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Reduction of the occlusion effect
induced by earplugs using quasi
perfect broadband absorption

Kévin Carillo*, Franck Sgard?, Olivier Dazel® & Olivier Doutres!

Passive earplugs are used to prevent workers from noise-induced hearing loss. However, earplugs
often induce an acoustic discomfort known as the occlusion effect. This phenomenon corresponds

to an increased auditory perception of the bone-conducted part of physiological noises at low-
frequency and is associated with the augmentation of the acoustic pressure in the occluded earcanal.
In this work, we report a new concept of passive earplugs for mitigating the occlusion effect between
100 Hz and 1 kHz. The strategy consists in reducing the input impedance of the earplug seen from the
earcanal by using quasi-perfect broadband absorbers derived from the field of meta-materials. The
proposed “meta-earplug” is made of & critically coupled Helmholtz resonators arranged in parallel.
Their geometry is optimized using an evolutionary algorithm associated with a theoretical model

of the meta-earplug input impedance. The latter is validated against a finite-element approach and
impedance sensor measurements. The meta-earplug is manufactured by 3D printing. Artificial test
fixtures are used to assess the occlusion effect and the insertion loss. Results show that the meta-
earplug induces an occlusion effect approximately 10 dB lower than foam and silicone earplugs while it
provides an insertion loss similar to the silicone earplug up to 5 kHz.

Among the many causes of hearing loss, occupational noise represents an important risk factor'. Hearing protec-
tion devices such as earmuffs and earplugs are commonly used in noisy environment to protect workers from
noise-induced hearing loss (NIHL). However, the lack of comfort associated with wearing hearing protectors
strongly affects their use and thus their efficiency for preventing NTHL?*®. Earplug comfort is a multidimensional
construct that encompasses physical, functional, acoustical and psychological aspects®. Regarding the acoustical
dimension, the use of earplugs is usually associated with the occlusion effect®*. This phenomenon is described
as an uncomfortable increased auditory perception of the bone-conducted part of one’s own physiological noise
(e.g., one’s own voice, chewing, breathing, etc.) when the earcanal entrance is covered or blocked, and is most
significant at low frequencies, typically below 1 kHz?.

The sensation of the occlusion effect is objectively associated with an augmentation of the acoustic pressure in
the occluded earcanal compared to the case where the earcanal is open, i.e., not obstructed by the in-ear device’.
Under a bone-conducted stimulation (e.g., vocal cords, bone-transducer, etc.), the earcanal wall vibrates and
generates an acoustic pressure in the earcanal cavity which depends on the open or occluded state of the entrance.
Atlow frequencies, the acoustic impedance (seen by the earcanal wall) of the earcanal cavity occluded by earplugs
is governed by the compressibility effect of the occluded volume and is significantly higher than the acoustic
impedance of the open earcanal which is rather governed by its inertia effect. This change in character of the
acoustic impedance of the earcanal seen by its wall corresponds to the fundamental mechanism of the objective
occlusion effect®. Note that the medial surface of earplugs also vibrates due to the bone-conducted stimulation
and contributes together with the earcanal wall to the acoustic pressure generated in the occluded earcanal’.

The deep insertion of the occlusion device can be used to reduce the occlusion effect induced by earplugs as
well as hearing aids®°. This solution is based on the reduction of the vibrating earcanal wall area generating acous-
tic pressure in the occluded earcanal. However, the deep insertion can be responsible for mechanical discomfort
due to the sensitivity of the earcanal bony part. For hearing aids, the use of vents!®-!> or open fittings'*'* can
drastically reduce the occlusion effect. These solutions are based on the reduction of the acoustic impedance of the
occluded earcanal compared to an acoustically rigid occlusion' but come at the cost of decreasing the hearing aid
performance due to acoustic feedback, limited amplification gain and near zero suppression of ambient noise'>'°.
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Figure 1. (a) 3D printed meta-earplug and schematics of the meta-earplug in (b) 3D view and (c,d) 2D planes.
Numbers 1 to 4 identify each HR.

