velocity source representing the
earcanal wall normal vibration in the EA model. The multiple interpretations of the OE are

finally discussed to clarify the existing ambiguities.

0.4.3 Chapter 3: Clarification of a widespread theory of the occlusion effect

Chapter 3 is a paper submitted to Acta Acustica in March 2021 and currently in revision (first
revision submitted in July 2021). This paper is entitled “On the removal of the open earcanal
high-pass filter effect due to its occlusion: A bone-conduction occlusion effect theory.” In
complement to Chapter 2, this chapter focuses on the clarification of a widespread theory of the
OE proposed by Tonndorf (1964). This theory relies on a simplified EA model and describes the
OE as the removal of the open earcanal high-pass filter effect due to a perfect or partial occlusion.
This filter, however, has not been clearly defined and several ambiguities are highlighted in
this chapter. Tonndorf’s theory is then revisited in detail in order to clarify the open earcanal
high-pass filter effect and how perfect and partial occlusions affect it. This chapter contributes

to the first specific objective.

0.4.4 Chapter 4: A method to assess the centroid of the earcanal wall normal vibration

Chapter 4 is a paper published in Applied Acoustics in June 2021. This paper is entitled ‘“Principle
of an acoustical method for estimating the centroid position of the earcanal wall normal velocity
induced by bone-conducted stimulation: Numerical evaluation.” By proposing a method to
assess the centroid position of the earcanal wall normal vibration, this chapter is related to the
second specific objective. The centroid position can be used as an indicator of the earcanal wall
normal vibration distribution to study the influence of the type of bone-conduction stimulation
on the outer ear pathway and on the OE. In addition, the knowledge of the centroid position could
be used to validate the earcanal wall vibration patterns exhibited by FE models, to guide the

insertion depth of in-ear devices and ultimately to mitigate the OE induced by in-ear devices. The
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principle of this method rests on the measurement of the OE caused by an external capped duct
coupled to the earcanal entrance of a subject submitted to a bone-conducted stimulation. This
produces an acoustic antiresonance in the coupled system where a minimum acoustic pressure
occurs at the centroid position of the earcanal wall normal vibration. The centroid position is
then estimated by minimizing the difference between the measured antiresonance frequency and
the antiresonance frequency computed using an associated EA model of the coupled system.
The EA model requires the knowledge of the earcanal shape and the geometrical dimension of
the coupling duct. The method is investigated numerically using the 3D FE model of a realistic
outer ear developed by Brummund ef al. (2014) and adapted to account for the coupling duct.
A comparison between FE simulation and existing experimental data is also provided. The
accuracy of the method is assessed numerically and the influence of several parameters related

to the coupled system is investigated.

0.4.5 Chapter 5: Mechanisms of contribution of earplugs to the occlusion effect

Chapter 5 is a paper submitted to the Journal of the Acoustical Society of America in December
2020 and currently in revision (second revision submitted in July 2021). This paper is entitled
“Numerical investigation of the earplug contribution to the low-frequency occlusion effect
induced by a bone-conducted stimulation” and contributes to the second and third specific
objectives. Among the several factors influencing the OE such as the ear anatomy or the
bone-conducted stimulation, this chapter focuses on the contribution of earplugs in order to
ultimately reduce the phenomenon using their own vibro-acoustic behavior. For this purpose, a
2D axi-symmetric FE model of the outer ear originally developed by Brummund ez al. (2015) is
improved. In order to assess the validity of the 2D FE model, simulation results are compared
with measurement data taken from the literature. To help the interpretation of FE simulations, an
associated EA model of the open and occluded earcanal is proposed. Compared to past analytical

models, the earplug is introduced as an ideal source of volume velocity which is distinct from
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the source representing the vibration of the earcanal wall. This distinction is facilitated by
the fact that all EA model inputs are derived from the 2D FE model. Two mechanisms of
contribution of earplugs are highlighted: (i) a Poisson’s effect of the earplug induced by the
normal component of the earcanal wall vibration and (i1) a longitudinal motion of the earplug
caused by the tangential component of the earcanal wall vibration. By varying the geometry of
the earcanal surrounding tissues, the spatial distribution of the earcanal wall vibration is shown

to influence the contribution of earplugs to the OE.

0.4.6 Chapter 6: Conclusion

Chapter 6 concludes this thesis by a synthesis of the scientific developments made during this
doctoral project, a discussion of the main limitations of this work and finally a presentation of
perspectives for future work. In particular, the experimental assessment of the earcanal wall
vibration pattern and the development of new concepts of in-ear devices mitigating the OE are
the main future avenues proposed from this work. Finally Appx. I summarizes the academic

achievements that I obtained during my doctorate.






CHAPTER 1

LITERATURE REVIEW

The literature review is related to the three specific objectives of this thesis (see Sec. 0.3).
Section 1.1 focuses on the explanation of the fundamental mechanism of the objective occlusion
effect (OE). Then, Sec. 1.2 puts the light on the earcanal wall vibration — the source of the OE —
and particularly on its measurement, modeling and parameters of influence. In Sec. 1.3, the
focus is rather put on the contribution of in-ear devices to the OE, the modeling of these devices
and the mechanism(s) explaining their contribution. Finally, Sec. 1.4 provides a synthesis on the
use of OE models to explore aforementioned aspects of this phenomenon and emphasizes the

benefit of using electro-acoustic (EA) and finite element (FE) models together.

1.1 Fundamental mechanism of the objective occlusion effect

At low frequencies, the objective OE induced by a bone-conducted stimulation is characterized
by a sound pressure level (SPL) increase in the occluded earcanal compared to the open earcanal
(Huizing, 1960; Tonndorf, 1964; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Brummund et al.,
2015). As mentioned in introduction (see Sec. 0.2.2), several explanations of this phenomenon
have been proposed in the literature. Tonndorf (1964) provided the first model of the OE based
on EA analogy of the open and occluded earcanal. In the open case, the air within the earcanal
cavity was accounted for using an acoustic mass representing its inertia effect towards the
earcanal opening and an acoustic compliance representing its compressibility effect towards
the eardrum. In the occluded case, the inertia effect of the open earcanal vanished due to the
occlusion device blocking the earcanal entrance and only the compressibility effect remained.
Tonndorf described the earcanal opening as a “leak” related to the acoustic energy “dissipated” in
the surrounding environment. No acoustic resistance was, however, accounted for in Tonndorf’s
model to take into account this phenomenon. Then, Tonndorf explained the OE as the removal of
the open earcanal high-pass filter effect due to the occlusion of the earcanal entrance (Tonndorf,

1964; Tonndorf et al., 1966; Tonndorf, 1972). The transfer function associated to the open
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earcanal high-pass filter was, however, not defined (i.e., physical nature of the input and output
signals, order of the filter) and the filter resulting from the occlusion was not explicated either.
In fact, the nature of the source representing the earcanal wall vibration was not mentioned and
the model was only put forward to illustrate the theory. Since then, Tonndorf’s theory has been
the most quoted explanation of the objective OE in the literature (see Sec. 0.2.2). Therefore, it is
possible that the ambiguities associated to this theory, in particular the description of the earcanal
entrance as a “leak”, could have contributed to the multiple interpretations of the low-frequency
OE found in the literature and expressed in terms of “leak” and “trap” (see Sec. 0.2.2). The

question of the meaning of Tonndorf’s theory is therefore raised.

In analytical models subsequent to Tonndorf’s model, the fundamental mechanism of the low-
frequency OE has been attributed to the increase of the earcanal acoustic reactance (imaginary part
of the impedance) seen by the vibrating earcanal wall when the earcanal entrance was occluded
by an infinite impedance (Schroeter & Poesselt, 1986; Hansen, 1998; Stenfelt & Reinfeldt,
2007; Zurbriigg et al., 2014). In these models, the 1D wave propagation in open and occluded
earcanals was modeled using transfer matrix method (Schroeter & Poesselt, 1986; Hansen, 1998;
Zurbriigg et al., 2014) or EA analogy (Stenfelt & Reinfeldt, 2007). Furthermore, the spatial
distribution of the earcanal wall normal vibration was considered as one (Schroeter & Poesselt,
1986; Hansen, 1998; Zurbriigg et al., 2014) or two (Stenfelt & Reinfeldt, 2007) ideal volume
velocity source(s) concentrated at given position(s) along the earcanal axis. Amplitude and
position of these sources were generally assumed (Hansen, 1998; Stenfelt & Reinfeldt, 2007;
Zurbriigg et al., 2014) or adjusted based on SPL. measurements (Schroeter & Poesselt, 1986).
The use of ideal volume velocity source(s) was based on the assumption that the normal vibration
of the earcanal wall would not be significantly influenced by the acoustic load. In the open case,
Zurbriigg et al. (2014) showed that the level in dB (factor 20) of the earcanal acoustic reactance
seen by the source increased with frequency by 20 dB/decade. In the occluded case, the earcanal
acoustic reactance was significantly higher but decreased with frequency by 20 dB/decade.
These slopes indicate that the acoustic reactance of the earcanal seen by the source is governed

by an inertia effect in the open case and by a compressibility effect in the occluded case. This
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ties in with Tonndorf’s idea that the acoustic mass of the open earcanal would vanish when the
earcanal entrance is occluded (Tonndorf, 1964). By definition, an acoustic mass is associated
with an acoustic pressure difference across it (Bruneau, 2013). Therefore, the acoustic pressure
generated by the source in the open earcanal would not be uniform along the earcanal axis,
even at low frequencies. In consequence, the acoustic reactance seen by the source should
depend on the source position when the earcanal is open but this dependence has not been
investigated. In the occluded case, Zurbriigg ef al. (2014) showed that the position of the source
along the earcanal axis had no influence on the SPL computed at the tympanic membrane at
low frequencies. Above 4 kHz, however, significant difference in SPL (up to 30 dB) were
observed but not explained. A possible explanation of Zurbriigg et al.’s findings follows. At low
frequencies, the occluded earcanal is governed by its compressibility effect (Berger & Kerivan,
1983) so the acoustic pressure should be uniform. Therefore, the source would see the same
acoustic reactance whatever its position along the occluded earcanal. Above 4 kHz, however, the
acoustic pressure could not be uniform due to the half-wavelength acoustic resonance (around
6 kHz for a shallow occlusion). In consequence, the acoustic reactance seen by the source
would vary depending on its position (e.g., close to a node or an anti-node) in the occluded
earcanal, explaining the SPL variation at the tympanic membrane. Since the source is supposed
to represent the normal vibration of the earcanal wall, the question of the meaning of its position

along the earcanal axis is therefore raised (see more detail in Sec. 1.2).

More recently, Brummund et al. (2014) investigated the fundamental mechanism of the low-
frequency objective OE using a 3D FE model of an outer ear open and occluded by an infinite
impedance defined at the earcanal entrance. They showed that the surface averaged earcanal
wall normal velocity was little reduced (<1 dB) by the change in acoustic load between the open
and occluded earcanal, as assumed in analytical models. Then, by adopting an acoustic power
balance approach, Brummund et al. showed that a significant proportion of the acoustic power
injected by the earcanal wall in the open earcanal is radiated through the earcanal entrance. They
related this phenomenon to the open earcanal high-pass filter effect mentioned by Tonndorf

(1964), despite the absence of acoustic resistance in Tonndorf’s model. However, Brummund et
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al. explained that the removal of the earcanal opening acoustic radiation, due to the occlusion,
could not explain the OE. Therefore, they rather explained the OE as the increase of the acoustic
power injected by the earcanal wall due to the augmentation of the surface averaged acoustic
resistance (real part of the acoustic impedance) seen by the earcanal wall in the occluded case
compared to the open case. However, they neglected to take into account visco-thermal losses
in the earcanal volume. This could influence the acoustic power balance in both open and
occluded cases and could thus affect Brummund et al.’s conclusion. By calculating the surface
averaged acoustic impedance seen by the earcanal wall, Brummund et al. used the acoustic
impedance of the earcanal cavity seen from a transverse direction (i.e., the normal direction
of the earcanal wall) whereas the earcanal cavity acoustic impedance computed by analytical
models was necessarily seen from a longitudinal direction (i.e., the earcanal middle axis). In
consequence, these two impedances are fundamentally different and could have different values
if the acoustic pressure field were not uniform along the earcanal axis, in the open case for
example. In this case, the acoustic impedance seen by the source could differ from the surface
averaged acoustic impedance seen by the earcanal wall even though the source represents it. This
raises the question about the relation between the source and the spatially distributed earcanal

wall normal vibration.

1.2  Vibration of the earcanal wall

The vibration of the earcanal wall is known to vary along and probably around the circumference
of the earcanal. While the earcanal wall vibration has never been directly measured due to
experimental difficulty, indirect findings indicate the reduction of the earcanal wall normal
vibration amplitude from the earcanal entrance to the eardrum. The reduction of the OE with
insertion depth of the occlusion device is generally explained by the reduction of both the
earcanal wall surface not covered by the occlusion device and the amplitude of its vibration
(Tonndorf et al., 1966; Berger & Kerivan, 1983; Schroeter & Poesselt, 1986; Stenfelt & Reinfeldt,
2007; Brummund et al., 2015). Also, Stenfelt et al. (2003) showed that the SPL generated by the

earcanal wall vibration induced by a bone-conducted stimulation in an intact earcanal was about
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10 dB greater than when the earcanal cartilaginous part was removed. The greater vibration
of the cartilaginous part of the earcanal compared to the bony part was explained by the lower
stiffness of earcanal surrounding tissues in the former than in the latter (Stenfelt ez al., 2003;

Berger & Kerivan, 1983).

In analytical models, the earcanal wall vibration has been accounted for using ideal volume
velocity source(s). In most cases, the source represented the vibration of the earcanal cartilaginous
part whereas the contribution of the earcanal bony part was neglected (Schroeter & Poesselt,
1986; Hansen, 1998; Zurbriigg et al., 2014). Stenfelt & Reinfeldt (2007), however, accounted
for the vibration of both parts using two distinct volume velocity sources. In any case, these
sources were located at a chosen position assumed in their corresponding portion of the earcanal.
Also, the amplitude of these sources was maximum in the open earcanal and diminished as a
function of the insertion depth in the occluded earcanal. The function governing the amplitude
decrease was assumed (Stenfelt & Reinfeldt, 2007; Zurbriigg et al., 2014) or adjusted from SPL
measurements (Schroeter & Poesselt, 1986). In Hansen’s model, the decrease of the source
amplitude was governed by the change in mechanical impedance of the earcanal surrounding
tissues from the cartilaginous part to the bony part (Hansen, 1998). In all models, the amplitude
of these sources was a function of the in-ear device insertion depth and accounted for a given
spatial distribution of the earcanal wall normal vibration. In addition, these sources were always
located in the portion of the earcanal that they represent but their exact positions were assumed.
The question of whether the exact position of sources is related to a characteristic of the spatial
distribution of the earcanal wall normal vibration is therefore raised. This distribution, however,

1s still unknown and would be intricate to measure in the human earcanal.

Brummund et al. have been the first to introduce the use of FE models of the human outer ear to
study the objective OE induced by bone-conducted stimulation (Brummund ef al., 2014, 2015).
These models account for the spatial distribution of the earcanal wall vibration by including
the earcanal surrounding tissues (e.g., skin, cartilage, bone) as isotropic linear elastic solid
domains. In their 3D FE model, Brummund ez al. (2014) obtained the anatomical geometry from

cross-sectional cryosection images of a female cadaver head available in the Visible Human
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Project®. In their 2D axi-symmetric FE model (Brummund e? al., 2015), geometrical data were
rather taken from literature. To limit the computation cost of their models, Brummund et al.
used a truncated portion of the head including the earcanal cavity and its surrounding tissues
only. Due to the truncation, bone-conducted stimulations were introduced in a simplified way
and both models required the imposition of a set of boundary conditions which were adjusted to
obtain OFE simulations comparable with experimental data taken from the literature. Brummund
et al. did not detail the spatial distribution exhibited by their FE models but it is sure that the
geometry, material properties, boundary conditions and loading influence it. Due to models’
truncation, the last two are intricate to adjust in a realistic way. On the other hand, full head
FE models (Chang, Kim & Stenfelt, 2016; Xu, Sgard, Wagnac & De Guise, 2019) could be
useful to exhibit realistic earcanal wall vibration pattern since they overcome the limitations of
truncated models. The former, however, require considerably more computational resources
than the latter. In any case, FE models, truncated or not, are still simplification of reality. The

spatial distribution that they highlight should be confronted to real earcanal vibration pattern.

As mentioned previously, the earcanal wall vibration pattern would be difficult to assess ex-
perimentally. Indeed, the small size of the earcanal and its tortuosity make it difficult, if not
impossible, to perform Doppler laser vibrometer or accelerometer measurements. Hansen & Stin-
son (1998) proposed an indirect method to estimate the surface averaged normal vibration
amplitude of the earcanal wall based on the measure of the SPL in the occluded earcanal cavity
and the knowledge of its acoustic impedance. However, the normal vibration of the earcanal
wall could be influenced by the presence of the occlusion device. In addition, the latter could
contribute to the SPL generated in the occluded earcanal therefore influencing the estimation of
the earcanal wall normal vibration amplitude. Hansen (1998) also proposed another indirect
method to estimate the normal vibration of the earcanal wall. This method used a microphone
in a cavity created in a rubber made occlusion device. The cavity was open on the vibrating
earcanal wall. From the knowledge of the cavity volume and the measured acoustic pressure,
Hansen estimated the vibration of the earcanal wall at the aperture of this cavity. This method,

however, suffers from the same limitations as the previous one. The development of an indirect
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method characterizing the spatial distribution of the earcanal wall normal vibration without

influencing it would be of great interest.

1.3 Contribution of in-ear devices

In-ear devices are known to influence the OE depending on their fit in the earcanal and their
mechanical properties. The fit includes the insertion depth and the type of fitting (e.g., open,
vented or closed) and has already been discussed in introduction (see Sec. 0.2.3). Here, the focus
is rather put on the influence of the in-ear device mechanical properties. Several experimental
work have highlighted that a silicone earplug produces a 5 to 10 dB greater objective OE than
a foam earplug at medium insertion (Hansen, 1998; Brummund ef al., 2015) and that this
difference increases around 15 dB at deep insertion (Lee, 2011). This raises the questions of
the mechanism(s) explaining the contribution of earplugs to the OE and their dependence with

insertion depth.

According to Hansen (1998), earplugs could contribute to the OE in three ways: (i) the acoustic
impedance of their medial surface influences the SPL generated by the active portion of the
vibrating earcanal wall, (ii) the medial earplug surface is set into vibration due to its coupling
with the earcanal wall and thus contributes to the SPL in the occluded earcanal and/or (iii) the
presence of the earplug influences the normal vibration of the active portion of the earcanal
wall. Hansen demonstrated that the acoustic impedance of the medial earplug surface seen from
inside the earcanal could not explain the experimental difference in objective OE found between
silicone and foam earplugs. Therefore, Hansen focused on mechanisms (ii) and (iii) to explain
this difference. In mechanism (ii), Hansen assumed a rigid body motion of the earplug excited
by the surrounding skin tissue in the direction of the earcanal axis. By this mechanism, the
medial earplug surface imposed a volume velocity to the occluded earcanal cavity. To account
for this mechanism, Hansen modeled the earcanal surrounding tissues using their mechanical
impedance. This mechanism predicted that a heavy earplug would induce a lower OE than a light
earplug while the contrary was observed experimentally (the heavier silicone earplug produced

a greater OE than the lighter foam earplug). Therefore, Hansen proposed mechanism (iii) in
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which the earplug did not impose a volume velocity to the earcanal cavity but rather influenced
the volume velocity imposed by the portion of the earcanal wall which was not covered by the
earplug. For this purpose, Hansen assumed that the whole earcanal wall vibration (covered
and not covered by the earplug) acted as an ideal volume velocity source and that the mass
of the earplug decreased the vibration of the covered portion of the earcanal, and therefore,
increased the vibration of the not covered earcanal wall portion. Since this mechanism predicted
the experimental difference in OE between a silicone and a foam earplug, Hansen concluded
that the earplug mass governs the earplug contribution to the OE. This conclusion is, however,
in contradiction with an experimental work provided by Watson & Gales (1943) who showed
that there is no relation between the earplug mass and the resulting OE. Also, the assumption
that the whole earcanal wall vibration acts as an ideal volume velocity source is debatable and
one could rather expect that the earplug decreases the vibration of both covered and, to a lesser
extent, not covered earcanal wall portions due to the earcanal surrounding tissues continuity.
Since the mass cannot explain the contribution of earplugs to the OE, this raises the question of

the influence of other mechanical properties of earplugs.

In order to investigate the contribution of earplugs to the OE, Brummund ef al. modeled
earplugs as isotropic linear elastic solid domains in their 3D and 2D axi-symmetrical FE models
(Brummund et al., 2014, 2015). They assumed earplugs to perfectly adapt to the surrounding
earcanal wall without deforming the latter. A foam and a silicone earplug were used, and three
insertion depths were included (shallow, medium and deep insertion). Material properties of
earplugs were taken from the literature. Brummund ef al. observed the experimental difference
in OE between foam and silicone earplugs using their FE models and used an acoustic power
balance approach for interpreting their simulations. They observed that the proportion of
acoustic power injected in the occluded earcanal by the medial earplug surface was significantly
higher for the silicone earplug compared to the foam earplug. However, they did not relate the
earplug contribution to its material properties. At medium and deep insertion, Brummund et al.
also highlighted that the contribution of the medial earplug surface in terms of acoustic power

injected to the earcanal cavity was significantly higher than that of the uncovered earcanal wall.
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This indicates that the earplug could be the primary source of SPL generated in the occluded
earcanal at medium and deep insertion. However, acoustic power exchange can be intricate
to interpret the contribution of the uncovered earcanal wall and the medial earplug surface on
the acoustic pressure generated in the earcanal. Therefore, Brummund ef al.’s findings should
be further investigated. Accordingly, the mechanism(s) of contribution of earplugs remains
unknown, as well as the influence of earplugs on the earcanal wall vibration, and the influence of
the earcanal wall vibration, in both normal and tangential directions, on the vibration of earplugs.
The question of the influence of the earcanal wall vibration spatial distribution on the earplug

contribution is also raised.

1.4 Synthesis and research approach

Several questions have been raised previously regarding (i) the fundamental mechanism of
the objective OF and in particular the relation between the equivalent source and the spatial
distribution of the earcanal wall normal vibration that it represents, (ii) the vibration of the
earcanal wall and the influence of its spatial distribution on the OE, and (iii) the mechanism(s)
of contribution of in-ear devices to the OE, in relation to the earcanal wall vibration. In order to
provide answers to these questions and achieve the specific objectives of this thesis, EA and
FE models will be jointly used. On one hand, localized constants associated with EA analogy
can be given a physical interpretation which facilitates the understanding of vibro-acoustic
phenomena. However, the way the earcanal wall normal vibration is accounted for in EA
models by a volume velocity source prevents any analysis of the influence of this vibration
on the OE. In fact, the physical meaning, if it exists, of the source position is unknown. In
addition, mechanical properties of in-ear devices and their mechanical and vibro-acoustical
couplings to the surrounding earcanal wall and the earcanal cavity respectively, are intricate to
take into account using EA models. On the other hand, FE models are practical for this purpose
since they are able to account for precise geometry, material properties, boundary conditions
and loading. These parameters, however, can be difficult to assess experimentally or to adjust

from experimental data. This constitutes a major limitation of this approach which is still a
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simplification of reality. Furthermore, due to their complexity, the vibro-acoustic behavior
exhibited by FE models can be difficult to interpret, contrary to EA models. Therefore, the
conjunction of both EA and FE models makes it possible to combine their respective pros

whereas part of their cons could be compensated by each other.
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2.1 Abstract

The objective occlusion effect induced by bone-conducted stimulation refers to the low-frequency
acoustic pressure increase that results from occluding the earcanal opening. This phenomenon
is commonly interpreted as follows: the bone-conducted sound “leaks” through the earcanal
opening and is “trapped” by the occlusion device. This instinctive interpretation misrepresents
the fundamental mechanism of the occlusion effect related to the earcanal impedance increase
and already highlighted by existing electro-acoustic models. However, these models simplify the
earcanal wall vibration (i.e., the origin of the phenomenon) to a volume velocity source which,
in the authors’ opinion, (i) hinders an exhaustive comprehension of the vibro-acoustic behavior
of the system, (ii) hides the influence of the earcanal wall vibration distribution, and (iii) could
blur the interpretation of the occlusion effect. This paper analyzes, illustrates and interprets the
vibro-acoustic behavior of the open and occluded earcanal using an improved finite element
model of an outer ear in conjunction with an associated electro-acoustic model developed in
this work. The two models are complementary to dissect physical phenomena and to highlight
the influence of the earcanal wall vibration distribution, characterized here by its curvilinear

centroid position, on the occlusion effect.
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2.2 Introduction

The term occlusion effect (OE) is commonly used to describe an increase in the auditory
perception of bone-conducted sound that results from occluding the earcanal opening. In
everyday life, the OE is often perceived as the increased sensation of the bone-conducted part of
one’s own physiological noises (e.g., one’s own voice, breathing, chewing, heartbeat) (Berger,
2003) which is most significant for low frequencies (<1 kHz). The OE is deemed to be a
notable source of discomfort to workers wearing shallowly inserted passive occlusion devices
such as earplugs (Doutres et al., 2019). The OE also affects the hearing aid users’ comfort
(Kochkin, 2010) but can be greatly reduced using open-fittings (Winkler et al., 2016). The
deep-fitting of the occlusion device in the bony part of the earcanal is also known to reduce
the OE (Killion, Wilber & Gudmundsen, 1988) but seems associated with wearers’ discomfort
(Kiessling et al., 2005; Nielsen & Darkner, 2011). The bone-conducted sound travels to the
cochlea through different pathways (Stenfelt & Goode, 2005; Dobrev et al., 2017; Sohmer, 2017,
Chordekar et al., 2018). The outer ear pathway corresponds to the sound pressure generated in
the earcanal cavity due to the vibration of the earcanal wall, which constitutes the source of the
OE. At low frequencies, the outer ear pathway is negligible when the earcanal is open (Stenfelt
et al., 2003; Stenfelt, 2016) but dominates when it is occluded (Stenfelt ef al., 2003). The OE
is thus objectively characterized by an acoustic pressure increase in the occluded earcanal at
low frequencies (Huizing, 1960; Schroeter & Poesselt, 1986; Stenfelt & Reinfeldt, 2007). This

objective description of the OE is the one used in this paper.

In the literature, the OE is commonly interpreted as follows: the bone-conducted sound generated
by the earcanal wall “escapes” through the earcanal opening (i.e., open earcanal entrance),
whereas it is “trapped” in the occluded case (Carle et al., 2002; Kiessling et al., 2005; Keidser
et al., 2007). The bone-conducted sound is expected to take the path of least “resistance” (Staab,
Dennis, Schweitzer & Weber, 2004). Sometimes, authors refer to the sound pressure generated
by the earcanal wall (Staab, 1996; Nielsen & Darkner, 2011) or to the “sound vibration” imposed
by the earcanal wall (Winkler et al., 2016). In many cases, the earcanal opening is interpreted as

a “leak” for the sound energy which is presumed to be “trapped” in the occluded earcanal (Kuk,
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1991; Mueller, 1994; Mueller et al., 1996; Chung, 2004; Borges et al., 2014). Therefore, sound
waves generated by the earcanal wall are assumed to be mainly transmitted in the surrounding
environment in the open case. On the contrary, they are expected to be mainly reflected by the
occlusion device towards the tympanic membrane, leading to an enhanced acoustic pressure
in the occluded earcanal (Hansen & Stinson, 1998). These multiple interpretations, found
either in experimental or modeling studies in both hearing aid and hearing protection fields,
are ambiguous because they describe the OE using several physical variables, concepts and an
instinctive vocabulary. Furthermore, the way the phenomenon is interpreted could influence the
solutions sought to reduce it. These interpretations thus must be clarified and OE models can be

helpful for this purpose.

In order to investigate the OE, different models have been elaborated in the past (Tonndorf et al.,
1966; Schroeter & Poesselt, 1986; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Zurbriigg et al.,
2014; Brummund et al., 2014, 2015; Sgard, Carillo & Doutres, 2019). Lumped elements models
based on electro-acoustic (EA) analogy (Tonndorf et al., 1966; Schroeter & Poesselt, 1986;
Hansen, 1998; Stenfelt & Reinfeldt, 2007) were historically the first OE models. These models
account for the air within the earcanal cavity as acoustic masses, compliances and resistances
and have highlighted the fundamental mechanism of the OE as the increase of the earcanal
cavity acoustic impedance seen by the cavities’ vibrating walls due to the occlusion. However,
the spatially distributed earcanal wall vibration (i.e., the source of the OE) is idealized as one
(Schroeter & Poesselt, 1986; Hansen, 1998; Zurbriigg et al., 2014) or two (Stenfelt & Reinfeldt,
2007) volume velocity source(s) concentrated at a chosen position in the earcanal. Due to the
cramped and tortuous aspects of the human earcanal, amplitude and position of the source(s) are
difficult to assess experimentally and are generally assumed or adjusted based on sound pressure
measurements in open and occluded earcanal. This prevents any analysis of the influence of the
earcanal wall vibration amplitude and, in particular, distribution, though it is the source of the
OE. In addition, the earcanal cavity is commonly simplified to one (Schroeter & Poesselt, 1986;
Hansen, 1998; Zurbriigg et al., 2014) or two (Stenfelt & Reinfeldt, 2007) uniform cylindrical

duct(s), considering that the acoustic wavelength is much larger than the earcanal dimensions at
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low frequencies. To overcome these limitations, finite element (FE) models (Brummund ez al.,
2014, 2015; Sgard et al., 2019) of the OE can be used since they make it possible to account
for a precise geometry, material properties, boundary conditions and stimulation. However,
FE models are limited by the knowledge of the corresponding inputs which can be difficult to

characterize experimentally.