Furthermore, these solutions are not suitable for earplugs to ensure sufficient sound attenuation required for
hearing protection purpose. More recently, active systems reducing the occlusion effect of earplugs'’, hearing
aids'®" and earbuds'® have been developed based on the principle of destructive interference. These systems
have a great potential to obtain a natural perception of one’s own voice'® but can be subjected to the generation
of distorted sounds when the sound pressure level in the occluded earcanal exceeds the maximum output level
of the active noise cancelation system'. In addition, while these systems are not yet available on the market to
the authors’ knowledge, they are likely be more expensive than passive solutions. Hence, new passive solutions
are sought to reduce the occlusion effect for improving the acoustic comfort of earplugs’” users.

To mitigate the occlusion effect induced by a passive earplug, we propose here another solution than existing
venting or open-fitting systems. This solution consists in modifying the earplug medial surface acoustic imped-
ance so that it matches the characteristic impedance of air in order to reduce the acoustic impedance seen by the
earcanal walls. This is achieved by using quasi-perfect broadband absorbers developed in the field of acoustic
meta-materials?™! and which are adapted here to the design of the first “meta-earplug” The quasi-perfect broad-
band absorption can be achieved by using critically coupled resonant systems arranged in series or parallel*-?,
The critical coupling corresponds to the perfect balance between the energy leakage from the resonator to the
environment and the energy dissipation in the resonator, which leads to the perfect absorption. Compared to
the use of vents, the proposed solution allows for reducing the objective occlusion effect while ensuring a sound
attenuation adapted to hearing protection purposes.

The meta-earplug presented here and displayed in Fig. 1 is made of 4 critically coupled Helmholtz resonators
(HRs) arranged in parallel. Each HR includes a neck and a cavity which is partially filled by an acoustic foam.
Necks of resonators are gathered in a thin cylindrical structure that is inserted in the earcanal cartilaginous part
(around 10 mm insertion depth). This structure is surrounded by a Comply® foam eartip which can adapt to vari-
ous earcanal size and seal the entrance to ensure sound attenuation and maintain the meta-earplug in position.
The cavities of HRs are included in a parallelepipedic volume constrained to approximately 7 cm®. Hence, cavities
of the meta-earplug could partially fit in the concha (around 4 cm??®) and slightly protrude outside the pinna like
commercial earbuds including active noise cancellation device. In this paper, the geometry of the meta-earplug
was kept simple (i.e., not adapted to real pinna) to focus on the understanding of its vibro-acoustic behaviour
and its abilities to reduce the occlusion effect while providing a suitable sound attenuation.

The optimization process of the geometry of the meta-earplug was based on an evolutionary algorithm?*
associated with a theoretical model of the reflection coefficient R of its medial surface. The cost function used in
the optimization process was ¢ = [ ff:: [R(f)|2df, where f is the frequency, to minimize the reflection coefficient
in a broadband frequency range starting from f;,;; = 200 Hz to f,,,4 = 900 Hz. This covers most of the frequen-
cies where the occlusion effect is significant. Two geometrical parameters (el}] and ALl]) define the topology of
the resonators and, for each resonator, the thickness of the foam layer (Ifo4/) and the radius of the neck (7yect)
are optimized. Geometrical parameters resulting from the optimization process are summarized in Table 1.

In the following, the acoustic properties of the meta-earplug medial surface as well as the occlusion effect
and the sound attenuation induced by the meta-earplug are investigated and discussed.
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Table 1. Geometrical parameters (in mm) obtained by the optimization process for the meta-earplug.
Superscripts 1 to 4 refer to each HR.
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Figure 2. (a) Reflection coefficient and (b) normalized acoustic impedance of the meta-earplug of medial
surface Sgc calculated analytically (TMM), numerically (FEM) and measured experimentally using an
impedance sensor®. Vertical coloured lines indicate frequencies of absorption peaks of the meta-earplug, i.e.,
fi =245Hz, f, = 367 Hz, f3 = 565 Hz, and f; = 803 Hz. (c) Reflection coefficient of the meta-earplug in the
complex frequency plane analytically computed using the TMM. White continuous (respectively dashed) lines
show the isoline |[R|> = 0.01 (respectively |R|? = 0.1). Diamond and circle symbols represent poles and zeros
of HRs isolated from each other (i.e., taken individually). Symbols R and J represent real and imaginary part
respectively.