"

Recently, Brummund et al. (2014) developed a three-dimensional (3D) FE model of a “realistic
outer ear in which the set of equivalent loading and boundary conditions is questionable. Indeed,
in order to mimic the placement of a standard bone transducer, a normal force was applied
directly on the mastoid process while the remaining surface of the truncated geometry was fixed
(Brummund et al., 2014). This set induces a compression motion in the temporal bone which is
rather expected to behave as a rigid body at low frequencies (Stenfelt et al., 2003). In addition,
this set forces the vibration to travel from the bony tissue to the soft and skin tissues while the
latter should be rather primarily excited by the bone transducer. Despite these limitations, this
model has been shown to provide the slope of the OE at shallow/medium insertion (Brummund
et al., 2014) measured on 20 subjects by Stenfelt & Reinfeldt (2007). Based on this model,
Brummund et al. (2014) investigated the fundamental mechanism of the OE using an acoustic
power balance approach. They pointed out that an acoustically rigid occlusion of the earcanal
entrance increases the resistance (real part) of the earcanal cavity acoustic impedance seen by its
wall compared to the open case (Brummund ef al., 2014). This resistance governs the acoustic
power injected into the earcanal cavity by its wall (Brummund et al., 2014). However, Brummund
et al. (2014) assumed no visco-thermal dissipation within the earcanal cavity, although it is
higher than the acoustic power radiated at the open earcanal entrance at low frequencies (Keefe,
Bulen, Campbell & Burns, 1994), and could have underestimated the resistance of the open
earcanal. In addition, the acoustic power balance approach only describes the acoustic energy
transfer but does not detail the vibro-acoustic (i.e., acoustic pressures and particle velocities)
behavior that explains this transfer. The use and limits of this approach are thus revisited in this

work.
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Both EA and FE models are useful to explain the fundamental mechanism of the OE. However,
the source of the OE, namely the vibration of the earcanal wall, is overly simplified in EA
models and too intricate in FE models. The influence of the earcanal wall vibration is thus
hidden in both models. In addition, these models have not been used to fully detail physical
phenomena occurring in both open and occluded earcanal under a bone-conducted stimulation.
In the authors’ opinion, taking these steps (i.e., investigating the influence of the earcanal wall
vibration and detail physical phenomena in the earcanal cavity) is necessary to accurately revisit
our understanding of the OE and the role of its source, to clarify the ambiguity that surrounds
the interpretation of the OE and to ultimately open new ways to mitigate this phenomenon. For
this purpose, the FE model of a “realistic” outer ear proposed by Brummund et al. (2014) is
revisited, improved and used in conjunction with an associated EA model developed in this
work. In the current work, the occlusion is simplified to an infinite impedance defined at the
earcanal entrance to focus on the fundamental mechanism of the OE. The intricate influence of
the occlusion device (Lee & Casali, 2011; Lee, 2011; Brummund et al., 2014, 2015; Sgard et al.,

2019), therefore, is not taken into account.

The originality of the current work is threefold. Firstly, the FE model is used to thoroughly
analyze and illustrate the vibro-acoustic behavior of both open and occluded earcanal at low
frequencies from 100 Hz to 1 kHz. Secondly, all inputs of the EA model presented here are
derived from the FE model. In particular, the volume velocity source characteristics are here
directly related to the earcanal wall vibration field. The EA model is thus useful to clarify and
interpret in a simplified way physical phenomena involved in the earcanal as well as the influence
of the earcanal wall vibration distribution on the OE. Results computed using both FE and EA
models are presented, compared and discussed. Thirdly, common interpretations of the OE are

discussed in the light of the results presented here in open and occluded cases.

2.3 Models of the occlusion effect

An implicit harmonic temporal dependency is taken into account by the term e/“! where j is the

complex number such as j> = —1, w is the circular frequency such that w = 27 f, f denotes the
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frequency, and 7 the time. An arbitrary space and time dependent physical variable & (x, 7) is

written in the complex form such that
h(x,t)=R[h(x) ], (2.1)

where x = (x1, x2, x3) denotes the position vector of the point of interest in the 3D space, his
the complex amplitude and R [.] takes the real part of its argument. Solving for / is equivalent

to solving for 4. In addition, 2* is the complex conjugate, }AL| is the modulus and (ﬁ) is the

surface averaged value. In the EA model, all vibro-acoustic variables are spatial averages and
b= (h).

2.3.1 Finite element model of the outer ear

2.3.1.1 Geometry and materials

The FE model of the outer ear developed by Brummund ef al. (2014) and used in this study is
illustrated in Fig. 2.1(a). The geometry was obtained from cross-sectional cryosection images
of a female cadaver from the Visible Human Project®. Figure 2.1(b) presents a sectional
view in the horizontal plane of the FE model superimposed on the corresponding cryosection
image. In the FE model, the earcanal cavity is embedded into a circular cross section cylinder
(medial-lateral axis) with a diameter of 27 mm (see the pink and green regions of Fig. 2.1(a)).
This reduces the computation time compared to an entire head model (Chang et al., 2016). This
model distinguishes the skin (including the fat) from other soft tissues (including cartilage and
muscle) and it includes the entire temporal bone (see the gray part of Fig. 2.1(a)). More recent
studies rather separate cartilage from soft tissues (including skin, fat and muscle) (Chang et al.,

2016; Benacchio, Doutres, Le Troter, Varoquaux, Wagnac, Callot & Sgard, 2018).

In the current model, the pinna and the middle and inner ears are not fully modeled but are
accounted for by estimates of the acoustic impedance associated with sound flow through

these structures (see Sec. 2.3.1.2). A complete view of the earcanal cavity from the tympanic
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membrane to the earcanal entrance is presented in Fig. 2.1(c). The earcanal curvilinear axis z
(see Fig. 2.1(c)), also called middle or center axis in the literature, is computed using an iterative
method developed by Stinson & Lawton (1989). In this work, the earcanal entrance plane is
defined normal to the earcanal curvilinear axis rather than in a sagittal plane (Brummund et al.,
2014). The earcanal shape represented as a radius function rgc(z) (assuming circular cross-
sections) is displayed in Fig. 2.2. Compared to 15 radius functions presented by Hudde & Engel
(1998b), the current model includes a constriction close to the earcanal entrance. In addition,
the current earcanal curvilinear length (/gc = 34.7 mm) is higher than the average earcanal
length (known to be around 27 mm) while the eardrum coupling region length (close to 8 mm)

is similar (Hudde & Engel, 1998b).

Solid domains are considered isotropic linear elastic solids under the small deformations’
assumption. Their mechanical properties come from literature data (except structural loss factors
which have been assumed (Brummund et al., 2014)) and are summarized in Table-A II-1 (see
Appx. II). While the air within the earcanal cavity was considered a perfect compressible fluid
by Brummund et al. (2014), it is here rather modeled as a Navier-Stokes-Fourier compressible
fluid to account for visco-thermal dissipation (Pierce, 1994; Kampinga, Wijnant & de Boer,

2010). Classic values of ambient air properties are used and given in Table-A 1I-2 (see Appx. II).

2.3.1.2 Boundary conditions and model limitations

In the authors’ opinion, the main limitation of the current FE model developed by Brummund
et al. (2014) comes from its truncated geometry (see Fig. 2.1(a)). As exposed in Sec. 2.2, this
model requires the imposition of a set of equivalent loading and boundary conditions which
are particularly tricky to define since the truncated geometry is supposed to be surrounded
by biological tissues (see Fig. 2.1(b)). The set chosen by Brummund et al. (2014) results
in a vibration pattern concentrated approximately at the earcanal mid-length (see Appx. III)
near the transition between soft and bony tissues while this vibration is rather expected to be
concentrated in the earcanal cartilaginous part close to the earcanal entrance (Stenfelt ez al., 2003;

Stenfelt & Reinfeldt, 2007). In this paper, another set is chosen in order to be more consistent
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Figure 2.1 (a) 3D FE model of an outer ear (Brummund
et al.,2014), (b) sectional view in the horizontal plane
(specified by a red line in (a)) superimposed on the
corresponding cryosection image from the Visible Human
Project® and (c) earcanal cavity alone. The coordinate
system refers to superior (S), inferior (I), posterior (P),
anterior (A), medial (M) and lateral (L)

with realistic loading and boundary conditions and to reproduce a “plausible” vibration pattern
(see Sec. 2.4.1), even though the latter has never been directly measured due to experimental
limitations nor studied numerically. A bone transducer stimulation applied on the mastoid

process is expected to induce a compression motion in the skin and soft tissues which then
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Figure 2.2 Earcanal radius rgc(z) (assuming circular
cross-sections) as a function of the curvilinear axis z

stimulate the temporal bone. Therefore, skin and soft tissues are here excited in a simplified way
by a uniform normal velocity field V,, (x, £) = R [A()_c)ej wt ] applied to their circumferential
surface. The amplitude A(x) = 107> m s~! is chosen to produce realistic sound pressure levels
in both open and occluded earcanal (see Sec. 2.4.4). The temporal bone external boundary and
the skin in contact with the surrounding environment (not modeled (Brummund et al., 2014))
are free. Continuity of stress vectors and displacements is assumed between solid domains.
Since the earcanal wall vibration distribution depends on the chosen set of loading and boundary
conditions, the influence of various sets (summarized in Appx. III) on the OE is studied (see
Sec. 2.4.6). Due to its truncation, the current model is not used to study the bone-conducted
sound transmission through the head or the outer ear for a specific individual but rather to detail

general physical phenomena in the earcanal cavity.

Acoustic boundary conditions applied to the earcanal cavity are similar to those used by
Brummund et al. (2014). A locally reacting acoustic impedance boundary condition is specified
on the tympanic membrane of surface S7)s (see Fig. 2.1(c)). The impedance associated with
sound-induced motion of the tympanic membrane is referred to as Z7y and defined by the model
of Shaw & Stinson (1981) (see Appx. IV), which compares well to measurement data at low

frequencies (Hudde & Engel, 1998a). An acoustic impedance ZX ., where k € {open, occl},

ent’

is also defined at the earcanal entrance of surface S.,; (see Fig. 2.1(c)). In the open case, this

impedance is equal to the radiation impedance 7,44 Of a baffled circular piston of the same
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surface (see Appx. V). At low frequencies, this impedance is a reasonable approximation of that
measured if the earcanal entrance plane is chosen not too “inside” the earcanal (portion of the
earcanal included) nor too “outside” (acoustic wave no longer plane) (Hudde & Engel, 1998b).
In the occluded case considered here, the earcanal entrance has an infinite impedance instead of

a real physical occlusion device (Brummund et al., 2014).

2.3.1.3 Finite element modeling

In the coupled elasto-acoustic (visco-thermal) model, the coupling at the earcanal wall/cavity
boundary implies the continuity of velocity vectors and stress vectors. The earcanal wall is
assumed isothermal since the human body is considered at constant temperature. Adiabatic
thermal couplings are assumed at the earcanal entrance and the tympanic membrane since
negligible heat transfers are expected. The visco-thermal acoustics model requires lots of
computational resources due to the number of variables and the refinement of the mesh at the
earcanal wall boundary. This model is thus only used to accurately illustrate physical phenomena
in the 3D earcanal cavity at 100 Hz (see Fig. 2.4). Vibro-acoustic indicators presented in
Sec. 2.3.1.4 are computed over the whole frequency range of interest using a low reduced
frequency model (Kampinga, 2010) applied to the earcanal cavity (see Appx. VI). In the low
reduced frequency model, viscous and thermal losses are distributed in the bulk of the fluid
through a complex wavenumber (Kampinga, 2010; Kampinga et al., 2010). The coupling at
the earcanal wall boundary is thus simplified to the continuity of normal component velocity
vectors and normal component stress vectors (Atalla & Sgard, 2015). The radius used for the
low reduced frequency model corresponds to the equivalent earcanal radius function rgc(z) (see
Fig. 2.2). Both coupled elasto-acoustic models are meshed according to a criterion of at least six
10-noded tetrahedral elements per wavelength at 1 kHz and solved using COMSOL Multiphysics
5.5 (COMSOL®, Sweden). The meshes of the low reduced frequency and the visco-thermal FE

models consist of 613452 and 1331 740 elements respectively and achieve convergence.
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2.3.1.4 Vibro-acoustic indicators

When submitted to the chosen mechanical excitation (see Sec. 2.3.1.1), the earcanal wall
vibrates and imposes to the earcanal cavity a volume velocity defined by Gy = (\3 mwa;;)Swa”
with <‘A’n,wall> the surface averaged earcanal wall normal velocity and S,,,;; the earcanal wall
surface. According to Brummund et al. (2014), <\9n,wa”> is only slightly reduced (<1 dB)
at low frequencies by the earcanal cavity acoustic load change between open and occluded
cases (confirmed but not shown here). Since the occlusion is defined at the earcanal entrance,
Gwal 1s thus approximately equal in both open and occluded cases. Volume velocities passing
through the tympanic membrane and the earcanal entrance (zero in the occluded case due to
the acoustically rigid occlusion) are referred to as cj’} 4 and g* . respectively and computed
similarly to §,,4;;. The earcanal wall vibration is not expected to be homogeneous but rather
non-uniformly distributed over the earcanal wall surface. This distribution is here characterized

by the centroid position x . of the earcanal wall normal velocity in the 3D space such that

/ )_C|‘A’n,wall()_c)| ds

_ Swall

)_CC - _/ |‘A}n,wall ()_C)l ds .

Swall

(2.2)

The normal projection of the centroid position x_. on the earcanal curvilinear axis z defines
the centroid curvilinear position /. of the earcanal wall normal velocity from the tympanic

membrane.

The surface averaged acoustic pressure ( ﬁfv al l> generated by the earcanal wall is governed by

the earcanal acoustic impedance Z g Cwatl S€EN by the earcanal wall and defined by
5k (Phyai
ZEC/wall Awa (23)

qwall
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The OE is then computed using the surface averaged tympanic membrane acoustic pressure

( ﬁi M ) such that
(p7ir)

Ten>

OE = 20log,, (
Pryu

) . (2.4)

The OE is commonly interpreted in terms of acoustic energy (see Sec. 2.2). The transfer of
acoustic energy per unit time in the earcanal cavity is studied here as time-averaged over one
period T = 1/ f and is referred to as the time-averaged acoustic power. The time-averaged
acoustic power flowing through the earcanal wall (Wvﬁ 1)+ the tympanic membrane (W]’f 1) and
the earcanal entrance (WX, zero in the occluded case due to the acoustically rigid occlusion) is
defined by

Wk =

m

/S I -n, dS', (2.5)

with 1 = %?& [ Dk X Qz] the active acoustic intensity vector (Bruneau, 2013), p; the complex
acoustic pressure, 9, the complex acoustic particle velocity vector, n, the inward normal
vector and m € {wall, TM, ent}. The acoustic power Wﬁm dissipated by visco-thermal
effects in the earcanal cavity is then obtained from the acoustic power balance such as

Wh =Wk

_wk _ vk
diss wall WTM W,

ent*

2.3.2 Electro-acoustic model of the earcanal

2.3.2.1 Electro-acoustic model

The present EA model illustrated in Fig. 2.3(a) is associated with the 3D FE model from which
its inputs are derived (see Sec. 2.3.2.3). The earcanal is considered as a circular cross-sectional
duct of length /g and varying radius rgc(z). The vibration of the earcanal wall is accounted for
as an ideal source Q of volume velocity §,,4;; concentrated at a distance /. from the tympanic
membrane. The earcanal is schematically divided into two sections: (i) the downstream section
defined from the tympanic membrane to the source and (ii) the upstream section defined
from the source to the earcanal entrance. In both open (see Fig. 2.3(b)) and occluded (see

Fig. 2.3(c)) cases, the model of Shaw & Stinson (1981) is used to define the tympanic membrane
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acoustic impedance Zry (see Appx. IV). Furthermore, the downstream section is governed
at low frequencies by its compressibility effect of acoustic compliance C; in parallel with an
acoustic resistance R, representing thermal losses so that its acoustic impedance is equal

0 2351 = [5!

-1
am T de] . In the open case, the earcanal upstream section is controlled

at low frequencies by its inertia effect represented by an acoustic mass L, in series with an
acoustic resistance R, ,; representing viscous losses so that its acoustic impedance is equal
to Z,P" = R,i + jwL,. The earcanal opening is characterized by the acoustic impedance
Zrad = Ryad + JjwL,,q of a baffled circular piston of radius r.,;. R,44 1s the acoustic radiation
resistance representing the dissipation in the surrounding environment while L, .4 is the acoustic
radiation mass representing the inertia effect of the surrounding environment. In the occluded
case, the acoustic impedance Z9¢“! = [R;i ntJ wCu]_l of the earcanal upstream section is
governed at low frequencies by its compressibility effect similarly to Z ;’“l. Table 2.1 summarizes

the calculation of aforementioned acoustic masses, compliances and resistances (Bruneau, 2013).

Table 2.1  Calculation of the EA model localized

constants (C, and R, ;5 are computed similarly to Cy

and R, respectively, replacing the interval [0, /]
by [lc, lEC])

I -1

I,
nr 21w
C,y= ECdz | Ry = —1)Tee = q
=/ poc am= |/ )poC?) poCy

0 0
lEc lEc
Le= [ 224 Ruyi= [ Yooy
= [ B-dz wi = [ Sordz
l( EC lc EC
_ _8po _ wpo
Lyga = 372 oy Ryaa = 27c

2.3.2.2 Computation of vibro-acoustic indicators

The EA model is used to provide explicit expression of some vibro-acoustic indicators computed
using the FE model. The acoustic impedance Z 1’; /o of the earcanal seen by the source Q is
computed as the downstream and upstream sections in parallel (see Fig. 2.3(b) and (c)). The

acoustic impedance of the earcanal downstream section is defined in both open and occluded
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Figure 2.3 (a) earcanal geometry of the EA model (b)
open and (c) occluded by an infinite impedance defined at
the earcanal entrance

A _ A -1 S —1 —1 . . . . .
cases by Zrcjo.a = [Z 1 tZr M] . The earcanal upstream section acoustic impedance is given

Z;’ée/z) y = ijp " + 7,44 and in the occluded case by ZELCC/IQ Ly = Z,‘j“l. In

the low-frequency range of interest (i.e., 100 Hz to 1 kHz), Z, is dominated by Cy, Z,"*" by

in the open case by

Lus Zrad by L,.q and Zj’“z by C, (not shown here for the sake of conciseness). In addition,
below approximately 500 Hz, the tympanic membrane acoustic impedance is dominated by the
compliance Cry; of the tympanic cavity volume (approximately 0.78 cm?®) (Stepp & Voss, 2005;
Zurbriigg et al., 2014). Therefore, the earcanal acoustic impedance can be approximated at low
frequencies (see Sec. 2.4.3) in the open case to

Zg]ée/nQ ~ jw (Lrad + Lu) > (26)
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and in the occluded case to
ZE%C/’Q ~ [jw(Cu+Cq+ Cri)] ™" (2.7)

The tympanic membrane acoustic pressure ﬁ; 18 equal to that generated by the source (see

Fig. 2.3(b) and (c)) so that

ﬁ;{M = Zéc/Q X Gwall- (2.8)

Substituting Eq. (2.8) in Eq. (2.4), the OE is written as

Zoccl
ZEC/Q
sopen

EC/Q

) . (2.9)

At low frequencies, substituting Egs. (2.6) and (2.7) in Eq. (2.9), the OE can be approximated
(see Sec. 2.4.6) to

OF ~ 20 logm([a)z X (Lyag + Lu) X (Cy + Cy + CTM)]“). (2.10)

The equivalent of the acoustic power W»Ii o, Passing through the earcanal wall in the FE model is

the acoustic power flowing from the source Q to the earcanal defined in the EA model by

Lox 15 .
Wo = 5R(Zc0) X lgwanl®. (2.11)

The earcanal cavity acoustic resistance R | represents the capability of the earcanal

Sk
ZE c/ Q]
cavity (including the entrance and the tympanic membrane) to dissipate/transmit acoustic energy.

Equations (2.6) and (2.7) thus cannot be used in Eq. (2.11) since they neglect acoustic resistances.

2.3.2.3 Inputs from the finite element model

In the EA model, the earcanal has the same radius function (i.e., [gc, rec(z) and 7o, = rec(lgc))
as in the 3D FE model (see Table 2.1). The ideal volume velocity source Q is assumed to

be concentrated at the curvilinear position /. of the earcanal wall normal velocity centroid
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computed using the FE model (see Sec. 2.3.1.4). This assumption has been proposed by the
authors (Carillo, Doutres & Sgard, 2019) and is evaluated in Sec. 2.4.6 for several earcanal wall
vibration patterns induced by various mechanical loading and boundary conditions imposed to
the FE model (see Appx. III). Using the set of loading and boundary conditions described in
Sec. 2.3.1.2, the position /. computed using the FE model does not significantly vary at low
frequencies (see Sec. 2.4.1). The value of /. at 100 Hz is thus used in the EA model for the whole

frequency range. The volume velocity §,,,;; is computed using the FE model (see Sec. 2.3.1.4).

2.4 Results and discussions

2.4.1 Earcanal wall velocity

The normal component of the earcanal wall velocity is of great interest since it is transferred
to “acoustic particles” in its vicinity. The curvilinear centroid position /. and the amplitude
of the earcanal wall normal velocity computed at 100 Hz using the FE model are illustrated
in Fig. 2.4(a). The centroid position characterizes the distribution of normal velocity over
the earcanal wall (see Sec. 2.3.1.4). This distribution is here concentrated at 100 Hz at a
curvilinear distance /. = 23.6 mm from the tympanic membrane (see Fig. 2.4(a), left side) which
corresponds to the earcanal cartilaginous part. The location of /. varies by less than 1 mm
as frequency increases from 100 Hz to 1 kHz. Thus, Fig. 2.4(a) (right side) is representative
of the FE model earcanal wall vibration pattern up to 1 kHz. As mentioned in Sec. 2.3.1.2,
this vibration pattern depends on the set of loading and boundary conditions applied to the FE
model and has been chosen in order to exhibit a vibration pattern in qualitative agreement with
experimental findings (Stenfelt et al., 2003; Stenfelt & Reinfeldt, 2007). The chosen set is a
simplification imposed by the truncated nature of the current model. In particular, the uniform
normal velocity field applied on the circumferential boundary of soft and skin tissues is likely
to be non-uniform in amplitude, phase and direction. The lack of quantitative experimental
data does not make it possible yet to precisely compare the FE model vibration distribution to

that induced by a bone transducer in an in-vivo earcanal. However, by applying various sets of
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loading and boundary conditions (see Appx. III), the current model is useful to highlight how

the earcanal wall vibration distribution could influence the OE (see Sec. 2.4.6).

nwal[ ’ [dB]—IOO

EC entrance ~ H
—135

Occluded EC

o - [ (x

7 Jﬁ j
—135

V7.

(c) '} 1P (x |[dB]
vy |
f*i‘“l A l\; £
4 HZ

Figure 2.4 (a) earcanal wall normal velocity centroid position /. (left) and amplitude
|v,, wa”(x)| (right) in dB (factor 20, ref. 1 m s~1), (b) instantaneous acoustic particle velocity
vectors v, (x, t) (black arrows) and amphtude |v £ (X t)| in dB (colormaps), (c) acoustic
pressure level in dB (factor 20, ref. 2 X 1073 Pa) and (d) active acoustic intensity vectors
I, (x) (black arrows) and amplitude |7, (x|) (colormaps) in dB (factor 10, ref. 10712 W m~2)
computed at 100 Hz using the coupled elasto-acoustic (visco-thermal) FE model. The white
earcanal entrance surface in (b) and (d) corresponds to zero value
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2.4.2 Acoustic particle velocity and volume velocity transfer in the earcanal cavity

The transfer of the earcanal wall velocity in the earcanal cavity is illustrated in Fig. 2.4(b)
which displays the instantaneous (at t € {T'/8, 5T /8}) acoustic particle velocity vectors and
amplitude computed in both open and occluded cases at 100 Hz using the FE model. The
Eulerian specification of the acoustic field is used here. This means that vector fields represent
the velocity of “acoustic particles” passing through a position x at a time . At¢ = T/8, the
acoustic particle velocity is mainly oriented towards the earcanal entrance in the open case
(left side) and towards the tympanic membrane in the occluded case (right side) due to the
compression motion of the earcanal wall. In the half-period that follows (at t = 57/8), the
acoustic particle velocity behaves in the exact opposite direction since h(x, t +T/2) = —h(x, t)
in harmonic regime (see Eq. (2.1)). In the open case, the amplitude of the acoustic particle
velocity is maximum in the constriction part of the current earcanal close to the opening and
minimum in the eardrum coupling region. The gradient of acoustic particle velocity tangential
to the earcanal wall is thus maximum in the region of this constriction. In the occluded case, the
acoustic particle velocity amplitude is rather homogeneous except at the earcanal entrance where
it is zero due to the acoustically rigid occlusion considered here. Note that a real occlusion

device would impose a non-zero volume velocity to the occluded earcanal cavity.

The transfer of acoustic particle velocity in the earcanal cavity is now investigated by computing
the volume velocity passing through the earcanal entrance and tympanic membrane surfaces
using both FE and EA models in Fig. 2.5. Results computed by both models are in good
agreement. In the open case, the volume velocity passing through the earcanal entrance is 16 to
52 dB higher than that passing through the tympanic membrane. The volume velocity passing
through the earcanal opening is almost equal to that imposed by the earcanal wall (not shown
here). This corroborates the observation made in Fig. 2.4(b) for the open case (left side). In the
occluded case, the volume velocity passing through the tympanic membrane is 6 to 45 dB larger
than in the open case: the occlusion drastically increases the volume velocity transferred between

the earcanal wall and the tympanic membrane. This volume velocity is however approximately
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7 dB lower than that passing through the open earcanal entrance due to the local volume changes

that result from the compression of the air within the occluded earcanal.
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Figure 2.5 Level in dB (factor 20, ref. 1 m? s‘l) of the
volume velocity passing through the earcanal entrance
(zero in the occluded case) and the tympanic membrane
computed using both FE and EA models

2.4.3 Acoustic impedance of the earcanal cavity

The earcanal cavity acoustic impedance governs the acoustic pressure generated in reaction to
the vibration of the earcanal wall. Based on EA analogy, the earcanal cavity acoustic impedance
represents the “opposition” of the earcanal cavity to the transfer of the volume velocity imposed
by its wall. This “opposition” is manifested in terms of acoustic pressure. Figure 2.6(a) displays
the level in dB of the earcanal cavity acoustic impedance in open and occluded earcanal computed
using both FE and EA models. The occlusion is seen to drastically increase (by 8 to 47 dB)
the earcanal cavity acoustic impedance (Hansen, 1998; Zurbriigg et al., 2014). It should be
noted that the earcanal cavity acoustic impedance computed using FE and EA models are not
strictly equal. Indeed, the former uses the surface averaged earcanal wall acoustic pressure
(see Eq. (2.3)) while the latter rather considers the acoustic pressure at the position /. of the
volume velocity source Q (see Sec. 2.3.2.2). This has no influence in the occluded case since the

acoustic pressure is homogenous at low frequencies but explains the difference of approximately
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2 dB in the open case between FE and EA simulations (see Fig. 2.6(a)) due to the open earcanal

acoustic pressure gradient (see Fig. 2.4(c), left side, and Sec. 2.4.4).

According to Fig. 2.6(a), the level of the earcanal cavity acoustic impedance increases with
frequency by approximately +20 dB/decade in the open case while it decreases with frequency
by approximately -20 dB/decade in the occluded case (Zurbriigg et al., 2014). From Eq. (2.6),
the EA model indicates that, at low frequencies, the open earcanal cavity acoustic impedance
is approximately mass-controlled (L, + L,,q) which is proportional to w (+20 dB/decade).
This means that the air in the open earcanal upstream section is being mainly accelerated at
low frequencies. The acoustic mass L, of the open earcanal upstream section depends on the
location of the source Q which is assumed equal to the curvilinear position /. of the earcanal
wall normal velocity centroid computed using the FE model. The evaluation of this assumption
as well as the influence of the distribution of the earcanal wall vibration on the OE is presented
in Sec. 2.4.6. From Eq. (2.7), the EA model indicates that, at low frequencies, the occluded
earcanal cavity acoustic impedance is approximately governed by its whole acoustic compliance
which is proportional to w™! (-20 dB/decade). This means that the air in the occluded earcanal is
being mainly compressed at low frequencies. According to Fig. 2.6(a), neglecting the influence
of the downstream section, including the tympanic membrane, in the open case (dash-dotted
purple curve with crosses) or simplifying the tympanic membrane to an equivalent compliance
Cryr in the occluded case (dashed blue curve with stars) leads to an underestimation of 2 to 4 dB

at 1 kHz.

The EA model is now used to provide simple interpretations of the volume velocity transfer in
the earcanal cavity (see Sec. 2.4.2). The source Q representing the earcanal wall schematically
divides the earcanal cavity into the upstream and downstream sections towards the earcanal
entrance and the tympanic membrane respectively (see Fig. 2.3(a)). Acoustic impedance levels
of these sections are displayed in Fig. 2.6(b). In the open case, the earcanal upstream section has
an impedance 11 to 47 dB lower than the downstream section which is almost seen as infinite.
The volume velocity is transferred through the “path” of least “opposition” thus between the

earcanal wall and the opening. The mass-controlled open earcanal upstream section acts as
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Figure 2.6  Acoustic impedance levels in dB (factor 20,
ref. 1 N s m™) of (a) the earcanal cavity seen by its wall
(FE model) or the source Q (EA model) and of (b) the
upstream and downstream earcanal sections seen by the
source Q (EA model) in both open and occluded cases

a shunt (Tonndorf et al., 1966) for the volume velocity imposed by the earcanal wall. In the
occluded case, the earcanal upstream section has an impedance rather 15 to 19 dB higher than
the downstream section due to the acoustically rigid occlusion. The volume velocity is thus

mainly transferred between the earcanal wall and the tympanic membrane.