Results

Acoustic properties of the meta-earplug medial surface. We start by investigating the acoustic
behaviour of the meta-earplug medial surface of area Sgc = 7r2- where rgc = 3.75 mm corresponds to an
average earcanal radius used in artificial test fixtures (see “Occlusion effect” and “Insertion loss” sections). Fig-
ure 2a,b displays the corresponding reflection coeflicient and normalized acoustic impedance (real and imagi-
nary parts) calculated (i) analytically using the transfer matrix method (TMM), (ii) numerically using the finite
element method (FEM), and (iii) experimentally measured using an impedance sensor®. Note that for the
measurements, the meta-earplug included a built-in 3D printed support adapted to the impedance sensor (see
Fig. 6b) rather than the foam eartip seen in Fig. 1a. All the methodological details regarding the analytical and
numerical models and the measurement are provided in “Methods” section. According to Fig. 2a,b, good agree-
ment is observed between analytical, numerical, and experimental results. Slight discrepancies exist between
models and experimental data due to inherent inaccuracies of both the 3D printing process and the melamine
foam cutting.

Figure 2a shows that the reflection coefficient of the meta-earplug medial surface is lower than 0.1 between
200 and 900 Hz. This frequency range corresponds to that defined in the optimization process to cover the fre-
quency region where the occlusion effect is most significant. Assuming negligible sound transmission through
the 3D printed structure of the meta-earplug, the relation o = 1 — |R|2, where « is the absorption coefficient,
holds. Hence, the meta-earplug medial surface exhibits a quasi-perfect broadband absorption between 200 and
900 Hz. In Fig. 2a, Vertical coloured lines indicate frequencies of absorption peaks of the meta-earplug, i.e.,
i =245Hz, f, = 367 Hz, f3 = 565 Hz, and f; = 803 Hz (obtained by graphic reading), respectively governed
by HR#1, HR#2, HR#3 and HR#4.

As presented in the introduction, the aim for obtaining a quasi-perfect broadband absorption of the meta-
earplug medial surface is to match the characteristic impedance of air in order to reduce the occlusion effect. This
will be investigated in “Occlusion effect” section. Here, Fig. 2b shows that, at the absorption peaks of the meta-
earplug (i.e., fi- f4), the real part of the normalized impedance is close to 1 while its imaginary part is almost 0.
Hence, the acoustic impedance of the meta-earplug medial surface is mainly resistive and fulfils the conditions of
impedance matching. On the contrary, below 200 Hz and above 900 Hz, the real part of the normalized imped-
ance vanishes while its imaginary part increases. The acoustic impedance of the meta-earplug medial surface
becomes mainly reactive and departs from the impedance matching conditions.

The perfect absorption behaviour that supports the impedance matching of the meta-earplug medial surface
with the air environment originates from the balance between the energy leakage from the HRs to the main
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Figure 3. (a-d) Acoustic power W (tlme averaged over one period) dissipated in neck and cav1ty for each
HR in proportion of the total acoustlc power W, dissipated in the meta-earplug (‘IJ = W / W o, where
i € {neck; cavity; neck + cavity}andn € {1; 2; 3; 4} the index of each HR). In each cavity domaln the foam
layer governs the acoustic dissipation. Vertical coloured lines indicate frequencies of absorption peaks of the
meta-earplug, i.e., fi = 245Hz, f, = 367 Hz, f3 = 565Hz, and f; = 803 Hz. (e-h) Acoustic pressure fields
inside each resonator at frequencies of absorption peaks of the meta-earplug (colour-map in 20log, (
where prr = 2 x 1077 Pa). Results were computed using the numerical model.

)

waveguide (i.e., the earcanal) and the energy dissipated in the HRs*. When evaluating the reflection coefficient
in the complex frequency plane, the balance between energy leakage and energy dissipation is achieved when
the zeros of the function are located on the real frequency axis**?'. Figure 2c displays the reflection coefficient
of the meta-earplug calculated in the complex frequency plane using the TMM model. The zeros are not exactly
located on the real frequency axis but close enough to provide quasi-perfect absorption. The sign of the imagi-
nary part of the zeros indicates if the perfect absorption is not achieved due to a lack of losses (i.e., negative
imaginary part) or an excess (i.e., positive imaginary part)®. Regarding the poles, their imaginary part is related
to the leakage rate of energy from the HRs to the waveguide and the distance between a given pole and its
associated zero gives information on the bandwidth of the absorption peak®: the greater the distance, the wider
the absorption peak. Since HR#3 presents a wider absorption peak than other HRs (see the distance between
HR#3’s pole and zero in Fig. 2¢), it ensures a larger frequency band of quasi-perfect absorption (see the white
continuous line crossing the real frequency axis at f3 = 565 Hz in Fig. 2¢) and can be located further from its
neighbours HR#2 and HR#4 than HR#1 and HR#2 are, while preserving a quasi-perfect broadband absorption
of the meta-earplug medial surface.

The representation of the reflection coefficient in the complex frequency plane is also interesting to study
the interaction of the HRs of the meta-earplug through their interference in the waveguide®. For this purpose,
Fig. 2c also displays the pole (red diamond symbols) and associated zero (blue circle symbols) of each HR taken
individually (i.e., HRs isolated from each other). We can see that position of poles and zeros in the complex fre-
quency plane are slightly changed from coupled HRs to isolated HRs. Hence, frequencies of absorption peaks of
the meta-earplug medial surface do not exactly correspond to resonance frequencies of HRs due to their coupling
through the waveguide (i.e., which will be the earcanal in practice). According to Fig. 2¢, zeros of isolated HRs are
almost all located on the real frequency axis. This corresponds to a quasi-critical coupling of each individual HR
which supports the quasi-perfect broadband absorption of the meta-earplug. Compared to the coupled system,
the distance between pole and zero of uncoupled HRs is only governed by the change in section between their
neck and the main waveguide. The larger this change, the lesser the distance between their respective poles and
zeros. This can be seen on Fig. 2c where HR#3 and HR#4 have the largest neck radius (both equal to 0.8 mm).
In consequence, they also have the largest absorption bandwidth (see Supplementary Materials).

To further investigate the contribution of each HR to the quasi-perfect broadband absorption of the meta-
earplug, Fig. 3a-d displays, for each HR, the proportion of acoustic power dissipated in the HR (neck, cavity
including foam layer and both neck and cavity) relatively to the total acoustic power dissipated in the meta-
earplug. Vertical coloured lines indicate frequencies of absorption peaks of the meta-earplug (i.e., fi-f1). Results
were computed using the numerical model by integrating the total dissipated (by visco-thermal effects) acoustic
power density Qpy, = —2|I|J(k) over the volumes of each HR components, where |I| is the acoustic intensity vec-
tor magnitude and k the acoustic wavenumber in neck and cavity (including foam) volumes of each HR. First,
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Figure 4. (a) Occlusion effect (mean + standard deviation) induced by the meta-earplug compared to a silicone
and a foam earplugs. (b) Occlusion effect (mean + standard deviation) induced by the meta-earplug with all HRs
active, no HRs active and only HR#1 active. Results are presented in 3rd octave bands. Vertical coloured lines
indicate frequencies of absorption peaks of the meta-earplug, i.e., fi = 245 Hz, f, = 367 Hz, f; = 565 Hz, and
f2 = 803 Hz. In (b), note that the cavities compliance effect only applies to frequencies below 200 Hz.