2.4.4 Acoustic pressure in the earcanal cavity

The level in dB of the acoustic pressure generated by the earcanal wall in both open and occluded
cases computed at 100 Hz using the FE model is illustrated in Fig. 2.4(c). In the open case (left
side), an acoustic pressure gradient is observed between the earcanal opening and approximately

the curvilinear position /. of the earcanal wall normal velocity centroid while the acoustic
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pressure level is then almost homogeneous up to the tympanic membrane. According to the
EA model, the acoustic pressure level gradient is explained by the acoustic mass L, of the
earcanal upstream section while the acoustic compliance of the earcanal downstream section
is responsible for the acoustic pressure level homogeneity. The distribution of the earcanal
wall vibration as well as the earcanal shape thus govern the acoustic pressure field induced
by bone-conducted stimulation in the open earcanal. To the authors’ knowledge, the acoustic
pressure distribution in the open earcanal has only been studied for acoustic excitations from the
surrounding environment (Stinson & Daigle, 2005; Hudde & Schmidt, 2009) or for a reverse
mechanical stimulation of the tympanic membrane from the ossicles (Ravicz, Cheng & Rosowski,
2019). In the occluded earcanal, the acoustic pressure level is homogeneous at low frequencies
(see Fig. 2.4(c), right side) since it is controlled by its acoustic compliance. In addition, the
acoustic pressure level is higher in the occluded earcanal compared to the open earcanal. This
observation is corroborated by Fig. 2.7 which displays the tympanic membrane acoustic pressure
level computed in both open and occluded cases using FE and EA models. In both cases, the
slope of the tympanic membrane acoustic pressure level is the conjunction of the earcanal cavity
acoustic impedance level and of the volume velocity level imposed by the earcanal wall. Since
the occlusion increases the earcanal cavity acoustic impedance (see Sec. 2.4.3), the acoustic
pressure generated by the earcanal wall is also increased (Hansen, 1998; Stenfelt & Reinfeldt,
2007; Zurbriigg et al., 2014). The tympanic membrane acoustic pressure is the force per unit
surface responsible for the motion of the tympanic membrane. The increase of acoustic pressure
at low frequencies leads to the increase of volume velocity at the tympanic membrane in the

occluded case (see Fig. 2.5).

2.4.5 Acoustic intensity and power flow in the earcanal cavity

The propagation of acoustic waves in the earcanal is associated with an acoustic power flow.
Figure 2.8 displays the level in dB of the acoustic power injected into the earcanal cavity by
its wall, computed in open and occluded cases using both FE (low reduced frequency) and EA

models. Note that the FE (low reduced frequency) model compares well to the visco-thermal
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model computed at 100 Hz, 500 Hz and 1 kHz, except that it underestimates by approximately
1 dB the acoustic power dissipated by visco-thermal effects in the open earcanal cavity. According
to Fig. 2.8, the acoustic power injected by the earcanal wall is significantly higher in the occluded
case compared to the open one (Brummund ef al., 2014). For a given volume velocity imposed to
the earcanal cavity, Eq. (2.11) of the EA model explicitly indicates that the injected acoustic power
is governed by the acoustic resistance of the earcanal cavity seen by the source Q representing
the earcanal wall. Using the current FE model, an expression similar to Eq. (2.11) has been
proposed by Brummund et al. (2014) but is only equivalent to Eq. (2.5) if at least the acoustic
pressure field or the earcanal wall normal velocity field is homogeneous over the earcanal wall
surface. The first condition is only valid in the occluded case at low frequencies (see Sec. 2.4.4)
while the second condition cannot be expected in any case (see Sec. 2.4.1). In the open case,
the acoustic pressure gradient thus explains the difference (<2 dB) seen in Fig. 2.8 between
FE and EA simulations while results in the occluded case are in good agreement. Brummund
et al. have shown that the earcanal cavity acoustic resistance drastically increases due to the
occlusion (Brummund et al., 2014) but have not accounted for visco-thermal dissipation in the
earcanal cavity. The increase of the earcanal cavity acoustic resistance due to the occlusion is

also found in this work (not shown here). This is coherent with the increase of the acoustic power
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injected to the occluded earcanal cavity (see Fig. 2.8). However, neglecting the visco-thermal
dissipation underestimates the open earcanal cavity acoustic resistance by approximately 42 dB
at 100 Hz (and approximately 1 dB at 1 kHz) which consequently underestimates the acoustic
power injected in the open earcanal by approximately 21 dB at 100 Hz (and approximately
0.5 dB at 1 kHz).

In the occluded case, neglecting the visco-thermal losses slightly underestimates the occluded
earcanal acoustic resistance (<1.5 dB) and the acoustic power injected (<1 dB) because the
dissipation at the tympanic membrane dominates (see Appx. VII). Accounting for visco-thermal
losses in the earcanal cavity is thus necessary to study the acoustic power flow illustrated in
Fig. 2.4(d) and to accurately compute the acoustic power balance, in particular in the open case
(Keefe et al., 1994), detailed in Appx. VII. However, visco-thermal losses do not significantly
influence the acoustic pressure nor the volume velocity transfer in the earcanal cavity at low
frequencies. Indeed, as shown in Sec. 2.4.3 using the EA model, the vibro-acoustic behavior of
the earcanal cavity can be well approximated at low frequencies using acoustic reactances only.
The use of the acoustic power balance approach to analyze and interpret the OE (Brummund
et al., 2014) is thus debatable (see Sec. 2.5). The increase of acoustic power dissipated at the
tympanic membrane due to the occlusion (Brummund ez al., 2014) (not shown here) is simply
explained by the increased volume velocity transferred through the tympanic membrane (see

Sec. 2.4.2).

2.4.6 Occlusion effect

Figure 2.9 displays the OE computed using both FE (solid black curve) and EA (dashed gray
curve with diamonds) models. The OE begins at approximately 45 dB at 100 Hz and decreases
with frequency by approximately -40 dB/decade. Similar slopes are observed with other models
at low frequencies (Hansen, 1998; Stenfelt & Reinfeldt, 2007; Brummund et al., 2015; Sgard
et al., 2019) while the amplitude obtained here corresponds to an extreme case of shallow
insertion due to the occlusion at the earcanal entrance (Berger, 2003; Stenfelt & Reinfeldt, 2007).

Experimentally, at frequencies less than approximately 300 Hz, the OE is often less than that
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predicted by Fig. 2.9, possibly due to an incomplete seal between the occlusion device and the

earcanal wall (Hansen, 1998; Brummund et al., 2014).

Figure 2.9 also displays the low-frequency approximation of the OE (dashed red curve with
squares) computed from Eq. (2.10) of the EA model. From Eq. (2.10), the slope of -40 dB/decade
of the OE is completely described by the dependence on w™>. This dependence is explained
by the change in the character of the impedance between the mass-controlled (L, .4 + L,) open
earcanal state and the compliance-controlled (C, + C; + Cryy) occluded earcanal state. As
shown in Fig. 2.6(a), neglecting the influence of the earcanal downstream section, including the
tympanic membrane, in the open case or simplifying the tympanic membrane to an equivalent
compliance C7ys in the occluded case, leads to inaccuracies in the computation of the earcanal
cavity acoustic impedance as the frequency increases. In the OE computed using Eq. (2.10),

these inaccuracies approximately compensate.

In the EA model, the acoustic mass L, of the open earcanal depends on the position of the
volume velocity source Q. This position is generally assumed or adjusted based on sound pressure
measurements in the earcanal cavity. In this work, the source is presumed to be concentrated at

the curvilinear position /. (defined from the tympanic membrane) of the earcanal wall normal
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Figure 2.9 OE computed using FE and EA models.
OE .4 refers to a hypothetical OE detailed in Sec. 2.5

velocity computed using the FE model. This assumption and the influence of the earcanal wall
vibration distribution on the OE are now evaluated. OE induced by a volume velocity source
while the source position /. varies from the eardrum coupling region to the earcanal entrance
(following the earcanal curvilinear axis) in both FE (earcanal cavity only) and EA models are
computed at 100 Hz and displayed in Fig. 2.10. The OE increases with the curvilinear position
[, because the acoustic mass L, of the open earcanal decreases “proportionally” (depending on
the earcanal shape). The whole acoustic compliance (C,, + C4 + Cryy) of the occluded earcanal
remains constant when /. varies. EA simulation is in good agreement with FE one because both
models share the same earcanal shape. Indeed, note that using a uniform earcanal cylindrical duct
of same volume and earcanal wall surface leads to significant discrepancies (up to approximately
6 dB in the constriction region, not shown here). Figure 2.10 also displays the OE computed at
100 Hz using the coupled FE model for several earcanal wall vibration distributions induced by
various sets of loading and boundary conditions presented in Appx. III and characterized by
the curvilinear centroid position /.. Results show an accurate correspondence between the OE
induced by various earcanal wall vibration distributions characterized by their centroid position
l. (red crosses) and by an equivalent volume velocity source located at the same position /.

Differences of approximately 0.5 and 1 dB are respectively observed around 17 and 29 mm
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possibly due to an influence of the shape of the earcanal wall vibration distribution which is only

characterized here in a simplified way by the centroid position.

According to Fig. 2.10, the influence of the earcanal wall vibration distribution on the OE is
mainly observed in the earcanal cartilaginous part close to the earcanal entrance where the OE
increases by approximately 20 dB from 20 to 35 mm. This distribution would be expected to
vary with different stimulus types and locations. Such variation might explain the variation
in OE with stimulator position (Reinfeldt et al., 2013) and could also contribute to the OE
inter-individual difference (Stenfelt & Reinfeldt, 2007). Furthermore, this distribution could be
frequency-dependent possibly due to earcanal structural modes which are not observed using
the current truncated FE model (see Sec. 2.4.1) but could appear in an entire head model.
Such dependence might explain that experimental OE does not precisely follow the decrease
with frequency by approximately -40 dB/decade since L, would be frequency-dependent in
Eq. (2.10).

Finally, it should be emphasized that the earcanal wall vibration distribution only influences the
open earcanal here. However, this distribution is also expected to influence the vibro-acoustic
behavior of the earcanal occluded by a real physical occlusion device rather than the current
infinite impedance. In the authors’ opinion, the decrease of the OE with the insertion depth is
underestimated by the FE model of Brummund et al. (2014) (approximately 7 dB lower from
7 to 22 mm at 100 Hz) compared to measurement data (Stenfelt & Reinfeldt, 2007) (median
values approximately 15 dB lower from 7 to 22 mm around 160 Hz) because the contribution of
the earcanal bony part on the acoustic pressure generated in the earcanal cavity is overestimated
since the earcanal wall vibration distribution is concentrated at the mid-length of the earcanal

cavity (see Appx. III) rather than in the cartilaginous part.

2.5 Interpretations of the occlusion effect

As mentioned in Sec. 2.2, the OE is commonly interpreted as follows: the “sound pressure,

vibration, energy or wave” is presumed to “leak” through the earcanal opening and to be “trapped”
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in the occluded earcanal. A common definition of the verb “leak™ states that something (matter
or energy) comes out of a container through a hole, i.e., the leak (Macmillan-Dictionary, 2020).

These interpretations are now discussed.

The earcanal wall acts as an ideal source of volume velocity (see Sec. 2.4.1). This volume
velocity is mainly transferred between the earcanal wall and the earcanal entrance in the open case
or between the earcanal wall and the tympanic membrane in the occluded one (see Sec. 2.4.2).
In harmonic regime, the volume velocity is transferred back and forth and alternatively changes
sign. The volume velocity cannot literally “leak” (even through the earcanal opening) since it
comes in and out. Qualifying the volume velocity transfer between the wall and the entrance
as a “leak” and that between the wall and the tympanic membrane as a “trap” may provide a
“mental image” (Stenfelt & Reinfeldt, 2007) of these transfers. However, in the authors’ opinion,
the terms “leak™ and “trap” do not accurately represent the physics. In both open and occluded
cases, the volume velocity is mainly transferred through the “path” of least “opposition” (see
Sec. 2.4.3). The term “opposition” is here preferred instead of “resistance” (Staab et al., 2004)

because the latter rather refers to the real part of the acoustic impedance.
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The acoustic impedance of the earcanal cavity represents its “opposition” to the volume velocity
transfer and governs its reaction in terms of acoustic pressure. The acoustic pressure does not
“leak”™ nor is it “trapped.” It simply increases because the “opposition” increases due to the

occlusion (see Sec. 2.4.4).

From a vibro-acoustic point of view, acoustic pressure and acoustic particle velocity are physical
variables that describe at every position and anytime, the continuum acoustic field made of
“acoustic particles” which oscillate around their rest position (see Sec. 2.4.2). In this way, only
acoustic waves travel and could literally “leak.” A “leak” could be interpreted as acoustic
waves not being or being little reflected while a “trap” would mean a high or perfect reflection.
Assuming acoustic plane wave propagation in the earcanal cavity at low frequencies, the normal

incidence pressure reflection coefficient Iéf is defined (Bruneau, 2013) by

ok ZF = poco/Si

e o Zi T Pocoloi 2.12
" ZF+ poco/Si =12

with Zl.", where i € {ent, TM}, the acoustic impedance of the earcanal entrance or the tympanic
membrane seen from the earcanal cavity and pgco the characteristic impedance of the air.
Figure 2.11 displays Iéf in (a) modulus and (b) phase. In the low-frequency regime, the modulus
of the earcanal opening reflection coefficient is close to the acoustically rigid occluded earcanal
entrance and higher than the tympanic membrane. The earcanal opening is thus rather a “trap”
than a “leak” for acoustic waves at low frequencies which are almost entirely reflected due to the
impedance mismatch between the open earcanal cavity and the surrounding environment just
like in the occluded case due to the acoustically rigid termination. However, the change of phase
between open and occluded cases (see Fig. 2.11(b)) influences the way how acoustic waves are
reflected at the earcanal entrance and thus governs the multiple acoustic wave reflections pattern
inside the earcanal cavity. At low frequencies, the occlusion does not “trap” acoustic waves

since they are already mainly “trapped” in the open earcanal cavity but rather influences the way

how acoustic waves are “trapped.”
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Figure 2.11 Reflection coeflicient of the earcanal
entrance (open and occluded) and the tympanic
membrane in (a) modulus and (b) phase

However, the reflection coeflicient of the earcanal entrance is not exactly equal to unity in the
open case. In harmonic regime, a fraction of time-averaged injected acoustic power is radiated
through the earcanal opening in the surrounding environment (see Sec. 2.4.5). In the case of
a rigid occlusion, no acoustic power is radiated through the earcanal entrance. The question
then arises: does the reduction, from W,7" to 0, of the acoustic power radiated at the earcanal
entrance (i.e., the seal of the acoustic power “leak’) could explain the OE ? To answer this
question, the following hypothetical situation is considered: the occlusion only implies that
the acoustic power radiated at the open earcanal entrance is now dissipated at the tympanic
membrane assuming an equal injected acoustic power in both open and occluded configurations.
The resulting OE is denoted OEj..x. At low frequencies, the OE can be expressed in terms
of acoustic power dissipated at the tympanic membrane because the acoustic pressure field is
homogeneous over the tympanic membrane surface (see Appx. VIII). Based on the open earcanal
cavity acoustic power balance, O Ej..i is defined by (see Appx. VIII)

OEjcar = 10log;, (1 + W”pe"/W;f:j") . (2.13)

ent
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According to Fig. 2.9, OE)..x (dash-dotted curve) is negligible which means that the reduction
of the acoustic power radiated at the earcanal entrance cannot cause the OE, as suggested
by Brummund er al. (2014). Indeed, the acoustic power radiated at the earcanal opening is
significantly lower than the increase of acoustic power dissipated at the tympanic membrane
due to the occlusion because the earcanal wall is not an ideal source of acoustic power (see
Sec. 2.4.5). An interpretation in terms of acoustic power “leak” could be better adapted in the
case of constant input acoustic power in open and occluded cases (e.g., insertion loss induced
by an earplug for an external acoustic excitation). Moreover, the OE is well explained without
accounting for acoustic losses at low frequencies (see Sec. 2.4.6). Interpreting the OE in terms

of acoustic power thus departs from its fundamental mechanism.

In the authors’ opinion, the aforementioned common interpretations of the OE misrepresent the
underlying physical phenomena. Since the role of the earcanal cavity acoustic impedance is
useful to explain the fundamental mechanism of the OE (Hansen, 1998; Stenfelt & Reinfeldt,
2007; Zurbriigg et al., 2014), an interpretation based on this concept is found more accurate.
For example, the occlusion increases the “opposition” of the earcanal cavity to the volume
velocity imposed by its wall and increases the amplitude of the acoustic pressure that is generated
in reaction, leading to the OE. In the case of hearing aids, the open-fitting decreases this
“opposition” and thus the OE. In the case of earplug, an incomplete seal has a similar effect at
frequencies lower than the Helmholtz resonance formed by the system: the neck of the resonator
corresponding to the incomplete seal at the earplug/earcanal wall interface and the resonator
cavity being the partially occluded earcanal (Hansen, 1998; Brummund, 2014; Sgard et al.,
2019). In the general case, the deep-fitting reduces the OE because the volume velocity imposed
by the earcanal wall to the occluded earcanal cavity decreases since the surface as well as the
vibration amplitude of the remaining earcanal wall diminish with the insertion depth (Zurbriigg

etal.,2014).
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2.6 Conclusion

The physics of the OE has been thoroughly revisited at low frequencies using a 3D FE model of
an outer ear in conjunction with an associated EA model. This study has analyzed and illustrated
the earcanal wall vibration, the transfer of volume velocity imposed by the earcanal wall, the
“opposition” of the earcanal cavity to this transfer, the acoustic pressure generated in reaction
and the associated acoustic power flow in the earcanal cavity open and occluded by an infinite
impedance. In particular, the distribution of the earcanal wall vibration is shown to influence the

acoustic mass of the open earcanal cavity seen by its vibrating wall.

The earcanal wall vibration distribution has been characterized by its curvilinear centroid
position which has also been assumed as the location of the volume velocity source in the EA
model. This assumption has been successfully evaluated for several earcanal wall vibration
patterns induced by various sets of loading and boundary conditions applied to the FE model. In
harmonic regime, the volume velocity is alternatively transferred in the earcanal cavity through
the “path” of least “opposition” (i.e., acoustic impedance), between the source and the earcanal
entrance in the open case, or between the source and the tympanic membrane in the occluded
case. The increase of acoustic pressure is responsible for the increase of tympanic membrane

volume velocity in the occluded case at low frequencies.

Common interpretations of the OE in terms of “leak’ and “trap” have been shown to misrepresent
the fundamental mechanism of the OE related to the earcanal impedance change. Interpretations
based on this concept are considered more accurate. For example, the occlusion increases the
“opposition” of the earcanal cavity to the volume velocity imposed by its wall and thus increases
the acoustic pressure generated in reaction, leading to the OE. In this study, the distribution of the
earcanal wall normal velocity has been shown to greatly influence the vibro-acoustic behavior of
the open earcanal (and thus the OE) while that of the occluded earcanal is not affected due to
the use of an acoustically rigid occlusion defined at the earcanal entrance. For future work, the
intricate influence of the occlusion device, in conjunction with the earcanal wall vibration, on

the OE, could be investigated.
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3.1 Abstract

The occlusion effect is commonly experienced by in-ear device wearers as an increased loudness
sensation of bone-conducted low-frequency sounds. A widespread theory proposed by Tonndorf
and based on a simplified electro-acoustic model describes the phenomenon as the removal of
the open earcanal high-pass filter effect due to a perfect or partial occlusion. However, this filter
has not been clearly defined and several ambiguities remain. Revisiting the model, a second
order high-pass filter effect for the volume velocity transferred between the earcanal wall and
the eardrum is highlighted. This filter remains for partial occlusion but vanishes for perfect
occlusion. In the latter case, the volume velocity transferred from the earcanal cavity to the
middle ear through the eardrum drastically increases, which explains the predominance of the

occluded outer ear pathway on the hearing by bone-conduction at low frequencies.

3.2 Introduction

The occlusion effect (OE) is experienced as an increase of the auditory perception to bone-
conducted sound when covering or blocking the earcanal (Berger, 2003). In everyday life, the OE

is usually described as one’s own voice perceived as “hollow” or “talking into a barrel” (Mueller
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et al., 1996). This perception is the conjunction of the bone-conducted transmission increase
and the air-conducted transmission decrease due to the occlusion device (Stenfelt & Reinfeldt,
2007). A common objective measurement of the OE is defined as the difference between sound
pressure levels (SPLs) measured close to the tympanic membrane in occluded and open earcanal.
This phenomenon is most prominent at low frequencies, typically below 1 kHz, and for shallow

occlusions (Berger, 2003).

Since the first descriptions of experimental findings underlying the OE in the 1830s, several
theories were developed to explain this phenomenon over the course of the next century.
Historical reviews of these theories can be found in Huizing (1960); Tonndorf et al. (1966). In
the 1960s, two explanations of the OE were developed. The first one, submitted by Huizing
(1960), was based on the change in resonance properties of the earcanal due to its occlusion.
A few years later, this concept was investigated experimentally by Tonndorf ez al. (1966) and
deemed valid only above 1 kHz. At low frequencies, Tonndorf rather suggested that the OE
was a result of the removal of the open earcanal high-pass filter effect due to the occlusion
(Tonndorf, 1964; Tonndorf et al., 1966; Tonndorf, 1972). This theory relied on a simplified
electro-acoustic (EA) model of the open and occluded earcanal. This model, involving acoustic
mass and compliances, was the first model of the OE and has inspired several authors to date
(Stenfelt & Reinfeldt, 2007; Carillo et al., 2020). However, the open earcanal high-pass filter
mentioned by Tonndorf has not been clearly defined and the simplified EA model has only been
put forward to illustrate the concept, not to investigate the filter’s parameters nor its removal due

to a partial or perfect occlusion.

In the literature, the open earcanal filter effect has been mainly interpreted in terms of acoustic
energy transfer (Stenfelt & Reinfeldt, 2007; Kuk, 1991; Fagelson & Martin, 1998; Small & Hu,
2011; Brummund et al., 2014). Tonndorf himself related the open earcanal filter effect to the
energy dissipated at the open earcanal entrance: “The open earcanal acts as a high-pass filter
so that low-frequency sounds are dissipated through its external opening” (Tonndorf, 1972).
However, since (i) these resistances are not required to model the OE at low frequencies (Carillo

et al., 2020) and (ii) Tonndorf’s model itself did not include them to account for dissipation of
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acoustic energy, the filter effect is not necessarily related to dissipation phenomena. Furthermore,
the acoustic power dissipated through the earcanal opening is negligible at low frequencies in
the open case compared to acoustic power dissipated in the earcanal cavity and at the tympanic
membrane, and its reduction due to the occlusion cannot explain the OE (Carillo et al., 2020).
In the occluded case, Tonndorf explained that “the high-pass filter effect is eliminated, either

partially or totally, depending upon the quality of the seal” (Tonndorf, 1972).

Tonndorf’s theory has been widely quoted in the literature to explain the fundamentals of the
OE at low frequencies until recently (e.g., (Khanna et al., 1976; Berger & Kerivan, 1983;
Schroeter & Poesselt, 1986; Howell et al., 1988; Kuk, 1991; Fagelson & Martin, 1998; Stenfelt
et al., 2003; Stenfelt & Goode, 2005; Reinfeldt er al., 2007; Stenfelt & Reinfeldt, 2007; Lee,
2011; Small & Hu, 2011; Brummund et al., 2014, 2015)). However, in the authors’ opinion, this
theory suffers from several ambiguities and remains unclear. To the authors’ knowledge, no work
has revisited in detail this widespread theory. The aim of the present paper is thus to investigate
and clarify the open earcanal high-pass filter effect and how perfect and partial occlusions affect
it. For this purpose, a revisited EA model inspired from Tonndorf’s is presented. This work is
believed to contribute to a better understanding of Tonndorf’s theory and of the fundamental

mechanism of the OE at low frequencies.

3.3 Models of the occlusion effect

3.3.1 Review of Tonndorf’s model

Figure 3.1 presents the EA model of an open and occluded earcanal proposed by Tonndorf et al.
(1966) for a bone-conducted stimulation at low frequencies. The source responsible for the
acoustic pressure p generated in the earcanal cavity is identified by Tonndorf to be the vibration
of the earcanal wall. At that time, the mandibular condyle of the lower jaw was also believed to
be a part of this source, but it has since then been shown to have little influence (Stenfelt et al.,
2003). In the open case (see Fig. 3.1(a)), the air within the earcanal cavity is accounted for using

an acoustic compliance Cg¢ near the tympanic membrane and an acoustic mass Lg¢ near the
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earcanal opening. In the occluded case (see Fig. 3.1(b)), the earcanal cavity is approximated
by an acoustic compliance Cg¢. In both cases, the tympanic membrane is approximated by an

acoustic compliance Cry,.

The ambiguous points in Tonndorf’s model are now highlighted. Firstly, the acoustic pressure
generated in the earcanal cavity is identically referred to as p in both open and occluded cases.
It is certain that the acoustic pressure cannot be equal in both cases, or else the OE would be
zero. In EA models subsequent to that of Tonndorf, the vibration of the earcanal wall has
been represented as an equivalent and ideal source of volume velocity (Schroeter & Poesselt,
1986; Stenfelt & Reinfeldt, 2007; Zurbriigg et al., 2014; Carillo et al., 2020) which is not
affected by the acoustic load. The acoustic pressure generated by the source then depends on the
earcanal acoustic properties which differ when the earcanal is open or occluded. Secondly, the
separation between the portion of air controlled by the acoustic mass Lg¢ and that controlled
by the acoustic compliance Cgc in the open case has not been detailed. In a previous paper,
the authors showed that the junction between both portions is defined by the location of the
equivalent volume velocity source in the earcanal (Carillo et al., 2020). In addition, the authors
highlighted that the location of this source is not arbitrary but rather corresponds to the centroid
position of the spatially distributed earcanal wall normal velocity. In the occluded case, the
acoustic compliance Cg¢ only depends on the occluded earcanal residual volume. Cgc is thus
not necessarily the same in both open and occluded cases, depending on the occlusion device
insertion depth. Thirdly, the two compliances Cry; and Cgc¢ in series in Tonndorf’s model
should be arranged in parallel since they share the same acoustic pressure, not the same volume
velocity (Carillo et al., 2020). Fourthly, the transfer function of the open earcanal, described
by Tonndorf as a high-pass filter due to the acoustic mass Lgc, has not been explicitly defined
(i.e., physical nature of the input and output signals). In addition, this filter has been related to
the earcanal opening acoustic “dissipation” while no acoustic resistance was accounted for in
Tonndorf’s model. Furthermore, the “removal” or “elimination” of this filter due to a partial or
perfect occlusion of the earcanal opening has not been explicitly reported. Thus, Tonndorf’s

explanation of the OE remains unclear.
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Since the first three ambiguous points have been clarified previously, we now focus on the fourth
point related to the filter effect. As mentioned in the introduction, this clarification is important
in the authors’ opinion since the “removal of the open earcanal filter effect” is commonly used

to explain the OE induced by perfect or partial occlusion.

(a) Open EC z (b) Occluded EC

Occlusion
device

Tympanic
membrane

Tympanic
membrane

Figure 3.1 Tonndorf’s EA model of (a) an open and (b) occluded earcanal.
Adapted from Tonndorf (1964)

3.3.2 Revisited electro-acoustic model

3.3.2.1 Layout

In order to investigate the open earcanal filter effect mentioned by Tonndorf and its change due
to a perfect and a partial occlusion, three configurations are modeled here using a revisited EA
model illustrated in Fig. 3.2: (a) an open earcanal, (b) a perfectly occluded earcanal and (c) a
partially occluded earcanal with a coaxial hole of radius 7, = 0.9 mm and length /;, = 21 mm
(dimensions equivalent to those used by (Hansen, 1998) for comparison with experimental data
in Sec. 3.3.3). Perfect and partial occlusions are defined at the earcanal entrance and correspond
to an extreme case of shallow insertion. The volume velocity g,,,;; imposed by the earcanal wall
represented by the source Q is thus equal in all cases. The earcanal is considered as a circular
cross-sectional duct of curvilinear length /g = 34.7 mm and varying radius rg¢ (z), with z the
earcanal curvilinear axis. The earcanal shape is taken from a realistic 3D finite element (FE)
model of an outer ear (Carillo et al., 2020) and displayed in Fig. 3.3. The volume velocity source

Qs located at a distance /. = 23.6 mm from the tympanic membrane. This distance corresponds
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to the centroid position of the earcanal wall normal vibration and has been computed using the

3D FE model to which the current EA model is associated (Carillo et al., 2020).

(a) Open EC (b) Perfectly occluded EC (c) Partially occluded EC (hole)
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Figure 3.2 Revisited EA model of an (a) open, (b) perfectly occluded and (c) partially
occluded earcanal

The source Q divides the earcanal into an upstream section and a downstream section (see Fig. 3.2).
In all cases, the downstream section is dominated at low frequencies by its compressibility effect
of acoustic compliance Cy;. The downstream section is terminated by the tympanic membrane.
The acoustic impedance Z7); (complex-valued) of the tympanic membrane is defined by the
model of Shaw & Stinson (1981) (see Appx. IV). In the open case, the upstream section is
dominated by its inertia effect represented by the acoustic mass L,. The radiation impedance
of the earcanal opening is modeled by the acoustic impedance of a baffled circular piston of
radius r,.,; = 2.8 mm equal to that of the earcanal entrance (see Appx. V) and is governed at low
frequencies by an acoustic mass L,,4. In the occluded case, the upstream section is dominated
by the acoustic compliance C,. The expressions of localized constants C4, C,,, L, and L, 4

derived from the 3D FE model are provided in Carillo et al. (2020) (see Table 2.1 in Sec. 2.3.2.1).

In the partially occluded case, the upstream section includes both the acoustic mass L, and the
acoustic compliance C,, since their respective importance depends on the hole impedance seen
by the upstream section. The acoustic impedance of the hole is defined by Z), = R, + j a)LZq.
The equivalent acoustic mass of the hole qu =Lp+L, + Lfa 4 Includes the hole acoustic

mass Ly, the acoustic mass of discontinuity L ;. due to the sudden change of section at the
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Figure 3.3 Earcanal radius rg¢ (z) as a function of the
earcanal curvilinear axis z used in the EA model

earcanal entrance (Karal, 1953), and the acoustic mass of radiation Lfa d in the surrounding
environment. The equivalent acoustic mass is associated with viscous losses represented by the

acoustic resistance Rj (Bruneau, 2013). Table 3.1 summarizes the calculation of Ry, Ly, L ;.

and Lfa 4+ Itis noteworthy that the expressions of R and L, are adapted for a “large” hole such

that |kv,~ /thrh| > 10 where k,;/;; represents either viscous or thermal wavenumbers (Bruneau,

2013).

Table 3.1  Calculation of the localized constants included in the
hole impedance Zj,. pg = 1.2 kg m™ is the air density and
u = 1.8313 x 107> Pa s is the air dynamic viscosity. H (@)
represents the correction factor of the discontinuity mass L ;, as a
function of «, the ratio of the hole and the earcanal entrance radius,
and can be approximated by H (@) = 1 — 1.25a for @ < 1 (Mechel,
2008)

_ V2powp _ poln — 8po he — 800
Ry = Tlh Ly = a2 Ldis (@) = 37r2th (@) Lmd 3

NS]

3.3.2.2 Indicators

In order to clarify the filter effect described by Tonndorf and its role on the OE, a transfer
function is sought between the source and the tympanic membrane. According to Fig. 3.2, the

acoustic pressure at the tympanic membrane is equal to that generated by the source Q because
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the earcanal downstream section is governed by its compressibility effect in all cases at low
frequencies. The acoustic pressure generated by the source depends, however, on the acoustic
impedance seen by the source, which differs between all cases. On the other hand, the volume
velocity transferred to the tympanic membrane is not equal to that imposed by the source and
can differ in each case. A transfer function in terms of volume velocity between the volume
velocity imposed by the earcanal wall g,,,;; and that transferred to the tympanic membrane g7y,
is computed as

sk
Tk — d1m

§ T k € {open, perf — occl, part —occl} . 3.1
wall

In Eq. (3.1), the value of ¢,,,;; can be chosen arbitrarily since it is a transfer function whereas
qAéi  1s computed using the EA model in each case and depends on all acoustic impedances and

localized constants involved (see Fig. 3.2).

Simplified expressions of volume velocity transfer functions can be developed to help their
interpretation and highlight the high-pass filter effect (see Sec. 3.3.3). To do so, the acoustic
impedance at the tympanic membrane is first approximated to the compressibility effect of the
middle ear cavity volume of acoustic compliance Cry;. This approximation is reasonable for
frequencies below 500 Hz (Stepp & Voss, 2005; Carillo et al., 2020). Secondly, the acoustic
resistance R, associated to viscous losses in the hole is omitted. Its influence is discussed in
Sec. 3.3.3. Applied to Eq. (3.1), these approximations lead to the following straightforward

expressions for the three cases of Fig. 3.2:

_wZ (Lu + Lrad) CTM

TP ~ , 3.2

7 1- w2 (Lu + Lrad) (Cd + CTM) ( )
erfe C
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The OE is defined in terms of tympanic membrane acoustic pressure pry by

AN
Prm

~open
Prm

OE,, = 20log,, (

) , m € {perf —occl, part —occl} . (3.5)

Since the tympanic membrane acoustic pressure is related to the associated volume velocity by
15§ v = Zry X (ﬁ - the OE can be rewritten in terms of volume velocity transfer functions fq"

such as

~m
Tq

~open

q

) : (3.6)

Compared to Eq. (3.5), Eq. (3.6) of the OE is strictly limited to occlusions (perfect or partial)
performed at the earcanal entrance such that the volume velocity imposed by the earcanal wall is
equal to the open case. If the occlusion occurs deeper in the earcanal, the OE computed using
Eq. (3.6) would be weighted by the ratio of volume velocity imposed by the earcanal wall in

occluded and open cases.

3.3.3 Results and discussions

The moduli of the volume velocity transfer function defined by Eq. (3.1) are displayed in Fig. 3.4
in dB for the open, occluded and partially occluded (hole) cases. Consider first the open case.
The proportion of volume velocity transferred between the vibrating earcanal wall and the
tympanic membrane is the lowest at 100 Hz (minimum frequency of interest) and increases up to
1 kHz (maximum frequency of interest). To interpret this result, Eq. (3.2) gives an approximation
of the volume velocity transfer function. The latter exhibits a second order high-pass filter.
As the frequency increases, the inertia effect of the earcanal upstream section jw(Ly, + Lyqq)
imposes more “opposition” to the volume velocity transfer, unlike the compressibility effect of
the earcanal downstream section [ jw(Cy + Cra)]~", which diminishes with frequency. The
conjunction of both phenomena is responsible for the increase of the volume velocity transferred
between the earcanal wall and the tympanic membrane with frequency squared (+40 dB/decade,
see Fig. 3.4). This transfer is maximum at the quarter-wavelength acoustic resonance of the

open earcanal around 3 kHz (out of the frequency range of interest).
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As suggested in introduction, the open earcanal high-pass filter effect is therefore not related
to acoustic dissipation at the earcanal opening. Indeed, the acoustic resistance of radiation
representing the acoustic dissipation at the earcanal opening can be neglected and the open
earcanal high-pass filter effect is still there (see Eq. (3.2)). Therefore, the explanation of the
high-pass filter effect provided by (Tonndorf, 1972) and the interpretations of the filter effect
in terms of acoustic energy transfer seen in the literature are not accurate. Indeed, the open
earcanal high-pass filter effect is caused by the acoustic radiation of the open earcanal entrance,
which is governed at low frequencies by the acoustic mass of radiation L,,4. In practice, acoustic
radiation include dissipative effect through an acoustic resistance associated with the acoustic
mass of radiation. However, as mentioned above, this acoustic resistance has little influence on
the acoustic pressure radiated by the earcanal wall in the earcanal cavity and can be neglected
(Carillo et al., 2020). The previous discussion clarifies and deepens the understanding of the

high-pass filter effect presented by (Tonndorf et al., 1966).

In the perfectly occluded case, the proportion of volume velocity transferred between the earcanal
wall and the tympanic membrane is approximately constant with frequency (see Fig. 3.4). In
this case, the earcanal upstream section is governed by its compressibility effect rather than its
inertia effect. The high-pass filter effect thus vanishes (see Eq. (3.3)). From 100 Hz to 1 kHz,
the volume velocity transferred through the eardrum is 55 to 10 dB greater in the occluded
case compared to the open case. Hence, the volume velocity transferred through the middle
ear (up to the cochlea) in addition to that transferred by bone-conduction via the ligaments
connecting the ossicles to the tympanic cavity (not accounted for here), is significantly increased
when the earcanal is occluded (Schroeter & Poesselt, 1986). As a result, while the outer ear
pathway is of little influence on the hearing by bone-conduction when the earcanal is open
(Stenfelt et al., 2003; Stenfelt, 2016), it becomes predominant when the earcanal is occluded

(Schroeter & Poesselt, 1986; Stenfelt er al., 2003).

When the earcanal is partially occluded, Fig. 3.4 shows that the volume velocity transferred
between the earcanal wall and the tympanic membrane increases with frequency by approximately

+40 dB/decade (similar to the open case) until it reaches a maximum around approximately
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450 Hz. This transfer is then almost constant with frequency (similar to the occluded case).
The approximation given by Eq. (3.4) exhibits a second order high-pass filter, just like the
open earcanal. The partially occluded earcanal, however, behaves as a Helmholtz resonator
rather than a quarter-wavelength resonator. The Helmholtz resonance frequency is given by
fo = [4712 (LZ‘ICM + (Lu + qu) (Cry + Cd))]_l/z. This resonance is mainly damped by the
acoustic resistance of the tympanic membrane and to a lesser extent on the hole viscous resistance
R, depending on the hole radius. These resistances are neglected in the approximation given by
Eq. (3.4) which is not used in Fig. 3.4 for this reason. If the acoustic mass qu of the hole is
significantly higher than that of the earcanal upstream section L, (e.g., hole radius small enough
or length long enough), the hole corresponds to the neck of the Helmholtz resonator whereas the
whole earcanal acts as the resonator cavity. On the contrary, if the length of the vent tends to
zero and if its radius goes to that of the earcanal entrance, the partially occluded case tends to

the open case (i.e., Eq. (3.4) tends to Eq. (3.2)).
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Figure 3.4 Level in dB (factor 20) of the volume
velocity transfer function Tq defined between the earcanal
wall and the tympanic membrane in open, perfectly
occluded and partially occluded (with a hole) cases
computed using Eq. (3.1)

The change in volume velocity transfer function between open and partially occluded cases is
now investigated regarding the OE. Figure 3.5 displays the OE induced by the perfect and the

partial occlusions of the earcanal entrance. In the perfect occlusion, the OE is maximum at
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100 Hz and decreases with frequency by approximately —40 dB/decade. This slope is similar to
literature data (Schroeter & Poesselt, 1986; Stenfelt & Reinfeldt, 2007; Brummund et al., 2014)
and results from the removal of the open earcanal high-pass filter effect. Tonndorf’s model
therefore included the minimum features to simulate the objective OE for a perfect occlusion.
When the earcanal is partially occluded, the OE increases from 100 Hz to approximately 450 Hz

and decreases above this frequency.

Figure 3.5 also displays the OE measured by Hansen (1998) on a human subject for a shallow
partial occlusion. Simulation and experimental data exhibit similar slopes. The model
approximately predicts the resonance frequency observed in experimental data around 450 Hz.
However, the model overestimates the measured OE by approximately 6 dB in the whole
frequency range of interest (100 Hz to 1 kHz). This difference in OE amplitude most likely
comes from the difference in insertion depth between the current model (defined at the EC
entrance) and the measurement (shallow insertion). Indeed, since the OE decreases with
increasing insertion depth, the simulated OE is therefore higher than the measured OE. The
influence of the insertion depth on the OE can be accounted for by adjusting the volume velocity
imposed to the occluded EC cavity (Schroeter & Poesselt, 1986; Stenfelt & Reinfeldt, 2007;
Zurbriigg et al., 2014). When the occlusion device is deeply inserted, the OE is significantly
reduced (Berger, 2003; Stenfelt & Reinfeldt, 2007).

The maximum of the OE induced by the partial occlusion occurs at the resonance frequency
(around 450 Hz in Fig. 3.5) of the Helmholtz resonator formed by the hole and the earcanal cavity
(Hansen, 1998; Brummund, 2014; Zurbriigg et al., 2014). Below the Helmholtz resonance, the
OE is significantly reduced compared to the perfect occlusion and approximately constant with
frequency. The amplitude of the OE is given by the ratio between the acoustic mass of the hole
and that of the open earcanal. The hole acts as a low acoustic impedance pathway for the volume
velocity transfer. This phenomenon has inspired the use of vent in hearing aids to decrease the
OE (Mueller et al., 1996; Carle et al., 2002; Winkler et al., 2016). It is however associated
with acoustic feedback which decreases the intelligibility provided by hearing aids. In the case

of earplugs, an incomplete seal is generally avoided since it decreases their sound attenuation
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(Viallet, Sgard, Laville & Nélisse, 2015). Fit testing methods have been developed to prevent
this. In the simplest case, the perception of the OE can even be used as an estimate of the seal

quality: the greater the perceived OE, the greater the seal (Berger, 2003).

Perfect occlusion, Sim.
--4--- Partial occlusion, Sim. |4
- - - - Partial occlusion, Exp.

Frequency [Hz]

Figure 3.5 OE induced by a perfect and a partial (with a
hole) occlusions (at the earcanal entrance) computed
using Eq. (3.5) of the EA model. In addition,
experimental data provided by Hansen (1998) are also
displayed for a shallow partial occlusion

3.4 Conclusion

This paper has revisited and deepened the understanding of the high-pass filter effect mentioned
by Tonndorf and how this filter is changed in occluded case (perfect or partial). The EA model
proposed by Tonndorf has been clarified, and used to highlight a second order high-pass filter
for the volume velocity transferred between the earcanal wall and the tympanic membrane in the
open earcanal. The open earcanal high-pass filter effect is caused by the acoustic radiation of
the earcanal opening which is governed at low frequencies by the acoustic mass of radiation
whereas acoustic dissipation at the earcanal opening plays a negligible role and cannot explain
the high-pass filter effect. The perfect occlusion replaces the open earcanal high-pass filter
effect by a filter constant with frequency. On the contrary, the partial occlusion (hole) exhibits a
high-pass filter effect just like the open earcanal but behaves as a Helmholtz resonator. For a
perfect occlusion, the OE can be described as the removal of the open earcanal high-pass filter

effect. In consequence, the volume velocity transferred from the earcanal cavity to the middle
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ear through the tympanic membrane drastically increases, which explains the predominance
of the occluded outer ear pathway on the hearing by bone-conduction at low frequencies. For
a partial occlusion, however, the OE results from a change in properties of the open earcanal

high-pass filter effect, which is not removed.
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4.1 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.
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On the contrary, the proposed method does not require the knowledge of the eardrum acoustic

impedance.

4.2 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 entrance is covered or blocked. This phenomenon is most significant at low frequencies,
typically below 1 kHz, and decreases above (Berger, 2003). 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 (Doutres et al., 2019). Hearing
aid users can also be affected by the OE (Kochkin, 2010), which is, however, greatly reduced by
using vents or open-fit hearing aids (Winkler et al., 2016). 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 (Barany, 1938; Békésy, 1948, 1949; Huizing, 1960; Tonndorf, 1964; Khanna
et al., 1976; Berger & Kerivan, 1983; Stenfelt et al., 2003; Stenfelt & Goode, 2005; Dobrev
et al., 2017; Sohmer, 2017; Chordekar et al., 2018; Zhao, Fridberger & Stenfelt, 2021). The
occlusion of the earcanal 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 earcanal wall when the earcanal entrance is occluded. The

vibration of the earcanal wall constitutes the source of the OE.

This vibration is expected to be maximum in the cartilaginous part of the earcanal and minimum
in the bony part (Stenfelt et al., 2003). Most probably because of experimental difficulty, the
spatial distribution of the earcanal wall normal vibration has never been directly measured.
Indeed, direct measurement methods such as Doppler laser vibrometer or accelerometer could be

intricate to perform in a human earcanal due to its small size, its tortuosity and the presence of hair
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and wax. However, the spatial distribution of the earcanal wall normal vibration has significant
influence on the vibro-acoustic behavior of the open earcanal (Carillo et al., 2020). In addition,
this distribution governs the reduction of the OE with insertion depth (Schroeter & Poesselt,
1986; Stenfelt & Reinfeldt, 2007). Furthermore, the earcanal wall normal vibration distribution
could influence the contribution of earplugs to the OE (Hansen, 1998; Lee, 2011; Brummund
et al., 2015). Also, this distribution could be influenced by the bone-conducted stimulation
which is known to influence the OE (Hansen, 1998; Reinfeldt et al., 2013; Saint-Gaudens et al.,
2019) but remains unexplained. The earcanal 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 earcanal wall normal vibration by its centroid position (Carillo
et al., 2020). This centroid position represents the center of normal velocity distributed over
the earcanal wall surface. Also, the authors have shown that the centroid position corresponds
to the location of the equivalent volume velocity source representing the earcanal wall normal
vibration in an associated electro-acoustic (EA) model of the open earcanal (Carillo et al.,
2020). Therefore, the centroid position could be used as a vibratory indicator of the earcanal
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 sensitive bony part of the earcanal.

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 (1960). In order to highlight a
standing wave pattern in the occluded earcanal, Huizing measured the objective OE (i.e., sound
pressure level (SPL) difference between occluded and open earcanal) induced by an external
capped duct coupled to the earcanal entrance of a human subject submitted to a bone-conducted
stimulation. Negative OEs were observed depending on the length of the coupling duct. Huizing
(1960) interpreted these minima as acoustic resonances of the coupled system and assumed

the occurence of an acoustic pressure node at the eardrum. In this paper, however, it is shown
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that the acoustic pressure node does not occur at the eardrum but at the centroid position of the
earcanal wall normal velocity induced by the bone-conducted stimulation. Using an EA model
of the earcanal 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 latter 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 parameters influencing

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

4.3 Principle of the method

To estimate the centroid position of the earcanal wall normal velocity, the proposed indirect
method requires (i) the physical measurement of the acoustic pressure transfer function between
the earcanal open and occluded by an external capped duct coupled at the earcanal entrance
and (ii) analysis using an EA model of the earcanal coupled to the same duct. Section 4.3.1
describes the experimental setup and the measurement procedure of the proposed indirect
method. Then, Sec. 4.3.2 details the EA model associated with the indirect method and used to
estimate the centroid position of the earcanal wall normal velocity. Finally, Sec. 4.3.3 presents
the methodology of the numerical evaluation and investigation of the proposed method using a
3D FE model of an outer ear. No measurements are performed in this work. The experimental

investigation of the proposed method will be the subject of a future paper.

4.3.1 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 (Reinfeldt et al., 2013)). Figure 4.1 illustrates the corresponding
experimental setup. In the occluded case (see Fig. 4.1(b)), a circular cross-section coupling duct

is used. Its outer cross-sectional area must fit in the earcanal entrance plane. Since the earcanal
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cross-sections (including the earcanal entrance) are generally not circular (Stinson & Lawton,
1989), the circular cross-section of the coupling duct is necessarily smaller than the earcanal
entrance surface. The coupling duct is not inserted in the earcanal 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 earcanal 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 earcanal is not
trivial (Farmer-Fedor & Rabbitt, 2002; Hudde & Schmidt, 2009). Therefore, the earcanal
entrance used in the proposed method could be chosen based on geometrical consideration
(Voss, Horton, Fairbank, Xia, Tinglin & Girardin, 2020). In any case, however, the proposed
method can only estimate the centroid position of the earcanal wall normal velocity between the

chosen earcanal 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. 4.4.1). An EA model of the coupled system (presented in next section) is then
used to estimate the centroid position of the earcanal 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 earcanal shape function between the eardrum and the coupling duct and
the geometric dimensions (inner radius and length) of the coupling duct. The earcanal shape
can be obtained from magnetic resonance images (Benacchio, Doutres, Varoquaux, Wagnac,
Le Troter, Callot & Sgard, 2019), 3D scans (Lee, Yang, Jung, Bok, Kim, Kwon & You, 2018),
earcanal imprint (Voss et al., 2020) or estimated using indirect acoustic method (Hudde, 1983).

In theory, the EA model also requires the tympanic membrane acoustic impedance.

4.3.2 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 earcanal wall normal velocity. This model is illustrated in Fig. 4.2 and consists

of the earcanal coupled to an external capped duct. This model is adapted from a previous
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Figure 4.1 (a) Open and (b) occluded earcanal
experimental setup associated with the indirect method
proposed to estimate the centroid position of the earcanal
wall normal velocity induced by a bone-conducted
stimulation

model developed by the authors (Carillo et al., 2020). The earcanal is considered as a circular
cross-sectional duct of curvilinear length [g¢ and radius rgc(z) where z is the earcanal middle
axis. These parameters are calculated from the measured earcanal shape (Stinson & Lawton,
1989). The equivalent acoustic source Q represents the vibrating earcanal wall and is located at
a position /. which corresponds to the centroid position of the earcanal wall normal velocity
(Carillo et al., 2020). The earcanal downstream section goes from the eardrum to the source
while the upstream section goes from the source to the earcanal entrance. An acoustic impedance
Zrwm is defined at the eardrum. At low frequencies, the downstream section is governed
by its compressibility effect of acoustic compliance C,, associated with acoustic resistance

R,4. The vibro-acoustic behavior of the earcanal upstream section depends on its inertia and
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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 Carillo et al.
(2020) (see Table 2.1 in Sec. 2.3.2.1). The vibro-acoustic behavior of the open earcanal upstream
section also depends on the acoustic impedance Zy,, of the coupling duct seen from the earcanal.

This acoustic impedance is given by Zduet = — Jj qu“" cot (l%fg“ ld,m) / (ﬂrczlm_t) with the duct

duct

length 1;,, its radius rg,;, the imaginary number j, and the equivalent wavenumber k eq

and characteristic impedance Zf[’;” accounting for visco-thermal losses in the duct, calculated
using a low reduced frequency model detailed in Appx. VI. Since the duct inner cross-section
is smaller than the earcanal entrance area, a discontinuity occurs at the earcanal entrance and
implies an inertia effect at the medial aperture of the coupling duct. The acoustic mass of
discontinuity is given by L, = 8poH () /(37*rquc:) (Karal, 1953). H (a) corresponds to
the correction factor of discontinuity as a function of «, the ratio between the duct and the
equivalent earcanal entrance radius, and can be approximated by H (@) = 1 — 1.25« for large

discontinuities (Mechel, 2008) and to zero for negligible discontinuities.
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Figure 4.2 (a) Geometry of the earcanal coupled to the
external capped duct and (b) its corresponding EA model.
The tympanic membrane is indicated at z = 0
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4.3.3 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 practical to study the influence of several parameters of

the coupled system which could influence the accuracy of the method.

4.3.3.1 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. (2014)
from cryosection images of a female cadaver from the Visible Human Project®. Recently, this
model has been improved by the authors (Carillo et al., 2020). The latter model is illustrated in
Fig. 4.3(a) in the open case. The shape of the earcanal is also displayed in Fig. 4.4 assuming
circular cross-sections. In the occluded case, the model is adapted here to include the external
duct (see Fig. 4.3(b)). The earcanal 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 earcanal wall
(Carillo et al., 2020). The middle and inner ears are accounted for using the acoustic impedance
Zrwm applied at the tympanic membrane and defined by Shaw and Stinson’s model detailed in
Appx. IV. The vibration of the TM and the ossicles induced by the bone-conducted stimulation
are thus not accounted for. However, the contribution of this vibration to the sound pressure
level (SPL) generated in the earcanal is not expected to have significant influence, at least at
low frequencies below the middle ear resonance (Schroeter & Poesselt, 1986; Stenfelt ef al.,
2002, 2003). In the open case, the acoustic impedance 7,44 is defined at the earcanal entrance
plane to account for the acoustic radiation in 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 earcanal entrance plane. The external duct is coupled to

the earcanal entrance in the normal direction and with a perfect seal. The outer surface of the
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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 Fig. 4.3(b))
is studied in Sec. 4.4.1.

Acousto-mechanical FE model Acoustical FE model
(a) Skin (c) {TMCR:  curvilinear axis S
tissue ;
Temporal ” i
bone |
5
EC entrance z —

U.A\ ‘o
I
Soft entrance M>‘<A ﬁ S —
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tissue P

(b) . : Small g
, - . tube \
(e)i (f) i Slanted
i : . duct 0
"' External

K& duct ! /

/ (o}

- Lateral end <
Duct holder @ circumference O g

Figure 4.3  Acousto-mechanical FE model of the outer ear (a) open and (b) occluded by an
external capped duct coupled to the earcanal entrance using a duct holder; purely acoustical
FE model of the earcanal (c) open and (d) occluded by the external duct normal to earcanal
entrance plane. In subplot (e), an incomplete seal between the earcanal cavity and the duct
is accounted for as a small tube coupled to the earcanal entrance. In subplot (f), the
orientation of the duct forms an angle of 30° with the normal to earcanal entrance plane.
The coordinate system refers to superior (S), inferior (I), posterior (P), anterior (A), medial
(M) and lateral (L)

4.3.3.2 Purely acoustical model

The purely acoustical 3D FE model of the earcanal open and occluded by the external capped

duct is now presented (see Fig. 4.3(c) and (d)). The accuracy of the acoustical model is
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Figure 4.4  Earcanal radius r . (z) of the 3D FE model
assuming circular cross-section and displayed as a
function of the earcanal middle axis z. The eardrum
coupling region and the earcanal entrance are indicated

assessed against the acousto-mechanical model in Sec. 4.4.1. In the purely acoustical model,
the earcanal and the coupling duct are rigidly walled (except the eardrum boundary where the
acoustic impedance Zruy is defined). The earcanal wall normal vibration is accounted for as
an equivalent volume velocity source Q located on the earcanal middle axis at a curvilinear

., . FE
position [

= 23.6 mm. This location corresponds to the curvilinear position of the earcanal
wall normal velocity centroid computed using the acousto-mechanical 3D FE model (Carillo

et al., 2020).

In practice, an incomplete seal could occur at the earcanal 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 (Hansen, 1998). It can be made of several interconnected pathways
(Macrae & McAlister, 1989). Here, this incomplete seal is modeled as a small tube of radius r;
and length /; coupled to the earcanal entrance, in parallel with the external duct (see Fig. 4.3(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 external duct could be
coupled in a direction that differs from the normal direction to the earcanal entrance cross-section
(see Fig. 4.3(f)). The influence of the incomplete seal and the duct orientation is investigated in

Secs. 4.4.2.5 and 4.4.2.3.
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4.3.3.3 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 #, strain tensor &,

and stress tensor g at all points of solid domains (Atalla & Sgard, 2015):

V- +pw’i=0, (4.1)
G=C:¢ (4.2)

N
=5 (va+(wa)). (43)

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 dampin?g, is
accounted for as a multiplier (1 + jn;) in the stiffness matrix where 775 corresponds here to the
isotropic loss factor. Mechanical properties of skin, cartilaginous and bony tissues come from

Brummund er al. (2014). Material properties of solid domains are summarized in Appx. IIL.

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

acoustic domains is governed by Helmholtz equation:
Vp+ki,p =0, (4.4)

where p denotes the sound pressure and & ¢q 18 the complex wavenumber accounting for viscous
and thermal losses using a low reduced frequency model (see Appx. VI). Air properties used

here are given in Appx. II.

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

as 0 n = —p n, where n is the normal vector at the interface, whereas the continuity of normal

displacements is given by ——dp / on

Pow? u-n.
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In the acousto-mechanical FE model, a standard (i, p) formulation is used to solve for both
displacements in solids and pressures in the fluid (Atalla & Sgard, 2015). In the purely acoustical

FE model, the problem is only solved for pressures.

The geometry 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 A, is defined by A = ¢/ 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

3 E(l1-v)
L= \/p(l ) (1-2v) ()

and

cr = E, (4.6)
Je,

with E, p, v and G the Young’s modulus, density, Poisson’s ratio and shear modulus respectively.

Figure 4.5 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 < ﬁ§M>, where k € {open, occl}. Using the acousto-mechanical 3D FE model only, the
centroid position vector is computed by (Carillo ez al., 2020)

/ )_C|9n,wall(3_5)| ds

Swall

X = .
- / |ﬁn,wall(-§)| ds

Swall

4.7)
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where x is the position vector in 3D space, S,,4; is the earcanal wall surface and ¥, 47 (x) is the
complex-valued earcanal wall normal velocity. From Eq. (4.7), the curvilinear position /£ of
the centroid position is obtained by the normal projection of x_ on the earcanal middle axis and

it is used in the purely acoustical 3D FE model as mentioned previously.
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Figure 4.5 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)

4.4 Results and discussions

This section is organized as follows. In Sec. 4.4.1, the centroid position of the earcanal wall
normal velocity is estimated using the inverse method proposed in this paper. In Sec. 4.4.2,
the influence of several parameters of the coupling system is numerically investigated. Finally,

Sec. 4.4.3 briefly discusses the main limitations of the work presented herein.
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4.4.1 Estimation of the centroid position from acoustic pressure transfer function

In this section, the experimental setup (see Sec. 4.3.1) of the proposed method is simulated
using both 3D FE models (see Sec. 4.3.3). 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 centroid position of the virtual outer ear of interest is estimated using the associated EA
model (see Sec. 4.3.2) and compared to the centroid position directly computed using the

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

Figure 4.6(a) and (b) display respectively the level in dB and the phase of the tympanic membrane
acoustic pressure transfer function between the earcanal 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 earcanal
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 Fig. 4.6(a),
the transfer function amplitude reaches a local minimum and a local maximum. Figure 4.6 also
displays the results computed using the purely acoustical 3D FE model in which the earcanal
wall normal vibration is modeled as an equivalent ideal source of volume velocity located at
the centroid position of the corresponding vibration (see solid 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 FE models due to the elastic modes of
deformation of the coupling duct (not accounted for in the purely acoustical FE 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 Fig. 4.6.
According to Fig. 4.6(a) and (b), local extrema of the transfer function amplitude are associated

with sudden phase shifts which characterize the occurrence of acoustic antiresonance (local
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minimum at 516 Hz) and acoustic resonance (local maximum at 725 Hz) in the earcanal coupled

to the duct.
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Figure 4.6 (a) Level in dB (factor 20) and (b) phase of
the tympanic membrane acoustic pressure ratio between
the occluded and the open earcanal computed using the
acousto-mechanical and the purely acoustical 3D FE
models. The occlusion is ensured by a capped duct
coupled at the earcanal 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

To illustrate these acoustic phenomena, Fig. 4.7 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 Fig. 4.7(a), the acoustic pressure level is minimum in the region between the

eardrum and the centroid position of the earcanal 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 earcanal upstream section (from the centroid position to the earcanal

entrance) coupled to the external duct and corresponds to an antiresonance seen by the earcanal

wall normal vibration which encounters a pronounced acoustic pressure dip at its centroid
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position. The acoustic pressure is also approximately minimum up to the eardrum because
the vibro-acoustic behavior of the earcanal downstream section (from the centroid position
to the eardrum) is governed by its compressibility effect (Carillo et al., 2020). In Fig. 4.7(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 earcanal wall
normal vibration. Unlike resonance, antiresonance depends on the location of the source which
corresponds to the centroid position of the earcanal wall normal vibration. Therefore, acoustic

antiresonance can be used to estimate the centroid position.
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Figure 4.7 Acoustic pressure field in dB (factor 20) in the earcanal 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

To the authors’ knowledge, no experimental data of the transfer function displayed in Fig. 4.6 exist
in the literature. Huizing (1960), however, 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 earcanal. In Appx. IX, 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
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good agreement. Huizing interpreted OE minima as acoustic resonances with an acoustic
pressure node at the eardrum. Several years after Huizing, Tonndorf (1964) reproduced this
experiment and obtained similar results which were 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 earcanal wall normal velocity (see Fig. 4.7(a)). At antiresonance frequencies, the
acoustic pressure is also minimum at the eardrum for the reason explained above (i.e., earcanal

downstream section governed by its compressibility effect).