we can see that the dissipation of acoustic energy mainly occurs in the cavities of HRs due to the melamine foam
layers inserted to achieve total absorption of sound. In Supplementary Materials, we also show that the melamine
foam shifts towards lower frequencies the acoustic resonance of each HR by increasing the acoustic compliance
of the cavities. Hence, for a given cavity volume, the foam allows for reaching the perfect absorption behaviour
at lower frequencies. The dissipation in the necks of HRs is of secondary importance but also contributes to the
quasi-perfect broadband absorption of the meta-earplug medial surface. Second, Fig. 3a-d shows that absorp-
tion peaks of the meta-earplug do not exactly happen at the uncoupled resonance frequencies of HRs, when the
dissipation provided by each of them is maximum. Indeed, absorption peaks of the meta-earplug are slightly
influenced by the coupling between HRs, as observed in the complex frequency plane (see Fig. 2c). To illustrate
the coupling between HRs, Fig. 3e-h displays the acoustic pressure field in the meta-earplug computed at the
absorption peaks frequencies (i.e., fi- f1). At each of these frequencies of absorption peaks, we can see that the
acoustic pressure is maximum in the HR of closest resonance frequency but other HRs are also slightly activated.
These couplings between HRs also contribute to produce the quasi-perfect broadband absorption achieved by
the meta-earplug medial surface.

Occlusion effect. We now investigate experimentally the benefit of the meta-earplug for reducing the occlu-
sion effect. An associated theoretical investigation is provided in Supplementary Materials. Figure 4a displays
the experimental objective occlusion effect (mean + standard deviation) induced by the meta-earplug inserted in
an artificial ear specifically designed for occlusion effect assessment. For this purpose, the artificial ear includes
skin, cartilaginous and bony parts surrounding a cylindrical earcanal of length 29 mm and radius 3.75 mm.
Note that the treatment of the earcanal as a cylinder with constant radius does not change the basics of bone-
conducted acoustic wave propagation®~, at least at low frequencies, compared to a realistic 3D shaped earcanal
but greatly simplifies the experimental setup. For further details about the artificial ear used in this work and
the associated experimental setup, the reader is referred to “Sample manufacturing and experiments” section.
In Fig. 4a, the occlusion effect induced by the proposed meta-earplug is compared to a homemade silicone
earplug and a commercial roll-down foam earplug inserted at the same insertion depth, i.e., around 9 mm from
the earcanal entrance. Results of the occlusion effect are presented in 3™ octave band in the frequency range
100 Hz-1 kHz. Vertical coloured lines indicate absorption peaks frequencies of the meta-earplug (i.e., fi-fa).
In agreement with experimental literature data obtained on human subjects®*, the occlusion effect displayed
in Fig. 4a for silicone and foam earplugs is shown to decrease with frequency from approximately 30 to 10 dB.
This decrease is explained by the change in the character of the acoustic impedance of the earcanal seen by its
wall between the mass-controlled open state and the compliance-controlled occluded state®. According to Fig. 4a,
we can see that the meta-earplug provides a significant broadband reduction of the occlusion effect compared
to silicone and foam earplugs. This reduction reaches 15 to 20 dB (depending on which earplug is compared to
the meta-earplug) in the 3rd octave band centered at 400 Hz. Above this frequency, the occlusion effect induced
by the meta-earplug remains lower than 5 dB. Regarding the silicone and the foam earplugs, their difference in
occlusion effect is deemed to come from their difference in Poisson’s ratio”, which influences the vibro-acoustic
contribution of their medial surface to the sound pressure level generated in the occluded earcanal. For the
meta-earplug, the occlusion effect reduction rather comes from the acoustic properties of its medial surface.
In order to examine the acoustic behaviour of the meta-earplug for reducing the occlusion effect, Fig. 4b
displays the experimental occlusion effect measured with all HRs active, no HRs active (neck of all HRs are
obstructed) and only HR#1 active. When no HRs are active, the meta-earplug medial surface is acoustically rigid
and its input acoustic impedance tends to infinity. Compared to the case with no HRs active, the meta-earplug
with all HRs active provides a reduction of the occlusion effect from 15 to 5 dB between 100 Hz and 1 kHz
and this reduction reaches almost 20 dB at 200 Hz. Between 200 and 900 Hz, this reduction is driven by the
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Figure 5. (a) Insertion loss (mean + standard deviation) provided by the meta-earplug compared to a silicone
and a foam earplug. (b) Insertion loss (mean + standard deviation) provided by the meta-earplug with all HRs
active and no HRs active. Results are presented in 3rd octave bands. Vertical coloured lines indicate frequencies
of absorption peaks of the meta-earplug, i.e., fi = 245Hz, f, = 367 Hz, f3 = 565Hz, and f; = 803 Hz.

quasi-perfect broadband absorption of the meta-earplug medial surface whose input impedance approximately
matches the characteristic impedance of air (see Fig. 2a,b). Below 200 Hz, the perfect absorption behaviour of
the meta-earplug with all HRs active vanishes (see Fig. 2a) so the reduction of the occlusion effect it provides
rather comes from the acoustic compliance of its cavities which decreases its input impedance depending on
their total volume (see Supplementary Materials for more detail). This phenomenon is purely reactive and is
similar to the reduction of the occlusion effect observed when using large earmuffs>>.

When HR#1 only is active, Fig. 4b shows that the meta-earplug benefits from (i) the resonator volume for
reducing the occlusion effect below 200 Hz and (ii) the perfect absorption ensured by its critical coupling at its
resonance frequency around 250 Hz (see Fig. 2¢c). Above this frequency, however, the acoustic absorption of the
meta-earplug vanishes. In the 3rd octave band centered at 500 Hz and above, Fig. 4b shows that the occlusion
effect induced by HR#1 only is even larger than the occlusion effect produced when no HRs are active. This phe-
nomenon is explained by the Tonraum acoustic resonance? resulting from the coupling of HR#1 to another finite
volume, i.e., the earcanal cavity. When all HRs are active, the quasi-perfect broadband absorption completely
damps Tonraum resonances that could occur with HR#1, HR#2 and HR#3 and shifts out of the frequency range
of interest the Tonraum resonance associated with HR#4 where the occlusion effect is already low (typically
above 1 kHz). Theoretical results provided in Supplementary Materials compare well with current experimental
data and support the explanation given here regarding the acoustic behaviour of the meta-earplug for reducing
the occlusion effect. We also provide an investigation of the influence of the reflection coeflicient of the earplug
medial surface on the occlusion effect. In addition, the influence of the earcanal radius at the insertion depth of
the meta-earplug on the reflection coeflicient of this latter is also studied in Supplementary Materials.

Finally, by comparing Fig. 4a,b, we can see that the meta-earplug with all HRs blocked induces a 5 to 10 dB
higher occlusion effect compared to silicone and foam earplugs below 250 Hz. This increase in occlusion effect
does not come from the acoustic properties of the meta-earplug medial surface, which acts as an acoustically rigid
surface when all HRs are blocked, similarly to silicone and foam earplugs. This increase rather originates from
the mechanical behaviour of the meta-earplug and its coupling with the earcanal wall and the earcanal cavity.

Insertion loss. The primary function of an earplug being to ensure sound attenuation for users, we finally
investigate the insertion loss provided by the meta-earplug using a standard artificial test fixture (see “Sample
manufacturing and experiments” section for further details about the experimental setup). Figure 5a displays
the experimental insertion loss (mean +standard deviation) of the meta-earplug compared to that of silicone
and foam earplugs inserted at the same insertion depth, i.e., around 9 mm from the earcanal entrance. Insertion
loss results are presented in 3rd octave band in the frequency range 100 Hz-5 kHz. Note the reverse direction
of the y-axis which presents the insertion loss from the highest (bottom) to the lowest (top) value, as usual in
the hearing protection field. Again, vertical coloured lines indicate frequencies of absorption peaks of the meta-
earplug (i.e., fi- f1).