The antiresonance frequency of the coupled system is then determined from the transfer function
of Fig. 4.6 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 earcanal. The use of the OE, however, has the
advantage to avoid the influence of variations of the earcanal 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 earcanal 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 earcanal wall normal vibration with a 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 EA model. This assumption could be debatable mainly
in the coupling region between the earcanal and the external duct and to a lesser extent in the

tympanic membrane coupling region.
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Regarding in particular the coupling region between the earcanal 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 Jue; Of the duct (see Sec. 4.3.2). The acoustic mass is calculated
from Karal’s formula (Karal, 1953) developed for the coupling between two cylindrical ducts of
constant radius. In the 3D FE model, however, the cross-section of the earcanal is not circular
and its shape varies along the earcanal middle axis (see Fig. 4.4). Schmidt & Hudde (2009)
underlined that the mass of discontinuity is critically dependent on the shape of the earcanal
entrance region. Therefore, the EA model cannot exactly account for the influence of the earcanal
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.

4.4.2 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 earcanal, the
presence of an incomplete seal between the coupling duct and the earcanal entrance, the earcanal
shape, the temperature in the coupled system and the earcanal 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.

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

In the acousto-mechanical 3D FE model, the centroid position of the earcanal wall normal
velocity does not significantly vary between 100 Hz and 1 kHz (Carillo et al., 2020). 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 be used to cover the frequency
range (100 Hz to 1 kHz). Here, in addition to the 150 mm duct used in Sec. 4.4.1, two additional

duct lengths are used: 750 and 75 mm. In the case of a 750 mm duct, several antiresonances
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occur between 100 Hz and 1 kHz but only the lowest frequency is considered here. Table 4.1

FE

presents the first antiresonance frequency f, .

of the earcanal 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

FE

estimate the centroid position from the antiresonance frequencies f, ", .

Table 4.1 presents the
difference Al between the centroid position /£4 estimated by the EA model and the effective
centroid position /7' used in the acoustical 3D FE model. According to Table 4.1, this difference
is maximum for the longest duct (+1.2 mm) and minimum for the shortest (-0.1 mm). As
discussed in Sec. 4.4.1, the error of estimation of the EA model mainly comes from the way the
discontinuity at the earcanal entrance is accounted for between the earcanal 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 4.1  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)

Liuee (mm] | fFE  [Hzl, FE model | Al = [E4 — [TF [mm]
750 104 +1.2
150 516 +0.3
75 980 -0.1

In order to illustrate the calculation of the method sensitivity, Fig. 4.8 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 in the eardrum coupling region 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, Fig. 4.8
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
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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, & = (105 — 103)/(34.7 — 8) ~ 0.1 Hz mm™!. 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 earcanal 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.

4.4.2.2 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 earcanal entrance considered here. In
this section, the influence of the duct radius on the mean sensitivity of the method is investigated.
Figure 4.9 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 and 75 mm). The duct radius g,
decreases from the equivalent radius rg¢ (Igc) = 2.8 mm of the earcanal entrance (assuming
circular cross-section) to almost 0.5 mm. For each duct radius, the mean sensitivity of the method
1s higher for the 75 mm duct compared to the 150 mm duct for the reason explained in Sec. 4.4.2.1.
For both ducts, the mean sensitivity of the method would be maximum if the duct could have the
same radius as the earcanal entrance (assuming circular cross-section). 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 duer SEEN from the earcanal entrance increases,
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Figure 4.8 Antiresonance frequency computed as a
function of the source position comprised between the
eardrum coupling region and the earcanal entrance using
the EA model for three duct lengths. In each case, the
duct inner radius is equal to 2 mm

mainly due to (i) the sudden change in section between the earcanal entrance and the duct and
(i1) the augmentation of visco-thermal losses in the coupling duct. In consequence, the earcanal
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 Fig. 4.2(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 Fig. 4.9). For small enough duct radius (below approximately

0.5 mm), the antiresonance phenomenon itself vanishes in the low-frequency range of interest
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because there is no more wave propagation in the coupling duct due to visco-thermal damping
and the earcanal coupled to the duct behaves as if the earcanal 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

earcanal entrance) whereas the thickness of its wall should be minimum.
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Figure 4.9 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 and
75 mm)

4.4.2.3 Orientation of the coupling duct

In previous simulations, the direction of the coupling duct has been assumed normal to the plane
of the earcanal 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 earcanal entrance plane. In this section, the influence of a variation of the duct
direction 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 earcanal entrance normal
direction (see Fig. 4.3(f)). Similarly to what proposed Schmidt & Hudde (2009), the rotation
of the coupling duct is performed around a fixed point corresponding to the intersection of the

earcanal middle axis and the earcanal entrance plane where the duct is coupled. Therefore, the
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curvilinear length of the earcanal remains untouched, as well as the length of the coupling duct.
The change in orientation increases, however, the area of the coupling between the earcanal
entrance and the duct. Table 4.2 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 4.2 also presents the variation A/, 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 4.2, Al is close to 0.3 mm for each
duct. The method proposed here to estimate the centroid position of the earcanal wall normal

velocity is thus little influenced by the duct orientation in the range of variation considered here.

Table 4.2  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

Liue: (mm] | fFE  [Hz], normal direction | /7% = [Hzl, 30° slanted | Al [mm]
150 516 516.5 +0.3
75 980 982 +0.3

4.4.2.4 Coupling position of the external duct

In previous simulations, the external capped duct has been exactly coupled to the earcanal
entrance plane. In practice, however, the coupling position of the duct could be slightly more
inside or outside the earcanal compared to the chosen position of the earcanal 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 4.3 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 earcanal entrance plane) to —3 mm (inward the
earcanal 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
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is the highest when the coupling position is the farthest inside the earcanal (see Table 4.3). This
is explained by the reduction of the distance between the centroid position and the lateral capped
end of the duct. Table 4.3 also presents the variation A/, 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 earcanal entrance plane (i.e., a coupling position
variation of 0 mm). When the effective coupling position is shifted outside the earcanal, the
centroid position is estimated further in the earcanal, and vice versa (see Table 4.3). Also, the
error in the estimated centroid position is lower than the coupling position shift (in absolute
value). This error, however, depends on the earcanal shape and tends to be equal to the coupling
position shift when the earcanal shape is straight (not shown in Table 4.3). The maximum error

in the estimated centroid position is thus bounded by the coupling position shift.

Table 4.3  Influence of the coupling position (relative to the
earcanal 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

lguct [mm] | Coupling position [mm] a’%‘i os LHZ] | Al [mm]

+3 513 -1.9
+1.5 514 -0.8

150 0 517 0
-1.5 520 +0.9
-3 523 +2.3
+3 962 2.2
+1.5 970 -1.2

75 0 979 0
-1.5 991 +0.9
-3 1005 +2.3

4.4.2.5 Incomplete seal at the earcanal/duct junction

In previous simulations, a perfect seal has been assumed between the coupling duct and the
earcanal wall at the earcanal 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 and
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75 mm. The incomplete seal is modeled as a small cylindrical tube of radius r; and length /;
coupled at the earcanal entrance in parallel with the external coupling duct (see Fig. 4.3(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 4.4 presents the change in antiresonance
frequency computed using the 3D FE model. Table 4.4 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 4.4, 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 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 small around the antiresonance frequency
because the acoustic pressure is already minimum in the earcanal (see Fig. 4.7(a)). The influence
of an incomplete seal is rather of significant importance when the acoustic pressure is maximum
in the earcanal (e.g., at low frequencies for an occlusion ensured at the earcanal entrance (Hansen,
1998)). 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 (Voix & Hager, 2009; Trompette, Kusy & Ducourneau,
2015).

4.4.2.6 Straight cylindrical earcanal versus 3D earcanal shape

In previous simulations, the shape of the earcanal was perfectly known. If the 3D shape could not
be measured, could the earcanal 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 earcanal of constant radius 2.8 mm and length 34.7 mm is used. The radius corresponds
to the equivalent radius of the 3D earcanal entrance (assuming circular cross-section) whereas the

length is equal to the curvilinear length of the 3D earcanal. Table 4.5 presents the antiresonance
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Table 4.4  Influence of an incomplete seal between the duct and the earcanal
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 /; connected to

the earcanal entrance in parallel with the coupling duct. The influence on the

centroid position estimated using the EA model is also presented

liue: (mm] | fFE  [Hzl, perfect seal | f7E = [Hzl, incomplete seal | Al, [mm]
518 +0.9
150 516 517 +0.5
520 +1.8
986 +0.7
75 980 983 +0.4
992 +1.4

frequency of the coupled system using the 3D earcanal shape and the straight earcanal for two
duct lengths (150 and 75 mm). For both coupling ducts, higher antiresonance frequencies
are obtained with the straight earcanal compared to the real 3D earcanal shape. Due to the
absence of constriction close to the earcanal entrance in the straight earcanal compared to the
3D earcanal shape (see Fig. 4.4), the acoustic mass of the earcanal upstream section is smaller in
the former than the latter earcanal. In consequence, the effective length of the earcanal upstream
section appears smaller in the straight earcanal than in the 3D earcanal shape, explaining the

antiresonance frequencies difference between both.

Table 4.5 also presents the influence of the earcanal shape on the estimated centroid position.
The estimation is performed from antiresonance frequencies of the 3D earcanal shape coupled
to the external ducts using the EA model which assumes a straight earcanal. According to
Table 4.5, neglecting the 3D earcanal 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 earcanal shape and how the latter

differs from a cylindrical shape.
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Table 4.5 Influence of the earcanal shape on the antiresonance frequency
computed using the EA model. The influence on the centroid position estimated
using the EA model is also presented

Layer [Imm] a’fg‘ires [Hz], 3D earcanal shape afizl?ires [Hz], straight earcanal | A/, [mm]
150 517 543 -8.5
75 979 1083 -7.4

4.4.277 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. X details the
calculation of air properties from temperature, atmospheric pressure and relative humidity.
These values can be easily measured during the experiment. An uncertainty exists, however,
regarding the temperature in the earcanal occluded by the coupling duct. Indeed, assuming that
the temperature of the earcanal wall is close to 37°C while the ambient temperature is equal to
19°C, a gradient of temperature occurs between the earcanal 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 earcanal is equal to 7. = 37°C

whereas the temperature in the coupling duct is equal to T’

uer = 19°C and (ii) the temperature

in the coupled system is homogenous and equal to 37°C. Table 4.6 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 earcanal 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 4.6 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 4.6, an error
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in temperature of the earcanal 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 A/, = 2.7 mm for
the 75 mm duct). The knowledge of the temperature in the earcanal is thus of lesser importance

than that in the coupling duct.

Table 4.6  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

liue: Imm] | Temperature [°C] | 22 [Hz] | Al, [mm]
Tyr = Tauer = 19 517 0
150 T =37, Tauer = 19 518 +0.6
Tpr = Tauct = 37 533 +4.8
Ty = Tauer = 19 979 0
75 Toe =37, Tauer = 19 986 +0.6
Tpi = Tauer = 37 1010 +2.7

4.4.2.8 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 earcanal. Since the acoustic antiresonance occurs in
the earcanal upstream section coupled to the external duct, one may wonder if it is necessary to
account for the earcanal downstream section and the acoustic impedance associated with the
eardrum. Table 4.7 presents the change in centroid position estimated by the EA model when
the eardrum only or the whole earcanal 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
negligible for the 75 mm duct. Neglecting the entire earcanal downstream section (i.e., replacing
its acoustic impedance by an infinite impedance) 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
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obtain with accuracy (Schmidt & Hudde, 2009). In addition, the EA model does not require the
shape of the earcanal downstream section to estimate the centroid position. However, since the
centroid position is a priori unknown before its estimation, the earcanal shape must be known at

least up to the tympanic membrane coupling region.

Table 4.7 Influence of the earcanal downstream section
and tympanic membrane acoustic impedance on the
centroid position estimated by the EA model

Lguer [mm] Configuration Al,. [mm]
150 Rigid eardrum -0.2
Rigid earcanal downstream section -04
75 Rigid eardrum -0.04
Rigid earcanal downstream section -0.1

4.4.3 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 (i) 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 earcanal, 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,
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on the OE. Therefore, stimulation by chewing or speech could be required. However, lower
jaw movement implies large deformation of the earcanal (Darkner, Larsen & Paulsen, 2007;
Bouchard-Roy, Delnavaz & Voix, 2020). In consequence, the position of both the coupling duct
(compared to the chosen earcanal entrance plane) and the centroid of the earcanal wall 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 (Saint-Gaudens et al., 2019). 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.

4.5 Conclusion

In this paper, the principle of an indirect method has been proposed to estimate the centroid
position of the human earcanal 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 earcanal 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 earcanal open and occluded by an external capped duct coupled to the
earcanal entrance. These local minima correspond to acoustic antiresonances occurring in the
earcanal 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 earcanal open and occluded by the external capped duct. The sensitivity of the
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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 earcanal entrance
dimension) and any incomplete seal between the duct and the earcanal should be avoided. Also,
the earcanal shape, the coupling position between the earcanal 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 artificial ears and human

subjects.
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5.1 Abstract

The use of earplugs is commonly associated with an increased perception of the bone-conducted
part of one’s own physiological noise. This phenomenon is referred to as the occlusion effect
and is most prominent at low frequencies. Several factors influence the occlusion effect such
as the ear anatomy, the bone-conducted stimulation and the type of occlusion device, its fit,
insertion depth and material properties. The latter factor is of great interest in order to potentially
reduce the occlusion effect of passive earplugs. This paper investigates the mechanism(s) of
contribution of earplugs to the objective occlusion effect. A 2D axi-symmetric finite element
model of the outer ear is used and investigated in an electro-acoustic framework. Simulation
results are shown to compare reasonably well with measurement data, which qualifies the model
to study the influence of earplugs on the occlusion effect. Two mechanisms are highlighted:
(i) a Poisson effect induced by the normal component of the earcanal wall vibration and (ii)
a longitudinal motion caused by the tangential component of the earcanal wall vibration. By
varying the geometry of the surrounding tissues, the spatial distribution of the earcanal wall

vibration is shown to influence the contribution of the earplug to the occlusion effect.
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5.2 Introduction

The use of earplugs is commonly accompanied by an increased perception of the bone-conducted
part of one’s own physiological noise (e.g., one’s own voice, chewing, heartbeat, etc.), a
phenomenon called occlusion effect (OE) (Berger, 2003). This phenomenon is most significant
at low frequencies (<1 kHz) for shallow occlusion and is deemed to be a notable source of
discomfort, especially to workers wearing earplugs (Doutres et al., 2019). As a consequence,
these hearing protection devices may not be worn consistently and/or correctly (Doutres et al.,
2019). The name “OE” encompasses several descriptions of the phenomenon: (i) objective OE
defined as the sound pressure level (SPL) difference measured by placing a microphone at or
near the eardrum between occluded and open configurations (Barany, 1938; Huizing, 1960;
Stenfelt & Reinfeldt, 2007; Reinfeldt et al., 2013; Brummund et al., 2015), (ii) subjective OE
defined as the difference between the open and occluded hearing thresholds (Huizing, 1960;
Berger & Kerivan, 1983; Stenfelt & Reinfeldt, 2007; Reinfeldt er al., 2013), and (iii) perceptive
OE related to the discomfort induced by the phenomenon and commonly quantified using
questionnaires (Brown-Rothwell, 1986; Conrad & Rout, 2013). The perceptive OE is certainly
the most important to reduce since it is directly related to the acoustical comfort dimension of
earplugs’ wearers. Both subjective and perceptive OE involve all bone-conduction pathways
whereas the objective OE only involves the outer ear pathway. Since (i) this study focuses on
the alteration of the outer ear pathway, and (ii) the outer ear pathway dominates the hearing by
bone-conduction when the earcanal is occluded (Stenfelt ez al., 2003), this paper only deals with

the objective OE, hereafter simply referred to as the OE for the sake of conciseness.

At low frequencies, the fundamental mechanism of the OE induced by an acoustically rigid
occlusion of the earcanal entrance is explained by the acoustic impedance increase from the
mass-controlled open earcanal to the compliance-controlled occluded earcanal. This impedance
increase is responsible for the augmentation of the sound pressure radiated by the vibrating
earcanal wall in the occluded case compared to the open one (Stenfelt & Reinfeldt, 2007,
Berger & Kerivan, 1983; Carillo et al., 2020; Hansen, 1998; Zurbriigg et al., 2014). Several

factors are known or are a priori expected to influence the OE and to explain its large variability
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documented in the literature: (i) the ear anatomy (e.g., the earcanal geometry (Zurbriigg et al.,
2014), the distribution and properties of the tissues surrounding the earcanal (Stenfelt ef al.,
2003; Carillo et al., 2019), (ii) the position (Reinfeldt et al., 2013) and nature (Hansen, 1998) of
the bone-conducted stimulation, and (iii) the type of occlusion device (Schroeter & Poesselt,
1986; Stenfelt & Reinfeldt, 2007), its fit (Hansen, 1998; Sgard et al., 2019), insertion depth
(Stenfelt & Reinfeldt, 2007; Brummund et al., 2014), and material properties (Hansen, 1998;
Lee, 2011; Brummund et al., 2015). While the two first groups of factors are intrinsic to the
wearer of earplugs and cannot be changed in practice, the third set of factors related to the
contribution of the earplug on the OE is of great interest in order to reduce this phenomenon and

increase the acoustic comfort of earplugs.

To the authors’ knowledge, Barany (1938) was the first to suggest, in 1938, that the sound
pressure generated in the earcanal occluded by an earplug could be caused by its vibration in
the earcanal cavity, rather than generated only by the normal vibration of the “free” earcanal
wall (i.e., the portion not covered by the earplug (Békésy, 1932, 1960). Since then, few studies
have been dedicated to understanding the earplug influence on the OE (Hansen, 1998; Lee,
2011; Lee & Casali, 2011; Brummund et al., 2015; Sgard et al., 2019). These studies are now

discussed.

Hansen (1998) carried out OE experimental measurements on human subjects using a continuous
speech, nasal sound and chewing stimulation for both foam and custom acrylic earplug at medium
insertion. The OE was found 5 to 15 dB lower for the foam compared to the acrylic earplug at low
frequencies. In order to explain the phenomenon, Hansen developed a lumped element model of
the occluded earcanal. As a first step, the acoustical effect of the earplug on the earcanal SPL
was modeled as an acoustic impedance, assuming that the sound pressure was solely generated
by the “free” earcanal wall surrounding the occluded earcanal cavity. By measuring the acoustic
impedance of a foam earplug, Hansen showed that its medial surface was seen as an acoustically
rigid surface from the occluded earcanal cavity. Hansen concluded that if a foam earplug has an
infinite impedance, then so does a silicone earplug. Hence, the OE difference between both

earplugs cannot be explained by the acoustic impedance of their medial surface. Hansen then
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hypothesized two other mechanisms of contribution of the earplug to the occluded earcanal SPL.
In the first mechanism, Hansen (1998) assumed that the earplug vibrates as a rigid body (at least
at low frequencies) in the longitudinal direction (i.e., earcanal central axis) depending on its
mass (similar to what was suggested by Barany (1938)) and on the elasticity of the earcanal wall
surrounding tissues covered by the earplug. However, Hansen’s model predicted a decrease of
the occluded earcanal SPL when the earplug mass increased whereas the opposite was observed
experimentally (the acrylic earplug was heavier than the foam earplug but generated the greatest
OE). Hansen concluded that the vibration of the medial earplug surface did not contribute to
the occluded earcanal SPL. However, the influence of other earplug mechanical properties was
not investigated since the earplug was considered to be rigid. In the second mechanism, while
considering that the whole (open or occluded) earcanal wall vibration acted as an ideal source of
volume velocity, Hansen proposed that the mass of the earplug decreased the vibration of the
portion of the earcanal wall coupled to the earplug, thus increasing the vibration of the “free”
earcanal wall (not coupled to the earplug). By this mechanism, Hansen’s model predicted that
a heavy earplug caused a higher OE compared to a light earplug, such as a silicone earplug
compared to a foam earplug. The role of the earplug mass attributed by Hansen to the OE is,
however, in contradiction with an experimental work provided by Watson & Gales (1943) who
showed that there is no direct relation between the earplug mass and the resulting OE. Also, the
assumption proposed by Hansen (1998) considering that the whole earcanal wall vibration acts
as an ideal volume velocity source seems debatable when the earcanal wall is coupled to the
earplug. The presence of the earplug could rather be expected to decrease the vibration of the

whole earcanal wall.

In an attempt to understand the influence of the earplug on the OE, Brummund et al. (2015)
investigated the difference in OE between a foam and a silicone earplug at medium insertion,
both experimentally and numerically using a 2D axi-symmetric FE model of the outer ear which
accounts for anatomical tissues surrounding the earcanal cavity. Simulations showed that most
of the acoustic power dissipated at the eardrum was injected by the medial earplug surface rather

than the “free” earcanal wall surface, especially for the silicone earplug compared to the foam
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earplug. Brummund et al. concluded that the contribution of the “free” earcanal wall was of
secondary importance compared to the contribution of the medial earplug surface, at least for
medium insertion, contrary to what Hansen (1998) proposed. However, Brummund et al. did

not explain how the earplug contributed to the OE.

Lee & Casali (2011) carried out an experimental study to examine the influence of the earplug
type on the OE for shallow and medium insertions. Experimental results showed that the influence
of the earplug type significantly increased with insertion depth. These results demonstrated that
the relative contribution between the “free” earcanal wall and the medial earplug surface depends
on the insertion depth of the earplug. Sgard et al. (2019) observed the increase of the earplug
influence on the OE with insertion depth using the FE model developed by Brummund et al.
(2015). In the limits of the model (discussed along this paper), FE simulations showed that the
earplug did not significantly influence the vibration of the “free” earcanal wall. This emphasized
that the influence of the earplug on the OE is directly driven by radiation of the medial earplug
surface in the occluded earcanal cavity. However, the vibro-acoustic behavior was investigated
and interpreted in terms of acoustic power flow in the occluded earcanal cavity. This approach
revealed intricate acoustic power exchanges, in particular between the medial earplug surface

and the “free” earcanal wall, but did not explain the mechanism(s) of contribution of the earplug.

This paper is a continuation of previous studies (Brummund et al., 2015; Sgard et al., 2019) and
focuses on the understanding of the influence of the earplug on the OE in order to ultimately
be able to modify earplug designs to reduce the magnitude of the phenomenon. In particular,
this study aims at explaining the difference in OE highlighted in experimental studies (Hansen,
1998; Lee & Casali, 2011; Brummund et al., 2015) between a foam and a silicone earplug and
its dependence on the insertion depth (Lee & Casali, 2011). For this purpose, a improved model
of the 2D axi-symmetric FE model initially developed by Brummund et al. (2015) is proposed.
The use of a 2D axi-symmetric truncated model of the outer ear considerably decreases the
computation time compared to a realistic 3D truncated model (Brummund et al., 2014) and

even more in comparison with a whole head model (Chang et al., 2016; Xu et al., 2019). In
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addition, the simplified geometry of the current 2D axi-symmetric model greatly facilitates the

examination of the role of the earplug on the objective OE.

To analyze and interpret the FE results, an electro-acoustic (EA) framework of the open and
occluded earcanal is developed. The conjunction of both FE model and EA framework allows
for a straightforward interpretation of the complex phenomena involved in the vibro-acoustic
behavior of such an occluded outer ear excited by bone-conducted stimulation (Carillo ez al.,
2020). Compared to past EA approaches (Tonndorf et al., 1966; Schroeter & Poesselt, 1986;
Hansen, 1998; Stenfelt & Reinfeldt, 2007; Zurbriigg et al., 2014; Carillo et al., 2020), the medial
earplug surface is here accounted for as an ideal source of volume velocity which is distinct from
the source representing the “free” earcanal wall surrounding the occluded earcanal cavity. Hence,
FE simulations are investigated in terms of volume velocity imposed by the “free” earcanal wall
and the medial earplug surface to the occluded earcanal cavity. The influence of the earplug
mechanical properties is studied using a design of experiment for shallow, medium and deep
insertion depths. In addition, the influence of the earcanal wall vibration distribution on the OE
is investigated in conjunction with the earplug insertion depth by varying the geometry of the
earcanal surrounding tissues. Simulations of the OE are compared to experimental data available
in the literature. By examining in detail the vibro-acoustic behavior of the earplug using the FE

model, this research provides insight about its mechanism(s) of contribution to the objective OE.

5.3 Finite element model of the outer ear

5.3.1 Geometry

The 3D geometry of the open ear, initially developed by Brummund ef al. (2015) from literature
data, is illustrated in Fig. 5.1(a). Since the problem is considered axi-symmetric, only a
cross-sectional cut through the (7, z) plane is depicted in Fig. 5.1(b). The outer ear consists of a
cylindrical earcanal of length /g¢ and radius rg¢ surrounded by soft (cartilage and skin) and
bony tissues. The anatomical landmarks of the pinna are not accounted for in the current model,

mainly to preserve the axi-symmetry of the problem. The geometry of the earcanal entrance
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region is thus simplified to a 2 mm protrusion from z = 0 made of cartilaginous and skin tissues.

The eardrum is assumed to mark the end of the cylindrical earcanal perpendicular to its central

axis.
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Figure 5.1 (a) 3D view of the axi-symmetric FE model of an outer ear, 2D view in the
(r, z) plane of the (b) open earcanal with (c, d) different transitions between cartilaginous
and bony tissues, and (e) 2D view of the occluded earcanal. In subplot (b), the red dashed
line at z = 0 indicates the earcanal opening, the red arrows at the top of the model indicate
where the normal force F),(z, t) is exerted and the double slash indicate fixed constraint. In

subplot (e), the drawing of the model has been cut along the z-axis (see the dashed black

line) in order to limit the size of the figure

Compared to the original model developed by Brummund et al. (2015), the thickness of the
skin surrounding the earcanal cavity varies linearly from the eardrum to the earcanal entrance
instead of changing abruptly at the bony part/cartilaginous part transition. In addition, the edge
of the skin and cartilaginous tissues at the earcanal entrance has been radiused in order to not
couple the earplug with the protruding extension representing the pinna in the occluded case.

In a real ear, the transition between soft and bony tissues along the earcanal is not clear and
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varies gradually around the 3D earcanal cavity from the earcanal entrance to the eardrum. This
transition is estimated to occur approximately at the second bend of the earcanal, close to its
half-length (Alvord & Farmer, 1997; Oliveira & Hoeker, 2003). In the current model, a “straight”
transition of the underlying tissues is assumed at the earcanal half-length. In addition, in order to
study the influence of a variation of the earcanal wall vibration distribution on the contribution of
the earplug to the OE, two other simplified anatomical geometries (“slanted” and “curved”, see
Fig. 5.1(c) and (d) respectively) of the earcanal surrounding tissues including gradual transitions
along both radial and longitudinal axis are also used (see Sec. 5.4.3). These additional transitions
have been determined from a 3D anatomical model constructed by Brummund et al. (2014)
based on cryosection images of a human female cadaver from the Visible Human Project®.
Figure 5.2 displays the 3D anatomical model developed by Brummund ez al. (2014) in subplot
(a), the “slanted” transition in subplot (b) and both “straight” and “curved” transition in subplot
(c). An example of cryosection image superimposed on a sectional view of the 3D model is
shown in Fig. 5.2(d). Figure 5.2 illustrates the geometrical complexity of the anatomical tissues
surrounding the earcanal. In the current 2D FE model, this complexity is simplified due to the

axi-symmetrical assumption.

The axi-symmetric geometrical representation of the earcanal occluded by an earplug is depicted
in Fig. 5.1(e). Two earplugs are considered: foam and silicone. Their length is equal to 15 mm
which is in between a push-to-fit foam earplug (about 10 mm length) and a roll-down foam
earplug (19 mm length). The silicone earplug represents a custom molded earplug. This selection
of two identical earplugs except for their composition, allowed for studying the influence of the
earplug material properties on the OE. Furthermore, the diameter of each earplug is identical
and selected to match exactly the inside diameter of the earcanal. Therefore, no deformation of
the earcanal surrounding tissues due to the presence of the earplug is taken into account. In the
case of the roll-down foam earplug, its insertion in the earcanal induces a radial deformation
which is accounted for by using equivalent mechanical properties (see Sec. 5.3.2). In the case
of the custom molded earplug, it is assumed here to not deform. In practice, however, custom

molded earplugs are slightly larger than the earcanal imprints from which they are made in order
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Figure 5.2 (a) 3D anatomical model of a human outer ear developed by Brummund et al.
(2014), sectional view of the model in (b) cut plane 1, and (c) cut plane 2, and (d) example
of a cryosection image from the Visible Human Project® used to reconstruct the 3D
anatomical model. Cut planes 1 and 2 are perpendicular to a same earcanal cross-sectional
plane located close to the second bend of the earcanal. Subplot (b) shows a “slanted”
transition between bony and cartilaginous tissues whereas subplot (c) shows “straight” and
“curved” transitions. The coordinate system refers to superior (S), inferior (I), posterior (P),
anterior (A), medial (M), and lateral (L)

to fit tightly and seal the earcanal. This is likely to deform the earcanal surrounding tissues of
a certain amount (Benacchio et al., 2019) but this phenomenon is not accounted here due to
the lack of knowledge of the deformation and the prestress material properties of the earcanal

surrounding tissues.

Three insertion depths, defined from the earcanal entrance to the medial earplug surface, are
considered here: shallow (6 mm), medium (12 mm) and deep (18 mm). These insertion depths

are consistent with the literature. Berger & Kerivan (1983) used partial (shallow) insertion at
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about 5 mm, standard (medium) insertion at about 10 mm and deep insertion at about 19 mm.
Stenfelt & Reinfeldt (2007) and Brummund et al. (2014) used slightly longer insertion depths
(i.e., a 7 mm shallow insertion and a 22 mm deep insertion). For the E-A-R® Classic® earplug
of 19 mm length, Berger (2013) defined the partial (shallow) insertion for about 15-20% of
the earplug inserted in the earcanal, the standard (medium) insertion for about 50-60% of the
earplug in the earcanal, and the deep insertion when about 80-100% of the earplug is inserted
in the earcanal. Considering the shorter length of the earplug considered here, the resulting

insertion depths are equivalent in this study.

5.3.2 Materials

Modeling the OE using the FE method requires the knowledge of the effective material properties
of the earcanal surrounding tissues, which are difficult to assess experimentally, and that of
the earplug. Similar to other FE models of the outer ear (Brummund et al., 2014; Chang
et al., 2016; Xu et al., 2019), solid domains are assumed to exhibit linear elastic isotropic
material behavior with constant structural loss factor. Material properties come from previously
published experimental data detailed by Brummund et al. (2015, 2014) (except for structural
loss factors which were assumed) and are summarized in Table-A 1I-1 (see Appx. II). In practice,
the earcanal surrounding tissues are more likely to be nonlinear, viscoelastic and anisotropic
materials. However, as mentioned previously, the lack of experimental knowledge about human
tissues’ mechanical properties limits the accuracy of the earcanal surrounding tissues modeling.
Also, the effective material properties of soft tissues could be influenced by the deformation of
the earcanal wall induced by the coupling with the earplug in the occluded case, depending on
the earplug type (Benacchio et al., 2019), but soft tissues’ deformation is not accounted for in

the current model as can be be understood from discussion in the prior section.

Foam material properties depend on the earplug radial strain (James, 2006). Considering the
small EAR Classic® (diameter around 12.3 mm), its insertion in the current earcanal (diameter
of 8.4 mm) leads to a radial strain of the earplug around 31%. James (2006) determined the

equivalent (i.e., effective) Young’s modulus, density and Poisson’s ratio of a foam earplug for
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several radial strains: 6%, 18% and 30%. Here, material properties of the foam earplug were
therefore taken to correspond to the 30% radial strain to account for its prestress in the earcanal.
In addition, the isotropic structural loss factor of the foam earplug (small EAR Classic®) has
been measured in the laboratory using a quasi-static mechanical analyzer (Anonymous, 2011) for
a longitudinal compression rate equal to 30%. The material properties of the silicone earplug are
taken from experimental data used by Sgard, Nélisse, Boutin, Laville, Voix & Gaudreau (2009).
In the frequency range of interest, both Young’s modulus and loss factor do not significantly vary
with frequency and are thus taken as constant (Sgard, Nélisse, Gaudreau, Boutin, Voix & Laville,
2010). Material properties of foam and silicone earplugs are summarized in Table-A II-1 (see

Appx. II).

The air within the earcanal cavity is assumed to be a perfect compressible fluid of density

po = 1.2 kg m™3 and sound speed ¢y = 343 m s~

These values are also used in the EA
model presented in Sec. ??. Viscous and thermal losses at the fluid/structure boundary are not
accounted for since they do not significantly influence the acoustic pressure nor the volume

velocity transfer in the earcanal cavity between 100 Hz and 1 kHz (Carillo et al., 2020).

5.3.3 Boundary and loading conditions

The coupling between the earcanal cavity of the open ear and the surrounding environment is
modeled as a locally reacting acoustic impedance boundary condition defined at the earcanal
entrance, similarly to other models (Schroeter & Poesselt, 1986; Stenfelt & Reinfeldt, 2007;
Brummund et al., 2014, 2015; Carillo et al., 2020). The acoustic radiation impedance of the
earcanal entrance depends on the geometry of the pinna, on the size of the earcanal entrance
and on scattering effects induced by the head and the body. This impedance is here assumed
equal to the radiation impedance Z,,4 (the caret symbol represents a complex-value) of a baffled
circular piston of the same area as the earcanal entrance (see Appx. V). At low frequencies, this
assumption provides a reasonable approximation of the measured acoustic radiation impedance
of the earcanal entrance (Hudde & Engel, 1998a). The sound radiation of the external tissue

in the open earcanal is however neglected. This effect can be accounted for by modeling the
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external air environment surrounded by a perfectly matched layer (simulating the Sommerfeld
radiation condition) (Sgard et al., 2019) but has little influence on the open earcanal SPL in the

current model (simulation not shown here).

The middle and inner ears are accounted for as a locally reacting acoustic impedance Zry
boundary condition specified at the eardrum and defined by the model of Shaw & Stinson
(1983) (see Appx. IV). This impedance compares well to measurement data at low frequencies
(Hudde & Engel, 1998a). This assumption is, however, a simplification in regard to the sound
radiation that stems from the inertial movement of the ossicles in the middle ear. However, the
SPL generated in open and occluded earcanals is not expected to be significantly influenced
by the acoustic radiation of the tympanic membrane induced by the vibration of the middle
ear ossicles excited via their ligaments by the bone-conducted sound propagation, at least at
low frequencies below the middle ear resonance (Stenfelt ef al., 2003; Schroeter & Poesselt,
1986; Stenfelt et al., 2002). Another argument supporting this assumption is that the OE would
not decrease with insertion depth if the tympanic membrane was a significant source for the
SPL generated in the earcanal (Hansen, 1998). The bone-conducted pathway through the
middle ear rather influences the vibration transmitted to the cochlea and therefore influences the
subjective OE (Huizing, 1960; Stenfelt & Reinfeldt, 2007; Schroeter & Poesselt, 1986). This
paper, however, only focuses on the objective OE (i.e., difference in SPL generated in occluded
and open cases), and in particular on the contribution of earplugs on the SPL generated in the
occluded earcanal. Finally, fixed boundary conditions applied to solid domains are indicated by

double slash in Fig. 5.1(b) whereas remaining solid boundaries are free.

The structure-borne mechanical boundary load is introduced as a uniform normal force field
Fo(z, 1) =R [A (z) /¢! ] applied to the cartilaginous and bony tissues circumferential boundary
where A (z) = 1 N (—=lg¢c < z < 0), j is the imaginary number, w is the circular frequency such
that w = 27 f with f the frequency and ¢ represents the time. It should be noted that this loading
is an idealization of the real stress vectors which act on the human tissues and likely vary in
terms of amplitude, phase and direction along the tissue boundaries. The resulting vibration of

the earcanal wall is thus analyzed in Sec. 5.4.2.
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5.3.4 Finite element modeling

A temporal dependency /! for all fields is assumed henceforth. The sound propagation in
solid domains is governed by the classic linear elasto-dynamic equation (Atalla & Sgard, 2015).
Continuity of stress vectors and displacements is assumed between solid domains. The sound
propagation within the air-filled earcanal cavity is governed by the homogeneous Helmholtz
equation V25 + k% p =0, where kg = w/cy is the lossless wavenumber. The coupling at the
earcanal wall/earcanal cavity boundary is achieved by the continuity of normal component
velocity vectors and normal component stress vectors. Finally, the coupled FE model is meshed
according to a criterion of at least six 6-noded quadratic triangular elements per wavelength
A = c/f at 1 kHz. In a solid, both compression waves and shear waves can propagate.
The shortest wavelength has to be taken at the highest frequency of interest (i.e., 1 kHz) to

determine the size of elements allowing for achieving convergence. Sound speeds associated

with compression and shear waves are respectively defined in 2D by ¢ = \/E [[2p (1 =v)]

and ¢y = \/E /[2p (1 +v)], with the Young’s modulus E, the density p and the Poisson’s ratio
v of a given solid domain. The less stiff domains, such as skin tissue are thus the most finely
meshed. The mesh of the whole model approximately consists of 4 500 elements depending on
the configuration and allows for convergence of the solution. This coupled elasto-acoustic FE
model is solved using COMSOL Multiphysics 5.5 (COMSOL®, Sweden). Displacement fields
in the tissues and acoustic pressure field in the earcanal cavity are computed at each node of the

mesh.

5.3.5 Vibro-acoustic indicators and framework of interpretation

The OE is computed from the acoustic pressure ( ﬁ§M>, where k € {open, occl}, calculated at

the tympanic membrane (surface averaged) in open and occluded case such as

(s
Aopen >

OE = 2010g10 (
Pry

). (5.1)



118

Brummund et al. (2015) proposed to investigate the OE computed using FE models based
on an acoustic power balance approach. However, acoustic power exchanges can be intricate
to investigate (i) the relative contribution between the “free” EC wall and the medial earplug
surface and (i1) the influence of the earplug material on the OE. Hence, in the current paper, a
framework of investigation based on EA analogy is provided to dissect and interpret the OE

computed using the FE model.

According to the EA framework, when the earcanal is open, the vibration of the earcanal wall

acts as an ideal source of volume velocity c}fvl; ?? defined by

wall nwall wall

qopen _ <ﬁapen >‘Sopen (5.2)

with <\7;Iif le> the surface averaged earcanal wall normal vibration computed using the FE
model and S ff; ?7 the whole earcanal wall area. The acoustic pressure generated at the tympanic
membrane by the earcanal wall vibration is then given by

~Open  __ Sopen , ~open
Prvea=Z2ec X Qypan - (5.3)

where Z77"" is the acoustic impedance of the open earcanal cavity seen by the volume
velocity source representing the earcanal wall vibration. The acoustic impedance Zg’éen can be

approximated at low frequencies (Carillo ef al., 2020) by

200"~ oo (L + Lyaa) (5.4)
with L7 = —polcn / (ﬂréc) the acoustic mass of the open earcanal cavity and L,,q =

800 / (37r2rEC) the acoustic radiation mass of the earcanal opening considered as a baffled

open

circular piston. The open earcanal acoustic mass L

depends on the centroid position /. ,

of the earcanal wall normal velocity (Carillo et al., 2020). In Appx. XI, this dependence is
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mathematically justified. In the FE model, the centroid position /., is computed by

0
/ lEc
/ lec

where the z-axis represents the earcanal curvilinear axis in the current 2D axi-symmetric FE

n wall

Aopen (Z)) dz

(5.5

lc,n

n wall

Aopen (Z)’ dz

model. In the current paper, a centroid position /., is similarly defined by Eq. (5.5) but uses

~open

the tangential component ¥, .,

of the earcanal wall velocity instead of the normal component

~open
nwall’

When the earcanal is occluded, the “free” earcanal wall (portion of the earcanal not covered by

the earplug) and the medial earplug surface impose to the earcanal cavity the volume velocities

roccl

4, and gep respectively. The volume velocity imposed by the “free” earcanal wall is defined
by
o = (opeet ) Sacch, (5.6)

with < ocel > the surface averaged earcanal wall normal vibration computed using the FE model
in the occluded case and § fvil‘?/l the “free” earcanal wall area. The volume velocity imposed by

the medial earplug surface is defined by

Gep = (Pnep) Sep, (5.7)

with (9,,, E p> the surface averaged normal vibration of the medial earplug surface and Sgp the
medial earplug surface area. Using the superposition principle, the acoustic pressure at the

tympanic membrane in the occluded case is then given by

Piiiten = 258 (ascch + aer ). (55)
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where Zg‘cd is the acoustic impedance of the occluded earcanal cavity. The acoustic impedance

ZZFCCI can be approximated at low frequencies (Carillo et al., 2020) by
ay h ~ _1
2y ~ |jo (Cpe'+ Cru) | (5.9)

where CZ_CCCI = nréc (lec = lip) / (poc(z)) represents the acoustic compliance of the occluded
earcanal cavity which depends on the insertion depth /;p and Cry represents the acoustic
compliance of the tympanic cavity volume equal here to 0.78 cm? (Carillo et al., 2020). It is
noteworthy that the simplification of the eardrum acoustic impedance to the acoustic compliance

Cr is accurate below approximately 500 Hz (Carillo et al., 2020).

Finally, by substituting Egs. (5.3) and (5.8) into Eq. (5.1), the OE computed using the FE model

can be approximated in the EA framework by

Zoccl roccl ~
ZEC X (qwall + QEP)

sopen
EC

OFE = 20log,,

(5.10)

Aopen
X qwall

5.4 Results and discussions

This section is organized as follows. In Sec. 5.4.1, the simulations of OE computed using the FE
model are compared to corresponding experimental measurements on human subjects available
in the literature in order to assess the realism of the model. In Sec. 5.4.2, the contribution of
earplugs to the OE is analyzed as a function of its insertion depth and its material properties.
In Sec. 5.4.3, the influence of the distribution of the earcanal wall vibration on the OE and in
particular on the contribution of earplugs is studied. Finally, Sec. 5.4.4 discusses the limits of

the current study.
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5.4.1 Evaluation of the finite element simulations with respect to experimental data

Figure 5.3 displays FE simulations of the OE paired with experimental data taken from the
literature. Figure 5.3(a) shows the OEs of the shallowly (6 mm) and deeply (18 mm) inserted
foam earplug computed using the FE model as a function of frequency (third octave bands)
in comparison with the median values of experimental data measured by Stenfelt & Reinfeldt
(2007) on 20 human subjects. Means and associated standard deviations were not available
in (Stenfelt & Reinfeldt, 2007). In the measurements, the bone-conducted stimulation was
ensured by a bone-transducer applied at the center of the forehead. The OE was computed as the
difference in SPL measured in the occluded and open earcanal using a probe tube microphone.
The shallow and deep insertion of the foam earplug corresponded respectively to 7 and 22 mm
from the earcanal entrance. According to Fig. 5.3(a), the greatest experimental OE is observed
for shallow insertion, and begins close to 35 dB at 125 Hz and then decreases to 9 dB at 1 kHz.
For deep insertion, the mean of experimental OE is 15 dB lower than for shallow insertion for
the whole frequency range. The model overestimates by 4 to 15 dB the median experimental OE
for shallow insertion while both simulated and median experimental OEs are in good agreement

for deep insertion.

In complement to Fig. 5.3(a), Fig. 5.3(b) shows the OE induced by the foam earplug at medium
insertion (12 mm) computed using the FE model as a function of frequency (third octave bands)
and compared to experimental data (means and associated standard deviations) obtained by
Reinfeldt ef al. (2013) on 20 human subjects. In the measurements, three positions for the
bone-transducer were considered: (i) at the center of the forehead (similar to Stenfelt & Reinfeldt
(2007)), (i1) at the contralateral mastoid, and (iii) at the ipsilateral mastoid. The OE was measured
using a probe tube microphone inserted close to the eardrum. The occlusion was ensured by a
foam earplug inserted 10 mm relative to the earcanal opening. The current FE model could
account for the influence of the stimulation position by using another set of mechanical boundary
conditions and loading than the set defined in Sec. 5.3.3. However, the present work focuses on
the influence of EP material on the OE. Hence, the influence of the stimulation position is not of

primary importance here. Furthermore, according to Fig. 5.3(b), the simulated OE lies within
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one standard deviation associated with the mean experimental data for all stimulation positions
above 200 Hz. Below this frequency, the model overestimates the mean experimental OEs by

10 dB (forehead stimulation) to 19 dB (ipsilateral stimulation) at 125 Hz.

Finally, Fig. 5.3(c) shows the OEs provided by the medium insertion (12 mm) of the foam and the
silicone earplugs computed using the FE model as a function of frequency (third octave bands)
in comparison with experimental data (means and associated standard deviations) measured by
Brummund et al. (2015) in a group of 37 participants. In the measurement, the bone transducer
was placed on the mastoid process for ipsilateral stimulation and the SPL was measured in open
and occluded earcanal using miniature microphone. Foam and custom molded silicone earplug
were respectively inserted into the earcanal at 11 + 3 mm and 12 + 1 mm from the earcanal
entrance of participants. According to Fig. 5.3(c), the greatest experimental OE is observed
for the silicone earplug, and begins close to 35 dB at 125 Hz and then decreases to 15 dB at
1 kHz. The mean experimental OE induced by the foam earplug is 8 dB lower than the silicone
earplug for the whole frequency range. For a similar insertion depth, Lee & Casali (2011) found
the same difference in OE between a foam earplug and a medical balloon-based earplug (made
of silicone and inflated after insertion) measured on 6 human subjects at 500 Hz (third octave
band). For both earplugs, the variability of experimental data decreases with frequencies above
250 Hz (see Fig. 5.3(c)). The model overestimates the mean experimental OEs induced by foam
and silicone earplugs by around 9 dB at 125 Hz and 5 dB at 250 Hz. However, the simulated
OEs lie within one standard deviation of the mean of the experimental data. The discrepancy

between simulated and mean experimental OEs then vanishes at 500 Hz and 1 kHz.
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Figure 5.3 Comparison of predicted and measured
objective OE for various conditions. (a) OEs induced by a
foam earplug at shallow (6 mm) and deep (18 mm)
insertion computed using the FE model versus
experimental data (median value only) measured on
human subjects by Stenfelt & Reinfeldt (2007) in third
octave bands. (b) OEs induced by a foam earplug at
medium insertion (12 mm) computed using the FE model
versus experimental data (mean and associated standard

deviation) measured on human subjects by Reinfeldt er al.

(2013) for contralateral, ipsilateral and forehead
stimulation in third octave bands. (c¢) OEs induced by a
foam earplug and a silicone earplug at medium insertion
(12 mm) computed using the FE model versus
experimental data (mean and associated standard
deviation) measured by Brummund et al. (2015) in third
octave bands
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The decrease with frequency of the OE (see Fig. 5.3) is explained by the change in the character of
the acoustic impedance between the open earcanal, controlled by its acoustic mass (see Eq. (5.4)),
and the occluded earcanal, controlled by its compliance (Stenfelt & Reinfeldt, 2007; Hansen,
1998; Carillo et al., 2020) (see Eq. (5.9)). The FE simulations provide this characteristic slope of
the OE but tend to overestimate the OE below 250 Hz, particularly for shallow (see Fig. 5.3(a))
and medium insertion (see Fig. 5.3(b) and (c)). This overestimation could be explained by an
incomplete seal between the earplug and the earcanal wall during OE measurements (Hansen,
1998; Brummund et al., 2014). An incomplete seal is indeed more likely to occur when the
earplug is not deeply inserted in the earcanal. The effect of an incomplete seal is not accounted
for in this work but has been also investigated by the authors (Sgard et al., 2019) and corroborates

the previous observation that it could be responsible for a reduction of the OE below 250 Hz.

Also, the simplifications of the current model in terms of geometry, boundary conditions and
loading could explain the difference in OE between simulations and experimental data below
250 Hz. First, the current model does not account for the acoustic radiation of external tissues
which could influence the SPL in the open earcanal (Brummund, 2014). This phenomenon
could be accounted for using a whole head model surrounded by the external air environment
and bounded by a perfectly matched layer (Sgard et al., 2019). Second, the current model
does not differentiate stimulation positions (e.g., forehead, contralateral mastoid and ipsilateral
mastoid) due to its truncation whereas this factor is shown to influence the experimental OE
mainly below 250 Hz (see Fig. 5.3(b)). Whole head models (Chang et al., 2016; Xu et al.,
2019) could be great candidate to account for the influence of both the acoustic pathway through
the open earcanal entrance and the stimulation position, which are not studied here. The most
important discrepancy between simulation and measurement occurs for the shallowly inserted
foam earplug (see Fig. 5.3(a)). In this case, the FE model overestimates by 15 dB the median
value of experimental data but fits between the extrema of measured OEs (Stenfelt & Reinfeldt,
2007), not presented here. The model does not necessarily represent the median subject of
experimental data but rather a particular subject. In other cases, the FE model compares well

with measurements (above 250 Hz). In particular, the FE model accurately predicts the difference
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in OE between a foam and a silicone earplug (see Fig. 5.3(c)) which makes it possible to use this

model to investigate the role of the earplug on the OE.

5.4.2 Contribution of the earplug to the occlusion effect

Figure 5.4 displays the OE induced by a foam earplug and a silicone earplug at (a) shallow
(6 mm), (b) medium (12 mm) and (c) deep (18 mm) insertions computed using the FE model. It
is noteworthy that part of the FE simulations displayed in Fig. 5.4 in narrow band have already

been presented in third octave bands in Fig. 5.3.

In Fig. 5.4, the OE induced by the infinite impedance represents a reference case in which the
contribution of the “EP” in terms of volume velocity to the OE is zero. This configuration is
used to quantify the OE only induced by the vibration of the “free” earcanal wall. It is important
to note that the differences in OE across the various insertion depths and impedances observed
in Fig. 5.4 are solely due to the vibro-acoustic response of the occluded earcanal because the
open earcanal is the same for all simulations of the OE. These differences in OE depend on
the insertion depth of the occlusion, investigated in Sec. 5.4.2.1, and on the type of occlusion
(infinite impedance, foam or silicone earplug), studied in Sec. 5.4.2.2. In the following, FE
simulations of the OE displayed in Fig. 5.4 are investigated and interpreted in the EA framework
(presented in Sec. 5.3.5). For this purpose, the accuracy of the EA framework to approximate

FE simulations of the objective OE is verified in Appx. ??.

5.4.2.1 Influence of the earplug insertion depth

According to Fig. 5.4, the OE decreases with the insertion depth for all occlusions (infinite

impedance, foam earplug and silicone earplug). In the EA framework, Eq. (5.10) indicates that
. . 13 L2 roccl

the OE depends on the volume velocity imposed by the “free” earcanal wall (¢47",) and the

medial earplug surface (§gp) and on the acoustic impedance of the occluded earcanal cavity

(ZZFCCZ ). Since the acoustic impedance chcd tends to increase when the volume of the occluded

earcanal cavity diminishes (i.e., the cavity becomes stiffer, see Eq. (5.9)), the decrease of the OE
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Figure 5.4 Predicted objective OE induced by an infinite
impedance, a foam earplug and a silicone earplug at (a)
shallow (6 mm), (b) medium (12 mm) and (c) deep
(18 mm) insertion computed using the FE model

with insertion depth is necessarily explained by the reduction of the volume velocity imposed on
the occluded earcanal cavity (Hansen, 1998; Zurbriigg et al., 2014). According to Eq. (5.10),
a sufficiently low volume velocity imposed to the occluded earcanal cavity compared to that
imposed in the open case leads to a negative OE (see Fig. 5.4(b) for the infinite impedance
occlusion and Fig. 5.4(c) for both the infinite impedance occlusion and the foam earplug
occlusion) despite the increase of the acoustic impedance of the earcanal cavity in the occluded

case compared to the open one (Carillo et al., 2020).
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When the occlusion is created by an infinite impedance earplug, the resulting OE is solely due
to the volume velocity imposed by the “free” earcanal wall. This volume velocity c?fvzclll depends
on the surface averaged normal velocity field (i.e., causing compression and rarefaction in the
earcanal cavity) and its vibrating area (see Eq. (5.6)). In this case (i.e., infinite impedance

earplug), the OE is observed to decrease by 28 dB from shallow to medium insertion and by 19

to 40 dB (depending on the frequency) from medium to deep insertion (see Fig. 5.4).

. . . . 13 29 A l
Figure 5.5 displays the volume velocity imposed by the “free” earcanal wall g7/, (for the case
of infinite impedance earplug but similar for foam and silicone earplugs occlusion) and the
medial earplug surface §gp at (a) shallow, (b) medium, and (c) deep insertion and normalized
by the volume velocity imposed by the whole earcanal wall in the open case. The normalization

of volume velocities imposed to the occluded earcanal by that imposed to the open earcanal is

justified by Eq. (5.10) of the OE computed by the EA model in which cifv‘a‘lll and ggp are divided

b Aopen

G q - All normalized volume velocities displayed in Fig. 5.5 are lower than 0 dB, meaning

that volume velocities imposed by the “free” earcanal wall and the medial earplug surface are

always lower than the volume velocity imposed by the whole earcanal wall in the open case.

Figure 5.5 shows that the volume velocity ci%‘fl imposed by the “free” earcanal wall drastically
decreases with insertion depth, as expected (Stenfelt & Reinfeldt, 2007; Schroeter & Poesselt,
1986). According to Eq. (5.6), cjfv‘;"lll is computed as the product of the surface average “free”
earcanal wall normal velocity times the “free” earcanal wall area. If the earcanal wall normal
velocity field amplitude were equally distributed over the earcanal wall surface, the reduction
of the volume velocity q;’;;lll imposed by the “free” earcanal wall from the medium insertion
case to the deep insertion case would only be of 3 dB (since the “free” earcanal wall surface
would be reduced by a factor 2), which is negligible compared to the 20 dB decrease observed
in Fig. 5.5 at 100 Hz. The reduction of c}fv‘;‘}ll with insertion depth seen in Fig. 5.5 is therefore
mainly due to the decrease of the surface average “free” earcanal wall normal velocity with
insertion depth whereas the reduction of its vibrating area has little effect. To illustrate the

reduction of the earcanal wall normal velocity with insertion depth, Fig. 5.7(a) displays the radial

component (r-direction, normal to the earcanal wall surface) of the structural velocity field of
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the earcanal surrounding tissues (i.e., skin, cartilage and bone) computed for the silicone earplug
occlusion using the FE model at 100 Hz. The amplitude of the earcanal wall normal velocity is
maximal at the earcanal entrance, where the soft tissues are located, and suddenly decreases in
the bony part, where the tissues are much less able to deform at low-frequency as mentioned by
Berger & Kerivan (1983). The minimum normal velocity does not exactly occur at the tympanic
membrane but rather a few millimeters ahead (see the blue region). The centroid position /. ,
(see the red “X” in Fig. 5.7(a)) of the earcanal wall normal velocity distribution is located at
4.2 mm from the earcanal entrance, in the cartilaginous part. This centroid position does not
significantly vary with frequency due to the absence of structural modes at low frequencies in the
present FE model. The current vibration pattern cannot be directly compared to measurement
due to the absence of experimental data. This is mainly explained by the difficulty to assess the
distribution of the earcanal wall vibration (discussed in Sec. 5.4.4). However, this pattern is in
qualitative agreement with experimental findings which suggest that the cartilaginous part of the

earcanal vibrates the most (Barany, 1938; Stenfelt ez al., 2003).

When the earplug is considered, Fig. 5.4 shows that the associated OE is higher than that induced
by the infinite impedance, depending on the earplug type and its insertion depth. At shallow
insertion (see Fig. 5.4(a)), the OE induced by the foam earplug is almost equal to that of the
infinite impedance while the OE of the silicone earplug is 4 to 7 dB higher. At medium insertion
(see Fig. 5.4(b)), the foam earplug induces an OE 20 dB higher (28 dB for the silicone earplug)
than the infinite impedance. At deep insertion (see Fig. 5.4(c)), the gap widens since the OE
of the foam earplug is 23 to 53 dB higher (39 to 66 dB for the silicone earplug) than that of
the infinite impedance. The increase with insertion depth of the difference in OE between the
infinite impedance, the foam, and the silicone earplugs is clearly noticeable in Fig. 5.6 which
shows the predicted objective OE computed at 500 Hz as a function of the insertion depth using

the FE model.

Contrary to what Hansen (1998) proposed, the presence of the earplug does not significantly
influence the volume velocity imposed by the “free” earcanal wall in the current model (Sgard

et al., 2019) (not shown here). The use of a truncated FE model of small size and the application
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Figure 5.5 Amplitude in dB (factor 20, ref. 1) of the
volume velocity imposed to the occluded earcanal cavity
by the “free” earcanal wall and the medial earplug surface

(foam and silicone) divided by the volume velocity
imposed to the open earcanal cavity by the whole earcanal
wall at (a) shallow (6 mm), (b) medium (12 mm) and (c)
deep (18 mm) insertion computed using the FE model as

a function of frequency

of current boundary and loading conditions (see Sec. 5.3.3) might lead to a structure stiffer
than a real ear. Therefore, the volume velocity imposed by the “free” earcanal wall could be
less influenced by the coupling with the earplug in the present model than in reality. Also, this
influence could be greater if the earcanal surrounding tissues were prestressed. In this study,
prestress of earcanal surrounding tissues by earplugs has been neglected (see Sec. 5.3.1). Indeed,
accounting for prestress could be challenging due to the modeling complexity associated with
nonlinear deformation and the lack of knowledge related to constitutive relations governing the

mechanical behavior of prestressed earcanal surrounding tissues. However, the volume velocity
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Figure 5.6 Predicted objective OE induced by an infinite
impedance, a foam earplug and a silicone earplug at (a)
shallow (6 mm), (b) medium (12 mm) and (c) deep
(18 mm) insertion computed at 500 Hz using the FE
model

imposed by the “free” earcanal wall is negligible in the current model compared to that imposed
by the earplug medial surface at medium and deep insertion (see Fig. 5.5(b) and (c)). Therefore,
the hypothetical influence of the earplug on the “free” earcanal wall vibration is not of primary
importance since it could not explain the influence of the earplug on the OE at medium and

deep insertion (see Fig. 5.4(b) and (c)).

As suggested by Brummund ez al. (2015), the influence of the earplug on the OE is rather directly
due to the normal vibration of its medial surface. The latter imposes a volume velocity §gp
to the occluded earcanal cavity which is displayed in dB (normalized by the volume velocity
imposed by the whole earcanal wall in the open case) in Fig. 5.5 at each insertion depth and for
both earplug types. At a given insertion depth, the higher the volume velocity imposed by the
medial earplug surface (see Fig. 5.5), the higher the associated OE (see Fig. 5.4). According to
Fig. 5.5, the volume velocity imposed by earplugs does not significantly vary between shallow
and medium insertion, but it decreases by 10 to 15 dB at deep insertion. To illustrate this aspect,
Fig. 5.7 illustrates the structural velocity field (r and z-directions) in the outer ear occluded

by the silicone earplug at shallow (c, d), medium (e, f) and deep (g, h) insertion computed at
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100 Hz using the FE model. In Fig. 5.7, a scale factor is applied to the deformed structures in
order to highlight the total deformation of the system. Hence, the color maps are seen to exceed
the nominal geometrical dimensions of the extent of the earcanal and earplug in the drawings. It
is noteworthy that similar structural vibration patterns are obtained with the foam earplug and

are thus not presented.

According to Fig. 5.7(d), (f) and (h), the amplitude of the normal velocity (z-direction) of the
medial earplug surface decreases by approximately 10 dB when the silicone earplug is inserted
in the bony part of the earcanal (deep insertion) since this portion vibrates much less than the
cartilaginous part. It should be noted that volume velocities imposed by the “free” earcanal
wall and medial earplug surfaces are in-phase in the whole frequency range of interest for each
earplug and insertion (not presented for the sake of conciseness), except around 600 Hz for the
shallowly inserted silicone earplug. Indeed, in the latter case, the normal velocity of the earcanal
wall ir oriented inwards the earcanal cavity (see Fig. 5.7(i)) whereas the normal velocity of the
medial earplug surface is oriented outwards the earcanal cavity (see Fig. 5.7(j)). Around this
frequency, the silicone earplug imposes a volume velocity in phase quadrature with the “free”
earcanal wall due to a structural resonance of the earplug coupled to the earcanal wall. The
structural velocity field of the system associated to this frequency is illustrated in Fig. 5.7(, j).
The silicone earplug is driven by a longitudinal motion in which its medial and lateral surfaces
vibrate in-phase (see Fig. 5.7(j)). In addition, the medial earplug surface is seen to not vibrate
in-phase with the “free” earcanal wall surface normal vibration (see Fig. 5.7(i)). This resonance
is responsible for a 2 dB decrease of the OE of the silicone earplug at 600 Hz due to the phase
difference between the vibration of the medial earplug surface and that of the “free” earcanal
wall. A similar phenomenon was expected by Berger & Kerivan (1983) to explain a local
minimum in the subjective OE measured on human subjects around 500 Hz using a deep inserted
foam earplug. In the current model, such a phenomenon cannot appear in deep insertion because
volume velocities imposed by the medial earplug surface and the “free” earcanal wall are not
of the same order of magnitude (see Fig. 5.5(c)). As observed in Fig. 5.5, the volume velocity

imposed by the medial earplug surface becomes of major importance compared to the volume
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velocity imposed by the “free” earcanal wall when the insertion depth of the earplug increases.
At shallow insertion, the contribution of the earplug can be approximately neglected, except
above 600 Hz for the silicone earplug (see Fig. 5.4(a)). This approximation is, however, not
valid anymore when the earplug insertion depth increases to medium and deep (see Fig. 5.4(b)
and (c)) because the contribution of the earplug in terms of volume velocity (depending on
the earplug type) dominates that of the “free”” earcanal wall and thus cannot be neglected (see

Fig. 5.5(b) and (c)).

At medium and deep insertion, these results give support to the suggestion proposed by Barany
Barany (1938) that the vibration of the medial earplug surface was of primary importance
for the OE. Hence, these results differ from the common assumption that the main source of
volume velocity was assumed to be the “free” earcanal wall (even in the occluded case) and
which originates from the early work of Békésy (1932, 1960). However, these results explain
the experimental observation made by Lee & Casali (2011) that the influence of the earplug
type on the OE is little at shallow insertion and increases with insertion depth (see Fig. 5.4).
Indeed, for the earplug’s influence on the OE to vary according to its material properties, the
earplug has to be the main source of volume velocity in the occluded earcanal. In past EA
models (Schroeter & Poesselt, 1986; Hansen, 1998; Stenfelt & Reinfeldt, 2007; Zurbriigg et al.,
2014), the contribution of the earplug in terms of volume velocity was thus generally neglected
or hidden into the volume velocity source representing the “free” earcanal wall vibration, mainly

due to the difficulty to account for the earplug’s vibro-acoustic behavior (Hansen, 1998).

5.4.2.2 Influence of the earplug material properties

In the previous section, the silicone earplug has been shown to impose a volume velocity
g ep higher than the foam earplug for each insertion depth (see Fig. 5.5), resulting in a higher
OE induced by the silicone earplug compared to the foam earplug (see Fig. 5.4). In order to
investigate the influence of the earplug material properties (e.g., complex Young’s modulus
including the structural loss factor, density and Poisson’s ratio) on the volume velocity imposed

to the occluded earcanal cavity by the medial earplug surface, a 2° full factorial design of
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Figure 5.7 Amplitude in dB (factor 20, ref. I m s~! for the colorbar) of the radial
(r-direction, left side) and longitudinal (z-direction, right side) structural velocity
components of the system computed at 100 Hz (r = 7'/8, where T = 1/ f is the period)
using the FE model. Black arrows represent structural velocity vectors (the longer the arrow,
the larger the velocity amplitude). The earcanal is (a, b) open and occluded by the silicone
earplug in (c, d) shallow, (e, f) medium, and (g, h) deep insertion. Similar results are
presented for the shallowly inserted silicone earplug at 600 Hz in subplot (i, j). In subplot
(a, b), the red and blue “X” indicates the centroid position of the earcanal wall vibration
respectively in normal and tangential directions. In all subplots, label on the z-axis
indicates the earcanal entrance (z = 0 mm) and the three different insertion depths of the
medial earplug surface (z € {—6 mm, —12 mm, —18 mm}). A scale factor has been
applied in all subplots to highlight the total deformation of the system in the (r, z) plane
and this is evidenced by the appearance of the color maps exceeding the actual dimensions
of the extent of the earcanal and earplug in the drawings. Each drawing of the model has
been cut in the r-direction along the z-axis to limit the size of the figure




134

experiment has been performed using the FE model. This design of experiment makes it possible
to assess the main effect of each parameters as well as the interactions between parameters. The
lower level of each material property comes from the foam earplug while the upper level comes

from the silicone earplug (see Table-A II-1 in Appx. 1I).

Results of the design of experiment are shown in detail in Appx. XIII while the main conclusions
are presented here. For all insertion depths, the design of experiment reveals that, compared to
the Poisson’s ratio, the Young’s modulus and the density of the earplug are of minor influence on
the volume velocity imposed by the medial earplug surface (for the range of variation considered
here). The difference in terms of volume velocity imposed by the medial earplug surface between
the foam and the silicone earplug seen in Fig. 5.5 is thus explained by Poisson’s effect. The
sensitivity analysis of the OE to the Poisson’s ratio displayed in Fig. XIII-2 (see Appx. XIII)
shows a gradual increase of the OE with Poisson’s ratio, in particular above a value of 0.2. The
Poisson’s effect corresponds to the medial and lateral expansion of the earplug induced by the
radial compression imposed by the normal vibration of the earcanal wall, depending on the value
of the Poisson’s ratio of the earplug material. However, there is no simple relation between the
normal vibration applied by the earcanal wall to the circumferential surface of the earplug and
the vibration of the medial earplug surface mainly because the vibration field of the earcanal
wall is not spatially uniform but significantly varies along the earplug surface, depending on
its insertion depth (see Fig. 5.7(c), (e) and (g)). Figure 5.8 displays the OE imposed by the
“foam” and “silicone” earplugs by presuming a Poisson’s ratio equal to zero for (a) shallow, (b)
medium and (c) deep insertion. For the comparison, the OE induced by the infinite impedance,
the foam and the silicone earplugs (with Poisson’s effect) are also displayed. The simulated OE
obtained presuming zero Poisson’s ratio has been computed in narrow band but displayed at
selected frequencies only to increase the readability of Fig. 5.8. For each insertion depth, there
is no significant difference in OE between the foam and the silicone earplug when neglecting
Poisson’s effect: Poisson’s effect explains the difference in OE between the two earplugs. For

each insertion depth, the OE of the foam earplug is influenced much less by the Poisson’s effect
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than that to the silicone earplug. This is due to the much lower Poisson’s ratio of the foam

material (v = 0.1) compared to the silicone material (v = 0.48), almost incompressible.

For the medium and deep insertions (see Fig. 5.8(b) and (c)), the OE induced by both earplugs
without considering Poisson’s effect is approximately 20 dB higher than the OE induced by the
infinite impedance. This difference is explained by a second mechanism of contribution of the
earplug which corresponds to a longitudinal motion of the earplug induced by the tangential
component of the earcanal wall vibration along the z-direction. Figure 5.7(b) displays the
longitudinal component (z-direction) of the structural velocity field of the earcanal surrounding
tissues in the open earcanal. The amplitude of the earcanal wall tangential velocity (parallel
to the earcanal longitudinal z-direction) is at a minimum at the earcanal entrance where the
longitudinal velocity changes sign (see the green diagonal region in Fig. 5.7(b)), then increases
up to the mid-length of the cartilaginous part and finally drastically decreases in the bony
part. According to Fig. 5.7(b), the centroid position /., (see the blue “X”) of the earcanal wall
tangential velocity distribution is located at 7.3 mm from the earcanal entrance, farther than
l¢ . This second mechanism (i.e., longitudinal body motion of the earplug) does not depend
on the material properties of the earplugs in the range of variation considered here and at low
frequencies. This mechanism is however decreased with a rigid or heavy earplug (not shown
here). In the current model, both mechanisms (i.e., Poisson’s effect and the longitudinal body
motion) of contribution of the earplug in terms of volume velocity imposed to the earcanal cavity,
act in-phase because the tangential component of the earcanal wall vibration is oriented towards
the eardrum (see Fig. 5.7(b)) when the normal component is oriented radially inwards within the
earcanal cavity (see Fig. 5.7(a)). Also, both mechanisms could be expected to influence each
other. For example, by causing the earplug to expand and contract longitudinally, the Poisson’s
effect of the earplug influences the spatial distribution of the tangential velocity of the earcanal
wall, depending on the earplug insertion depth (see Fig. 5.7(d), (f), (h)). In consequence, a
change of the earcanal wall tangential velocity could result in a change in the earplug longitudinal
body motion. The influence of the Poisson’s effect on the longitudinal body motion is, however,

intricate to distinguish in the volume velocity imposed by the earplug to the earcanal cavity.
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Figure 5.8 Predicted objective OE induced a “foam” and
a “silicone” earplug presuming zero Poisson’s ratio
(v = 0) at (a) shallow (6 mm), (b) medium (12 mm) and
(c) deep (18 mm) insertion computed using the FE model
(in narrow band but displayed at selected frequencies
only). For comparison, OE induced by an infinite
impedance, a foam and a silicone earplug computed using
the FE model and presented in Fig. 5.4

5.4.3 Influence of the earcanal wall vibration distribution on the occlusion effect

In the previous section, two mechanisms of contribution of the earplug to the OE have been
highlighted: (i) Poisson’s effect induced by the normal component of the earcanal wall vibration
and (i1) the longitudinal motion governed by the tangential component of the earcanal wall

vibration. Both mechanisms depend on the vibration of the surrounding earcanal wall. The
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influence of the distribution of this vibration is now studied. In Carillo et al. (2020), the
distribution of the earcanal wall vibration was varied by applying different sets of loading and
boundary conditions while the geometry was fixed. In this study, however, the influence of a
geometric parameter on this distribution and consequently on the OE is examined. A geometric
parameter that has not been studied in previous work is the transition between the cartilaginous
and bony tissues surrounding the earcanal cavity. This transition is expected to approximately
occur at the mid-length of the earcanal (Stenfelt & Reinfeldt, 2007) but the geometry of the
transition varies significantly around the earcanal cavity, as exposed in Sec. 5.3.1. Here, three
anatomically different geometries of the transition between cartilaginous and bony tissues have
been constructed using the 2D FE model from an anatomical model of a 3D human outer ear
(see Fig. 5.2). These 2D geometries have been presented in Sec. 5.3.1 (see Fig. 5.1(b), (c) and

(d)) and only differ by their transitions between the cartilaginous and bony tissues.

Figure 5.9 illustrates the structural vibration of the earcanal wall surrounding tissues computed
using the FE model at 100 Hz for the three transitions: (a) “straight”, (b) “slanted” and (c)
“curved.” It is noteworthy that each drawing of the model has been cut in the r-direction along
the z-axis in order to limit the size of the figure. Due to this cut, the full geometry of each
transition between cartilaginous and bony part is not visible in Fig. 5.9 but can be seen in
Fig. 5.1(b), (c) and (d). The first case (see Fig. 5.9(a)) corresponds to the standard configuration
of the FE model used in previous sections. For each transition, the amplitude of the earcanal
wall vibration decreases from the earcanal entrance to the eardrum and is significantly lower in
the bony part compared to the cartilaginous part. Distributions of the normal and tangential
vibrations of the earcanal wall are characterized by their centroid positions /. , and /. ; defined
from the earcanal entrance. As shown in Fig. 5.9, when the transition between cartilaginous and
bony tissues moves towards the eardrum, both centroid positions move too: /., decreases from
-4.5 mm to -6.2 mm and /. ; decreases from -7.3 mm to -10.6 mm. For the same reasons exposed
in Sec. 5.4.2.1, vibration patterns exhibited here by the two additional anatomical models of the

outer ear (see Fig. 5.9(b) and (c)) cannot be compared to experimental data.
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Figure 5.9 Amplitude in dB (factor 20, ref. 1 m s~!) of
the structural velocity of the earcanal surrounding tissues
computed using the FE model at 100 Hz (r = T'/8) for the
three different transitions between cartilaginous and bony
tissues of the outer ear: (a) “straight”, (b) “slanted” and
(c) “curved.” Black arrows represent velocity vectors. A
scale factor has been applied in all subplot to highlight the
total deformation of the system in the (r, z) plane. Each
drawing of the model has been cut in the r-direction along
the z-axis to limit the size of the figure

Figure 5.10 displays the OFE induced by the infinite impedance, the foam earplug and the silicone
earplug computed at 100 Hz as a function of insertion depth (from 6 to 18 mm) using the FE
model for the three anatomical geometries characterized by their different transitions between
cartilaginous and bony tissues of the outer ear: (a) “straight”, (b) “slanted” and (c) “curved.” At

shallow insertion (6 mm), there is no significant difference in OE between the three different
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anatomical models. In each case, the OE induced by the infinite impedance is equal to the OE of
the foam earplug (i.e., negligible longitudinal motion of the earplug) and almost equal to the OE
of the silicone earplug (i.e., little influence of the earplug Poisson’s effect). This means that the
volume velocity imposed by the “free” earcanal wall governs the OE while the contribution of

the earplug has little influence.

However, substantial variations in OE occur between the three anatomical models when the
insertion depth increases. Firstly, the OE induced by the infinite impedance increases between
the three cases, in particular from medium to deep insertion. At deep insertion (18 mm), the
OE induced by the infinite impedance increases from 3 dB in the “straight” transition (see
Fig. 5.10(a)) to 25 dB in the “curved” transition (see Fig. 5.10(c)). This is explained by the fact
that the medial surface of the earplug does not enter the portion of the earcanal wall which is
directly backed by bony tissue in the “curved” transition. The augmentation of the OE induced
by the infinite impedance from the “straight” transition to the “curved” transition (in particular
at medium and deep insertions) reveals an increase of the contribution of the “free” earcanal
wall in terms of volume velocity to the OE. This increase is explained by the variation of the
earcanal wall normal vibration distribution which moves towards the eardrum (i.e., the centroid
position /., diminishes from -4.5 mm in the “straight” transition to -6.2 mm in the “curved”
transition). Secondly, due to the increase of the “free”” earcanal wall contribution between the
three cases, the reduction of the OE with insertion depth decreases. Indeed, the reduction with
insertion depth (from 6 mm to 18 mm) of the OE induced by the foam earplug decreases from
26 dB (see Fig. 5.10(a)) to 13 dB (see Fig. 5.10(c)) and from 13 dB (see Fig. 5.10(a)) to 8 dB
(see Fig. 5.10(c)) for the silicone earplug. Thirdly, in consequence to the increase of the “free”
earcanal wall contribution between the three cases, the influence of the earplug contribution
decreases. The difference in OE between the foam and the silicone earplug decreases between
the three cases (from 22 dB to 14 dB at 18 mm, see Fig. 5.10(a) and (c)). The influence of
Poisson’s effect of the earplug on the OE thus diminishes. In addition, the difference in OE

between the foam earplug and the infinite impedance also decreases (from 22 dB to 14 dB at
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18 mm, see Fig. 5.10(b) and (c)). The influence of the longitudinal motion of the earplug on the

OE thus also diminishes.

It should be noted that the variation of the earcanal wall normal vibration distribution not only
influences the vibro-acoustic behavior of the occluded earcanal but also that of the open earcanal
since its acoustic mass is defined between the earcanal entrance and the centroid position /.,
(see Eq. (5.4) of the EA model and the proof given in Appx. XI). However, the variation of /.. ,,
from -4.5 mm to -6.2 mm between the “straight” and the “curved” configurations (see Fig. 5.9(a)

and (c)) has little influence here (<2 dB) on the open earcanal cavity acoustic impedance.
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Figure 5.10 Predicted objective OEs induced by an
infinite impedance, a foam earplug and a silicone earplug
computed at 100 Hz as a function of the insertion depth
using the FE model for the three different transitions
between cartilaginous and bony tissues of the outer ear:
(a) “straight”, (b) “slanted” and (c) “curved”
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5.4.4 Main limitations and perspectives of the study

A 2D axi-symmetric FE model initially developed by Brummund et al. (2015) and slightly
modified here has been used to predict and investigate the objective OE induced by an earplug
depending on its material properties and its insertion depth. Since this study focuses on the
objective OE, the FE model that was developed only accounts for the outer ear while other
pathways such as the middle and inner ears have been neglected. If the subjective OE were to be
investigated, the bone-conducted transmission through the middle and inner ears could not be
neglected because the outer ear pathway does not dominate the hearing by bone-conduction when
the earcanal is open, as mentioned in the introduction. As a consequence, the subjective OE is
generally 5 to 10 dB lower than the objective OE, mainly below 500 Hz, due to the difference in
bone-conduction pathways (Huizing, 1960; Stenfelt & Reinfeldt, 2007; Reinfeldt ez al., 2007).
However, the current study only aimed at investigating the mechanisms of contribution of
earplugs on the SPL generated in the occluded earcanal cavity and particularly exploring and
explaining the difference in OEs induced by a foam and a silicone earplug. Therefore, the
perception of this difference and its influence on the acoustic comfort of earplugs’ wearers was

not investigated in this work.

The present model includes the earcanal cavity (from its entrance to the tympanic membrane)
surrounded by a portion of human tissues (e.g., skin, cartilage, bone). For the purpose of the
current study, the FE model presents several simplifications, particularly in terms of geometry,
boundary conditions and loading. A whole head model could alleviate these limitations but loses
the main advantage of the current FE model (i.e., few computational resources and parametric
geometrical model). In particular, a whole head model could account for the influence of the
stimulation position seen in experimental data below 250 Hz (see Sec. 5.4.1). Another limitation
of the 2D FE model was to assume negligible the prestress in the earcanal surrounding tissues
due to the insertion of the earplug. This limitation mainly comes from the lack of knowledge
regarding the tissues mechanical properties under prestress (see Sec. 5.3.2). Accounting for
prestress could influence the respective contribution of each mechanism highlighted here. Also,

prestress could lead to a stiffer system which could result in lower vibration of the medial
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earplug surface and the “free” earcanal wall and therefore a lower OE than what was obtained
here. However, in the authors’ opinion, the effect of prestress is not expected to invalidate the
mechanisms of contribution of earplugs highlighted in this paper. The effect of prestress in
earplugs and earcanal surrounding tissues should be accounted for when more knowledge about

their mechanical behavior will be obtained experimentally.

It is noteworthy to recall that the main purpose of the additional anatomical geometries was
to study the influence of the earcanal wall vibration distribution on the OE. Indeed, while the
three geometrical transitions between cartilaginous and bony tissues have been derived from
a realistic anatomical model of a human outer ear, they represent simplified cases since the
geometry of the model is axi-symmetric. This distribution would also be expected to vary with
different stimulus types and locations. Such variation might explain the variation in OE with
stimulator position (Reinfeldt ez al., 2013) and could also contribute to the OE inter-individual
difference (Stenfelt & Reinfeldt, 2007) observed in Sec. 5.4.1 (see Fig. 5.3(b) and (c)). In the
case of chewing or speaking, the mandibular movement (Darkner et al., 2007) could affect the
influence of the earplug to the OE. In addition, the contribution of the earplug could also be
influenced by the shape of the earcanal while ear hairs and wax could influence its coupling with
the earcanal wall. Due to the complexity associated to their modeling, these phenomena have

not been accounted for in this study.

Although the model compares reasonably well with experimental data of the OE (see Fig. 5.3), the
knowledge of the spatial distribution of the earcanal wall vibration in the normal and the tangential
directions as well as the vibration of the earplug is necessary to confirm the two mechanisms of
the earplug contribution exposed in this paper (see Sec. 5.4.2). The main reason there is a lack
of experimental data related to the vibration of the earcanal wall and the medial earplug surface
in human subject is due to the remarkable difficulty to perform such measurements. Indeed, the
small size of the earcanal as well as its tortuosity make it difficult to assess in a direct way the 3D
spatially distributed earcanal wall vibration using common measurement methods such as a laser
Doppler vibrometer (Vogel, Zahnert, Hofmann & Huettenbrink, 1996; Stenfelt et al., 2003) or

an accelerometer. Hansen has proposed a method to estimate the volume velocity imposed to the
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occluded earcanal cavity based on the measure of the acoustic pressure in the occluded earcanal
cavity and the knowledge of its acoustic impedance (Hansen & Stinson, 1998). However, this
method does not make it possible to distinguish the contribution of the medial earplug surface
from that of the “free” earcanal wall. The understanding highlighted in the current paper on the

mechanisms of contribution of earplugs to the OE will be helpful to ultimately measure them.

Finally, as a perspective of this work which focused on investigating and explaining the difference
in objective OE between foam and silicone earplugs, an existing concept of material used in
other application fields which could theoretically be used to design earplugs mitigating the
OE is suggested. Since the Poisson’s ratio governs the difference in OE between foam and
silicone earplugs, auxetic metamaterial (negative Poisson’s ratio) could make it possible to
generate destructive interference between the volume velocity imposed by the “free” earcanal

wall (c};‘éll) and that imposed in phase opposition by the medial surface (Ggp) of the auxetic

EP (i.e., c}‘v’faclll = —ggp in Eq. (5.10)). For this solution to reduce the OE to zero, both volume
velocities should have an equal magnitude (i.e., cji’v‘;l"lll = |Ggp|). In practice, the design of

auxetic earplugs to reduce the OE would be a difficult task since it would require the knowledge
of the earcanal wall velocity field in both normal and tangential directions, which is likely to

differ between individuals and to vary from one bone-conducted excitation to another.

5.5 Conclusion

This paper has investigated the mechanisms of contribution of earplugs to the OE. For this
purpose, a 2D axi-symmetric FE model of an outer ear has been used. Simulation results of the
OE have been compared successfully to existing data taken from the literature. Finite element
simulations have been investigated and interpreted using the “framework™ of an EA model
associated with the FE model. Using a design of experiment performed on the earplug material
properties, the difference in OE between a silicone and a foam earplug has been attributed to
a higher Poisson’s effect for the latter compared to the former, which increases the OE. This
Poisson’s effect is induced by the normal component of the earcanal wall vibration. The increase

of the earplug influence on the OE with insertion depth has been explained by the augmentation
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of the relative contribution of the medial earplug surface in terms of volume velocity compared
to that of the “free” earcanal wall coupled to the occluded earcanal cavity. In conjunction to
Poisson’s effect, a longitudinal motion of the earplug induced by the tangential component of
the earcanal wall vibration has been highlighted. Results have shown that this mechanism is
independent from the earplug material properties in the range of variation considered here (foam
or silicone). Both mechanisms depend on the earcanal wall vibration and its spatial distribution
in terms of direction and amplitude. This study has underlined the lack of experimental data
related to the vibration of the earcanal wall and the earplug, mainly due to the complexity of
such measurements. In the authors’ opinion, further work should focus on this experimental
aspect. In addition, the current study could be continued using a whole head model in order
to include a realistic vibratory behavior of the human head. Also, a whole head model could
include the middle and inner ears which would allow to study the subjective OE in addition to

the objective OE.
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CHAPTER 6

CONCLUSION

In conclusion, this chapter presents a synthesis of the research problem and the results obtained
in this thesis (see Sec. 6.1) and then discusses the main limitations of this work and provides

future perspectives (see Sec. 6.2).

6.1 Synthesis

6.1.1 Research problem

Hearing protection devices (i.e., earplugs, earmuffs) are frequently used to avoid noise-induced
hearing loss. The use of hearing protectors, however, is associated with discomfort issues.
Therefore, these protection devices are not always consistently and/or correctly worn during
the exposure time. The occlusion effect (OE) is one acoustical discomfort that mostly affects
wearers of earplugs. This phenomenon also decreases the acoustic comfort of hearing aids’
users. The term “OE” usually describes an increased auditory perception of bone-conducted
sound that results from occluding the earcanal entrance and which is mainly perceived at low
frequencies, typically below 1 kHz. In everyday life, bone-conducted sounds correspond to
physiological noise such as one’s own voice, breathing, chewing or heartbeat. The research
presented in this thesis aims at improving the understanding of the OE induced by in-ear devices
in order to ultimately develop new concepts that mitigate the phenomenon using their own

passive vibro-acoustic behavior.

In this work, an objective description of the OE was used, which corresponded to the difference
in sound pressure levels (SPLs) between the occluded and the open earcanal. This research was
divided into three specific objectives. The first objective consisted to revisit the fundamental
mechanism of the OE and to clarify its multiple interpretations. The second objective was to
investigate the influence and characteristics of the earcanal wall vibration from which the OE

originates and to propose experimental method to measure them. Finally, the third objective was
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to highlight the mechanisms of contribution of in-ear devices to the OE. Results obtained during
this research project were presented in four papers published in or submitted to peer-reviewed

journals and are summarized in next sections.

6.1.2 Fundamental mechanism of the objective occlusion effect

In this work, the fundamental mechanism of the objective OE induced by a bone-conducted
stimulation was thoroughly revisited at low frequencies (100 Hz — 1 kHz) using an existing 3D
finite element (FE) model of a “realistic” outer ear including the skin, cartilaginous and bony
tissues surrounding the earcanal. The model was constructed by Brummund et al. (2014) based
on cross-sectional cryosection images of a female cadaver from the Visible Human Project®
and improved in this work to exhibit a “plausible” vibration pattern of the earcanal wall. The
vibration of the earcanal wall, the transfer of volume velocity imposed by the earcanal wall to
the earcanal cavity, the “opposition” of the earcanal cavity to this transfer, the acoustic pressure
generated in reaction and the acoustic power flow associated to wave propagation were analyzed
and illustrated in open and occluded cases. In the latter case, the occlusion was simplified to
an infinite impedance defined at the earcanal entrance in order to focus on the fundamental

mechanism of the OE.

In conjunction with the 3D FE model, an associated electro-acoustic (EA) model was proposed
to clarify and interpret in a simplified way physical phenomena involved in open and occluded
earcanals. Compared to past EA models, the proposed one used the curvilinear shape function of
the 3D earcanal and the parameters of its ideal volume velocity source representing the earcanal
wall normal velocity (i.e., complex-valued amplitude and curvilinear position) were related
to the earcanal wall vibration pattern of the 3D FE model. The complex-valued amplitude
of the source was computed as the surface averaged earcanal wall normal velocity times the
earcanal wall surface. In addition, the location of the source was shown to correspond to the
centroid position of the spatially distributed earcanal wall normal velocity. This assumption

was successfully evaluated for several earcanal wall vibration patterns induced by various sets
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of loading and boundary conditions applied to the 3D FE model. In addition, a proof of this

assumption was provided in the case of a cylindrical earcanal shape.

The fundamental mechanism of the OE has been detailed as follows. In harmonic regime,
the volume velocity imposed by the earcanal wall is alternatively transferred in the earcanal
cavity through the “path” of least “opposition”, i.e., mainly between the earcanal wall and the
earcanal entrance in the open case, and mainly between the earcanal wall and the eardrum
when the earcanal is occluded by an infinite impedance. The greater opposition of the occluded
earcanal compared to the open earcanal is responsible for the acoustic pressure increase in the
former case. The increase of acoustic pressure is responsible for the increase of volume velocity
at the eardrum in the occluded case. The opposition of the earcanal to the volume velocity
transfer is represented by the concept of acoustic impedance. In the open case, the acoustic
impedance of the earcanal seen by its wall is governed by the inertia effect of the portion of
air comprised between the earcanal entrance and the centroid position of the earcanal wall
normal vibration. In the occluded case, the earcanal acoustic impedance is rather governed by
the compressibility effect of the whole earcanal volume and the tympanic cavity volume of the
middle ear. Due to the gradient of acoustic pressure in the open earcanal, the surface averaged
acoustic impedance seen by the earcanal wall is lower than the acoustic impedance seen by the
ideal volume velocity source representing the vibrating earcanal wall. This difference depends
on the centroid position of the earcanal wall normal vibration. In the occluded case, the earcanal
wall and its corresponding source see the same acoustic impedance since the acoustic pressure
is uniform at low frequencies. The objective OE (i.e., SPL difference at the eardrum between
occluded and open cases) is strictly equal to the difference in acoustic impedance level seen
by the equivalent source representing the earcanal wall normal vibration located at its centroid

position.

In complement to the previous investigation, a commonly accepted theory of the objective OE
proposed by Tonndorf (1964) and known as the removal of the open earcanal high-pass filter
effect due to the occlusion was revisited. In particular, the focus was put on the definition of

the open earcanal high-pass filter and how this filter would be changed in partial and perfect
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occlusions. For this purpose, the EA model proposed by Tonndorf to support his theory was
revisited in detail and its ambiguities were resolved. Then, using a revisited EA model, a second
order high-pass filter for the volume velocity transferred between the earcanal wall and the
eardrum was highlighted in the open case. A perfect occlusion was shown to replace the open
earcanal high-pass filter effect by a filter constant with frequency. For a partial occlusion, a
high-pass filter effect was demonstrated just like in the open earcanal. The partially occluded
earcanal, however, was shown to behave as a Helmholtz resonator. In consequence, the OE
which Tonndorf considered to be the removal of the open earcanal high-pass filter effect for
a perfect occlusion instead was determined to result from a change in high-pass filter effect
properties for a partial occlusion. The definition of the OE in terms of volume velocity transfer
function was proved to be equal to the OE expressed in terms of earcanal acoustic impedance

seen by its wall.

Finally, common interpretations of the OE in terms of “leak” and “trap” were shown to
misrepresent the fundamental mechanism of the phenomenon related to the earcanal acoustic
impedance change. Interpretations based on impedance changes were therefore considered
more accurate. For example, the occlusion increases the “opposition” of the earcanal cavity to
the volume velocity imposed by its wall and thus increases the acoustic pressure generated in

reaction, leading to the OE.

6.1.3 Vibration of the earcanal wall

In this work, the spatial distribution of the earcanal wall normal vibration was shown to
significantly influence the vibro-acoustic behavior of the open earcanal, which subsequently
affected the objective OE. Indeed, in conjunction with the earcanal shape, the centroid position
of the earcanal wall normal vibration distribution was shown to govern the inertia effect of the
open earcanal seen by its wall. In the occluded case, the spatial distribution governed both
the reduction of the OE with insertion depth, and the contribution of in-ear devices to the OE

through the volume velocity imposed to the earcanal cavity by their medial surface. In particular,
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this study highlighted the dependence of contributing mechanisms of in-ear devices such as

earplugs on both normal and tangential components of the earcanal wall vibration.

In this work, the principle of an indirect method was proposed to estimate the centroid position
of the human earcanal wall normal velocity induced by a bone-conducted stimulation at low
frequencies (100 Hz — 1 kHz). The centroid position was used as an indicator of the earcanal wall
normal vibration distribution to study the influence of the latter on the bone-conduction outer
ear pathway and therefore on the OE. The method consisted in measuring the OE induced by an
external capped duct coupled to the earcanal entrance. The centroid position was then estimated
at the acoustic antiresonance frequency that occured in the coupled system using an EA model
of the earcanal occluded by the external capped duct. The estimation consisted in minimizing
the difference between the experimental antiresonance frequency and that computed using the
EA model as a function of the centroid position. This EA model required the knowledge of the
earcanal shape function and the dimension of the coupling duct. The proposed method was
investigated using the 3D FE model improved by the authors from (Brummund ez al., 2014) and
adapted to the occlusion by an external capped duct. Several parameters was shown to influence
the accuracy of the method such as the radius and length of the coupling duct, the presence of an
incomplete seal between the duct and the earcanal entrance and finally the knowledge of the
earcanal shape as well as the temperature in the duct. On the contrary, the acoustic impedance

of the eardrum was shown of little influence on the method accuracy.

6.1.4 Mechanisms of contribution of in-ear devices to the occlusion effect

In this work, the mechanisms of contribution of in-ear devices such as earplugs to the occlusion
effect were investigated at low frequencies (100 Hz — 1 kHz) using an existing 2D axi-symmetric
FE model of a simplified outer ear. The model was originally developed by Brummund et al.
(2015) using geometry and material properties taken from literature data and slightly improved
in this study to better compare to literature data of the objective OE. In particular, the model was
used to study the influence of earplug material properties in conjunction with both the earplug

insertion depth and the earcanal wall vibration distribution.
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An EA model associated to the 2D FE model was proposed to facilitate the interpretation of
FE simulations. Compared to past EA models, the vibration of the medial earplug surface
coupled to the earcanal cavity was included as an ideal volume velocity source distinct from
the source representing the vibration of the uncovered portion of the earcanal wall coupled to
the earcanal cavity. This distinction was facilitated by the fact that inputs of the EA model
were derived from the FE model. Using a design of experiment performed on the earplug
material properties, the greater OE induced by a silicone earplug compared to a foam earplug
was attributed to the difference in Poisson’s effect, higher for the former than the latter. The
Poisson’s effect originated from the normal component of the earcanal wall vibration induced
by the bone-conducted stimulation. The decrease of the OE with insertion depth was mainly
explained by the reduction of the earcanal wall normal velocity with insertion depth whereas the
reduction of its vibrating area had little effect. The increase of the earplug influence on the OE
with insertion depth was explained by the augmentation of the relative contribution of the medial
earplug surface in terms of volume velocity imposed to the occluded earcanal cavity compared to
that of the uncovered earcanal wall. In conjunction to Poisson’s effect, a longitudinal motion of
the earplug induced by the tangential component of the earcanal wall vibration was highlighted.
Results showed that this mechanism was independent from the earplug material properties in
the range of variation considered (i.e., between foam and silicone earplugs). Both mechanisms
depended on the earcanal wall vibration and its spatial distribution in terms of direction and

amplitude.

6.2 Limitations and perspectives

The investigation of the objective OE caused by in-ear devices due to a bone-conducted
stimulation was mainly based on the use of 3D and 2D axi-symmetrical FE models. These
models, however, are limited in several ways in terms of geometry, material properties, boundary
conditions and loading. In both models, the geometry was truncated in order to reduce the
computation time. These models only included tissues surrounding the earcanal rather than the

entire head. Therefore, they required a set of equivalent boundary conditions and loading in
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order to provide simulation results comparable to OE experimental data. In addition, truncated
models cannot account for the modal behavior of the whole head, which could however influence

the vibro-acoustic behavior of both open and occluded earcanals.

Using the approach proposed by Chang et al. (2016) and also Xu et al. (2019) to model the
entire head, the influence of the truncation of models on OE simulations could be investigated in
the future. In particular, the approach of Xu et al. (2019) is interesting since the head model
comes from a living human subject. This makes it possible to validate their models instead of
just compare its simulation results to literature data as it has been done previously and in the
current study. Also, full head models could be of great interest in order to exhibit, a priori, more
realistic earcanal wall vibration patterns and to account for the dependence of vibro-acoustic
phenomena on the bone-conducted stimulation. Furthermore, full head models could be used to
study the subjective OE by including the middle ear components (Homma ez al., 2009; O’ Connor,
Cai & Puria, 2017) and the inner ear.

Another limitation of FE models used here is the simplification of surrounding tissues. Indeed,
these models distinguished the skin (including the fat) from other soft tissues (including cartilage
and muscle) whereas more recent studies rather separated cartilage from soft tissues (including
skin, fat and muscle) (Chang et al., 2016; Benacchio et al., 2018; Xu et al., 2019). In addition,
tissues were considered isotropic linear elastic solids whereas they are more likely to be
anisotropic, nonlinear and visco-elastic in practice. Also, the different layers and sublayers of
the skin (Li, Li, Xue & Tian, 2018; Joodaki & Panzer, 2018) were not distinguished. However,
this could influence the mechanical coupling of in-ear devices in the earcanal, therefore affecting

their contribution to the OE.

Another limitation of the current study comes from the lack of experimental data regarding the
vibration, in normal and tangential directions, of the earcanal wall. Therefore, FE simulations
were been compared to OE data. Also, the indirect method proposed in this study to estimate
the centroid position of the earcanal wall normal vibration was not investigated experimentally

and, for the moment, cannot be compared to other measurement methods. In addition, the
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centroid position only provides a particular characteristic of the earcanal wall normal vibration
pattern, not its spatial distribution. Furthermore, the centroid position is not unique and could be
shared by several spatial distributions of the earcanal wall normal vibration. It is certain that the
measure of the earcanal wall vibration distribution, in normal and tangential directions, would
be intricate to perform using direct methods but is a priori necessary in order to confirm the
mechanisms of contribution of in-ear devices highlighted here with FE models. Experimental

investigations of the earcanal wall vibration should be the subject of future studies.

Finally, this thesis ends at the beginning of the development of new passive concepts of in-ear
devices that could mitigate the OE using their own vibro-acoustic behavior while achieving their
main purpose (e.g., sound attenuation for earplugs, sound amplifier for hearing aids). On the
basis of the scientific results obtained in this thesis, a variety of concepts have been elaborated
but not presented here due to their early stage of development. Continuing this development will
be of primary importance in order to increase the acoustical comfort of users wearing earplugs or
hearing aids. For this purpose, the relation between the objective OE and its perception should
be better understand. Furthermore, other dimensions of users’ comfort should be considered too

during the design process of new concepts.
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APPENDIX II

DOMAINS’ PROPERTIES

and relative humidity (see Appx. X).

Solid domain properties used in FE models are summarized in Table-A II-1. Air properties used
in both FE and EA models are given in Table-A II-2. The molecular dissipation is negligible in
the earcanal cavity so the bulk viscosity up is here zero but could be estimated by up = 0.6

(Pierce, 1994). Also, air properties can be calculated from temperature, atmospheric pressure

Table-A 1I-1 Density p, Young’s modulus E,
Poisson’s ratio v and structural loss factor 7 of solid
domains

Tissue plkgm™] | E[MPa] | v[1] | 1]
Skin 1100 0.5 04 | 0.1

Soft 1080 7.2 0.26 | 0.05

Bone 1714 11316 0.3 | 0.01
Foam earplug 220 0.1 0.1 0.5
Silicone earplug 1050 0.85 048 | 0.1
External duct 2700 70000 | 0.33 | 0.01
Duct holder 1050 0.85 048 | 0.1

Table-A II-2  Air density pg, sound speed cg, dynamic
viscosity u, thermal conductivity coefficient «, ratio of specific
heats y and heat capacity at constant pressure C),

Property Value Property Value
po [kg m™3] 1.2 k [Wm KT 0.025
co [ms™1] 343 y [1] 1.4
p[Pas] | 1.8313x107° | C, [J kg' K] | 1.0025x10°







APPENDIX III

VARIOUS SETS OF LOADING AND BOUNDARY CONDITIONS OF THE 3D
FINITE ELEMENT MODEL

Various sets of loading and boundary conditions applied to the 3D FE model are summarized in
Fig.-A III-1. These sets are used to vary the distribution of the earcanal wall normal velocity
characterized by the corresponding curvilinear centroid position /. defined from the tympanic
membrane. Configurations (j) and (k) are similar to those used by Brummund et al. (2014).
In these cases, switching from fixed (blue surface) to free (gray surface) boundary conditions
has little influence on the OE (Brummund et al., 2014) because the earcanal wall vibration

distribution is also little influenced (/. decreases from 17.9 to 16.9 mm).
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Figure-A III-1 Various sets of mechanical loading and
boundary conditions applied to the 3D FE model. Free
surface is indicated in gray, fixed surface in blue and
excitation surface in red. The curvilinear position /. (from
the tympanic membrane) of the induced earcanal wall
normal velocity centroid is also indicated




APPENDIX IV

ACOUSTIC IMPEDANCE DEFINED AT THE TYMPANIC MEMBRANE

This section presents the lumped element model of the middle ear developed by Shaw & Stinson
(1981) (see detail in (Shaw & Stinson, 1983) and (Schroeter & Poesselt, 1986)) and illustrated
in Fig.-A IV-1. This model is here used to compute the acoustic impedance Zry defined at
the eardrum. The localized constants involved in the model are now described. The acoustic
compliance C; represents the compressibility effect of the tympanic cavity. The acoustic
resistance R, accounts for the energy dissipation in the ligaments coupled to the ossicular chain.
The acoustic compliance C,, the acoustic mass L, and the acoustic resistance R, correspond
respectively to the compressibility effect, the inertia effect and the energy dissipation of the
mastoid antrum (a large cavity connected to the tympanic cavity). The mechanical compliance
C4, and the mechanical resistance R, represent a spring-damper system corresponding to the
coupling between the tympanic membrane and the ossicular chain. The mechanical inductance
Ly, compliance C; and resistance R, correspond to a mass-spring-damper system representing
the coupling of the tympanic membrane to ligaments in the tympanic cavity. The ideal
transformer of ratio m = 1/9 represents the acousto-mechanical coupling between the tympanic
membrane and the ossicular chain and transforms the acoustical energy into a mechanical
energy. The mechanical inductance L,, compliance C, and resistance R, correspond to a
mass-spring-damper system representing the coupling between the malleus and the incus of
the ossicular chain. The mechanical compliance Cs and resistance R, represents the coupling
between the incus and the stapes of the ossicular chain. Finally, the mechanical inductance L.,
compliance C, and resistance R, correspond to a mass-spring-damper system representing the
coupling between the stapes and the oval window of the cochlea. Table-A 1V-1 summarizes
the value of aforementioned localized constants. Figure-A IV-2 displays the resulting acoustic
impedance Zry at the tympanic membrane in dB as well as its low-frequency approximation.
In this approximation, the equivalent acoustic compliance includes the compressibility effect
of the tympanic cavity and the stiffness of the ossicular chain coupled to the eardrum (i.e.,

Crm = Ci + Cyp).
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Figure-A IV-1

Lumped element model of the middle ear

reproduced from Shaw & Stinson (1981)

Table-A IV-1

Value of localized constants involved in the

middle ear model taken from Shaw & Stinson (1981)

Inductance [N s> m—] | Capacity [m> N] | Resistance [N s m™]

C,=35x10"12 R, =2 x 107

L,=2x10° C,=51x10"" R, =10°
Cyo=2x10712 Ry = 1.7 x 107

Ly=12x10° Cy,=3x10"1 Ry = 10°
L,=3 C,=15%x10"P R, =9 x 10%
C,=27x10"1 R, =3 x 1010
L.=2 C,=5x10"1# R, =6 x 10*




Shaw & Stinson’s (1981) model
Approximation to [jwCras]™!

.
10°

Frequency [Hz]

Figure-A IV-2 Level in dB (factor 20, ref. I N's m™>) of
the tympanic membrane acoustic impedance and its
low-frequency approximation based on the lumped

element model of the middle ear developed by Shaw &

Stinson (1981)
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APPENDIX V

RADIATION ACOUSTIC IMPEDANCE DEFINED AT THE EARCANAL OPENING

The radiation acoustic impedance Z,.4 defined at the earcanal opening is equal to that of a
baffled circular piston of radius r.,; = rgc({gc) coupled to a semi-infinite acoustic domain and

is given by (Bruneau, 2013)

o~ PoCo 1 — Jl (2k0rent) _ .Hl (Zkorenl)

Zr = s (A V_l)
ad kot ent korent

2
T et

where J; and H; are the first order Bessel and Struve functions respectively and ko = w/co is

the lossless wavenumber.






APPENDIX VI

LOW REDUCED FREQUENCY MODEL

The low reduced frequency model is used to account for viscous and thermal losses that exist
in tubes (Kampinga, 2010). Compared to a visco-thermal acoustic model, the low reduced
frequency model requires significantly less computational resources. The low reduced frequency
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 l%’e o and the equivalent

characteristic impedance Z! 4 are given by

y—(y=1y i
keq = ko l- ’h] : (A VI-1)
wvi
Ziq =Zo[:,bii (7—(7’— 1)‘/’;;;)]_ /2~ (A VI-2)

In Egs. (A VI-1) and (A VI-2), kg = w/co and Zy = poco represent respectively the free space
wavenumber and characteristic impedance, po and ¢ are respectively the air density and the
sound speed, and y corresponds to the ratio of specific heats. In addition, ‘/’i ; and l//; , correspond
to geometry and material dependent functions associated to viscous and thermal effects and

defined by

; Ja (kyiry)

io 28T (A VI-3)
v Jo (kyiri)

; Jo (kypry)

i o _S2RRT) A V-4
Vin Jo (kepri) ( )

In Egs. (A VI-3) and (A VI-4), J, is the first order Bessel function for integer «. In addition,
kyi = y/—jwpo/p and k;, = \/—jwpoC,/« 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.






APPENDIX VII

ACOUSTIC POWER BALANCE COMPUTED USING THE 3D FINITE ELEMENT
MODEL

This section details the various contributions of the acoustic power balance in open and occluded
cases computed using the low reduced frequency 3D FE model. In the open case, the visco-
thermal dissipation represents approximately 99% at 100 Hz of the injected acoustic power and
decreases with frequency to approximately 11% at 1 kHz. This dissipation mainly occurs in the
earcanal wall upstream section boundary layer where the fluid experiences friction due to its
viscosity and the gradient of tangential acoustic particle velocity. It should be noted that the
damping factor in a real open earcanal has been estimated to be approximately 3 times higher
than that computed in an earcanal with smooth wall (Hudde & Engel, 1998b). The acoustic
power radiated through the earcanal opening only represents a fraction of the injected acoustic
power at low frequencies (<3%). This proportion was greatly overestimated by Brummund
et al. (2014) since they neglected the visco-thermal dissipation. The remaining proportion of
the acoustic power injected to the open earcanal cavity by its wall is dissipated at the tympanic
membrane and increases with frequency. In the occluded case, the acoustic power dissipated
at the tympanic membrane represents approximately 85% at 100 Hz of the injected acoustic
power and increases with frequency to approximately 99.9% at 1 kHz. The remaining acoustic
power injected in the occluded earcanal is mainly dissipated by thermal effect in the earcanal

wall boundary layer.






APPENDIX VIII

OCCLUSION EFFECT EXPRESSED IN TERMS OF ACOUSTIC POWER

This section details the expression of the OE in terms of time-averaged acoustic power dissipated
at the tympanic membrane V_V}‘ 1+ From Eq. (2.5), the time-averaged tympanic membrane

acoustic power can be computed by

A 2
/ Prul ds| . (A VIII-1)
Stm Z*

Consider now the difference in acoustic power level dissipated at the tympanic membrane

between the occluded and the open earcanals:

] ] 1 sl 4o
s Wyne” R i 2y
10log, W — 10log; W = 10log, e (A VIII-2)
ref ref %% [ |pTM | dS}
STm Z*

At low frequencies, the acoustic pressure is spatially homogeneous over the tympanic membrane
surface in both open and occluded cases (see Fig. 2.4(c)) such that pT y = < Pr M> Using this

assumption, Eq. (A VIII-2) can be rewritten such as

| ﬁOCCl>| ‘R Aoccl soccl
10log v [TM] = 10lo (|< i)l ) 20log (<A§]j‘§n = OE,
| open | y\[ ] |< 0pen>| <
(A VIII-3)

which is equal to the OE defined by Eq. (2.4).

The computation of OEj.,; is now detailed. Starting from the OE computed in terms of time-
averaged acoustic power dissipated at the tympanic membrane in open and occluded earcanals

(see Eq. (A VIII-3)) and using the acoustic power balance in both cases (see Sec. 2.3.1.4), the
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OE can be written as

y7occl Woc% _ Wgccl

™ jsS
OE = 1010g10 (Tperz) = 1010g10 (Wopen Wav‘vopen Z“VT/OPW) ’ (A VIII-4)

™ wall — "diss — 'ent
which is equivalent to
yoccl _ yyroccel yoren WOPM
OF = 1OlogIO ( T (r;)aelrll —C(l)l;zn) + 1OlogIO ( xropen Wa”- open diSS_ open) : (A VIII-5)
Wwall - Wdiss Wwall a Wdiss - Wenl‘

In Eq. (A VIII-S), the left term of the product can be interpreted as an equivalent OE, referred to
as OEjqqx, representing the reduction to 0 of the acoustic power W, " radiated at the earcanal
opening due to its occlusion by an infinite impedance. In this case, the acoustic power that was
radiated at the earcanal opening in the open case is rather dissipated at the tympanic membrane

in the occluded case. From Eq. (A VIII-5), OE;.. can be rewritten as

xropen
OEj.qr = 10log;, e = 10log;, (1 + ﬁ) . (A VIII-6)
- Wtﬁ/‘(i)_pen wall

From Eq. (A VIII-5), the right term of the product can also be interpreted as an equivalent OE
computed such that no acoustic power is radiated at the earcanal opening in the open case. The
acoustic power that would be radiated at the earcanal opening is rather dissipated at the tympanic

membrane in the open case.



APPENDIX IX

OCCLUSION EFFECT INDUCED BY AN EXTERNAL CAPPED DUCT:
SIMULATION VERSUS 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 earcanal entrance. Experimental data
were measured by Huizing (1960) 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 earcanal entrance, which is a priori not circular. The seal
between the earcanal 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 earcanal entrance assuming
circular cross-section. Measured and simulated OEs induced by an external capped duct are
displayed in Fig.-A IX-1 as a function of the duct length /4,., (added to the earcanal length /g ¢
and normalized by the lossless wavelength calculated at 1 kHz). According to Fig.-A 1X-1,
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-A IX-1 OE induced by an external capped duct

coupled at the earcanal 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 (1960)




APPENDIX X

CALCULATION OF AIR PROPERTIES FROM TEMPERATURE, ATMOSPHERIC
PRESSURE AND RELATIVE HUMIDITY

This section details the computation of density pg, sound speed cg, dynamic viscosity u, heat
capacity at constant pressure C,, and ratio of specific heats y of air from the knowledge of the
temperature 7 (in Kelvin, 1°C is equal to 273.15 K), atmospheric pressure P, (in Pascal) and
relative humidity Hq, (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~! K~!.

The density of humid air is given by

(A X-1)

Patm ( 1 1 ) H% Psat
2]

= - — - — X _—
R,T R; R,) 100 T

where Ry = 287.031 T kg=! K! and R, = 461.521 J kg=! K~! are the specific gas constants
for dry air and for water vapor respectively whereas Pj,; is the saturation water vapor pressure

estimated as a function of the temperature by (Pierce, 1994)
Py = 0.0658 X T — 53.7558 x T + 14703.8127 X T — 1345 485.0465. (A X-2)

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

(Touloukian & Makita, 1970)

Cp = 4168.8x (0.249679 —7.55179x 107> x T+ 1.69194 x 1077 x T - 6.46128 x 10! x T%).
(A X-3)

The ratio of specific heat is then given by

(A X-4)
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Under the ideal gas assumption, the isentropic sound speed is then calculated by

1

)

P

co = [M] . (A X-5)
Lo

Finally, the dynamic viscosity can be estimated as a function of the temperature by (Lide & Ke-

hiaian, 1994)

w="7.72488 x 1078 x T —5.95238 x 10711 x 7% +2.71368 x 10~ x 1. (A X-6)



APPENDIX XI

LOCATION OF THE EQUIVALENT IDEAL VOLUME VELOCITY SOURCE IN A
CYLINDRICAL EARCANAL

This section provides more details on the location of the equivalent ideal volume velocity source
Q representing the whole earcanal wall normal vibration at the corresponding centroid position
using an EA model of the open earcanal. The case of a cylindrical earcanal of constant radius
rec and length /g is considered. The earcanal axis is referred to as z. The eardrum is defined
at z = —lgc whereas the earcanal entrance is defined at z = 0. The normal vibration of the
surrounding earcanal wall is accounted for as a distribution of an infinite number of ideal
volume velocity sources along the earcanal axis. Each source Q; represents an infinitesimal
portion of length ¢ of the earcanal and imposes a volume velocity §; (i € N*) such that
the sum of all volume velocities is equal to the volume velocity 777" imposed by the whole

earcanal wall (i.e., 4777

= > §¢;). In addition, each source is located at a position z = —I;
i=1

(—lgc < —l; < 0) corresponding to the position of the infinitesimal portion of earcanal and

neglecting its infinitesimal length 6gc. Applying the principle of superposition (linear system),

the acoustic pressure at the eardrum (z = —/g¢) is given by
P = D Pl (AXI-1)
where ﬁ%jﬁ is the acoustic pressure generated by a source Q; and defined by

~open _ Sopen A
Pryi = ZEcjoq X dis (A XI-2)

where Z°P¢!represents the acoustic impedance of the open earcanal cavity seen by a source
EC/Q,i

Q;. In first approximation, this acoustic impedance can be simplified to

Zpt: ~ Jo (Lraa + L) (A XI-3)
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where L, .4 represents the acoustic mass of radiation at the earcanal entrance and LL the acoustic

mass of the earcanal upstream section. The latter is defined by LL = —pol;/Sgc with the air

density po and the earcanal cross-section area Sg¢c = ﬂrlzfc. Substituting Egs. (A XI-2) and (A

XI-3) into Eq. (A XI-1), the acoustic pressure at the eardrum can be rewritten as

~open
Prm

ij (Lrad + L;) X in

i=1

D jwLraa X Gi+ ) jwLl, X §;

i=1 i=1

. ~open Jwpo X ~
](ULrad X qwa” + SEC ; _li X qi

(A XI-4)

. 00 ~
. ropen | JWPO Z —1; X qi sopen
JWLraa X 4yanl + S sopen X 9ypalr -
EC i=1 wall

From the latter equation, one can recognize an expression of the centroid position /. of the

S

earcanal wall normal vibration given by [. = Y, —45er.

i=1 *wall



APPENDIX XII

VERIFICATION OF THE ACCURACY OF THE ELECTRO-ACOUSTIC
FRAMEWORK ASSOCIATED WITH THE 2D FINITE ELEMENT MODEL

To investigate and interpret FE simulations in the EA framework, the latter must provide accurate
approximations of the former. In Fig.-A XII-1, the OE computed using Eq. (5.10) of the EA
framework is displayed, superimposed with OE computed using the FE model. It is noteworthy
that EA simulations are displayed at selected frequency points rather than in narrow band in order
to increase the readability of Fig.-A XII-1. As expected, approximations of the OE obtained
using the EA model are in good agreement with FE simulations in all cases (foam, silicone and
infinite impedance earplugs) and at all insertion depths. This verifies the accuracy of the EA

framework, despite its simplifications and assumptions (see Sec. 5.3.5).
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Figure-A XII-1 Predicted objective OE induced by an
infinite impedance, a foam earplug and a silicone earplug
at (a) shallow (6 mm), (b) medium (12 mm) and (c) deep
(18 mm) insertion computed using both FE model and EA

model (in narrow band but displayed at selected
frequencies only)



APPENDIX XIII

RESULTS OF THE DESIGN OF EXPERIMENT PERFORMED ON THE EARPLUG
PROPERTIES USING THE 2D FINITE ELEMENT MODEL

Figure-A XIII-1 displays the influence of the earplug material properties on the volume velocity
g ep imposed by its medial surface and computed using the 2D FE model for (a) shallow, (b)
medium and (c) deep insertion. Results are presented in terms of variation AGgp in dB from the
mean value (0 dB) of the volume velocity imposed by the medial earplug surface computed
from the 2° = 8 configurations of the design of experiment. A positive variation means that the
parameter (or the couple of parameters) tends to increase the volume velocity imposed by the
earplug on the occluded earcanal cavity whereas negative variation means the opposite. Most
important effects only are presented in Fig.-A XIII-1. For all insertion depths, the Young’s
modulus and the density of the earplug are seen to be of minor influence on the volume velocity
imposed by the medial earplug surface compared to the Poisson’s ratio. Indeed, Poisson’s effect
is the only one that substantially moves the curves from the 0 dB line, by from 10 to 17 dB
across conditions depending upon frequency. Poisson’s effect thus governs the difference in
contribution between a foam and a silicone earplug. Both the Young’s modulus (main effect)
and the interaction between the Young’s modulus and the Poisson’s ratio (interaction effect)
tend to decrease the volume velocity imposed by the medial earplug surface. This is explained
by the bulk modulus of the earplug defined in 2D by K = E/[2 (1 — v)] which measures the
resistance of the earplug to compression. The bulk modulus of the earplug increases with both
Young’s modulus and Poisson’s ratio which in consequence constrains the normal vibration
of the earcanal wall portion coupled to the earplug and therefore reduces the volume velocity
imposed by the medial earplug surface by Poisson’s effect. The effect solely due to Poisson’s
ratio accounts for the influence of the bulk modulus and Poisson’s effect, both of which act in
opposition to each other on §gp. However, since the effect due to Poisson’s ratio is positive and
significantly greater, it is concluded that the Poisson’s effect largely dominates the effect of the

bulk modulus in the design of experiment.
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Figure-A XIII-1 Variation in dB (factor 20,
ref. 1 m? s™!) from the mean value of the volume velocity
4 ep imposed by the medial earplug surface as computed
using the 2D FE model. The results derive from the
design of experiment performed on the earplug material
properties at (a) shallow (6 mm), (b) medium (12 mm)
and (c) deep (18 mm) insertion as a function of frequency

In complement to Fig.-A XIII-1, Fig.-A XIII-2 displays the OE induced for several Poisson’s
ratios for a silicone earplug. For all insertion depths, the overall amplitude of the OE is seen to
increase with Poisson’s ratio, confirming the preponderant role of the Poisson’s effect in the
difference in OE between a foam (v = 0.1) and a silicone (v = 0.48) earplug. The increase
of the Poisson’s ratio from 0O to 0.2 increases the OE by approximately 3 dB for all insertion
depths. The increase of Poisson’s ratio from 0.2 to 0.48 increases the OE by approximately 6 dB
(above the resonance frequency around 600 Hz), 8 dB, and 12 dB for shallow, medium, and deep
insertion respectively. Hence, the influence of the Poisson’s ratio is not linear and increases with

insertion depth.
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Figure-A XIII-2 Predicted objective OE induced for
several Poisson’s ratios for a silicone earplug at (a)
shallow (6 mm), (b) medium (12 mm) and (c) deep

(18 mm) insertion as a function of frequency
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