According to Fig. 5a, the meta-earplug provides an insertion loss that has a curve similar to the silicone ear-
plug. The curve of the silicone earplug compares well with literature data?®?. The local minimum of the silicone
earplug insertion loss that occurs in the frequency band centered at 1.6 kHz comes from a piston-like mode of
deformation of the system and depends on the apparent stiffness of the earplug compressed in the earcanal wall
skin layer of the artificial test fixture?®. The insertion loss of the meta-earplug presents 2 local minima in the
frequency bands centered at 800 Hz and 1.25 kHz. Both minima might correspond to 2 modes of deformation
of the system in different planes since the meta-earplug is not axi-symmetrical with respect to the earcanal axis
(see more details in next paragraph). Compared to the foam earplug, the insertion loss provided by the meta-
earplug is significantly higher below 400 Hz and above 2 kHz. Between these frequencies, the insertion loss of
the meta-earplug drops due to its modes of deformation. Overall, the meta-earplug achieves a suitable insertion
loss for hearing protection purpose.
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The insertion loss measured on artificial test fixture depends on both (i) the transmission coefficient through
the earplug from the surrounding environment to the earcanal, and (ii) the reflection coefficient of the earplug
medial surface, which influences the amplitude of the multiple reflections that occur in the occluded earcanal®.
For silicone and foam earplugs, the reflection coefficient of their medial surface is approximately equal to 1 so
the insertion loss they provide only depends on their transmission coefficient. For the meta-earplug, however,
the low reflection coeflicient of its medial surface has some influence at low frequencies on the insertion loss
it provides. To investigate this phenomenon, Fig. 5b displays the insertion loss of the meta-earplug measured
with all HRs active and no HRs active (i.e., necks of HRs were not 3D printed). The removal of all HRs is likely
to decrease the transmission coefficient of the meta-earplug from the surrounding environment to the earcanal
while increase the reflection coefficient of the meta-earplug medial surface. Below 1 kHz, Fig. 5b shows that the
insertion loss is reduced (up to 10 dB) when no HRs are active. Hence, the quasi-perfect broadband absorption
provided by all HRs active has a significant effect for increasing the insertion loss provided by the meta-earplug
at low frequencies. Above 1 kHz, however, the insertion loss of the meta-earplug is generally higher when no
HRs are active which is most likely due to the decrease of the transmission coeflicient while the reflection coef-
ficient is similar between both cases in this frequency range. Finally, at 800 Hz and 1.25 kHz, local minima of the
insertion loss are observed with all HRs active and no HRs active, which supports that these minima originate
from mechanical resonances of the meta-earplug/artificial skin system. At 800 Hz, however, the insertion loss is
greater when all HRs are active due to the quasi-perfect absorption behaviour of the meta-earplug medial surface.

Discussion

In this paper, we presented the first meta-earplug capable of reducing the occlusion effect while providing a suit-
able sound attenuation in a passive way using its own vibro-acoustic behaviour. The reduction of the occlusion
effect was ensured by the impedance matching of the meta-earplug medial surface to the characteristic impedance
of air. The impedance matching was based on the quasi-perfect broadband absorption behaviour of the meta-
earplug medial surface in the frequency range 200-900 Hz, which covers most frequencies where the occlusion
effect is noticeable. Hence, we demonstrated here a new solution for passive hearables to reduce the objective
occlusion effect without using deep-fitting®, which can induce mechanical discomfort, or vent/open-fitting'®'?,
not adapted to hearing protection purpose.

In addition to providing a suitable sound attenuation (similar to that of a silicone earplug), the meta-earplug
could improve the sound attenuation of double hearing protectors (DHPs), i.e., the combination of earplugs
and earmuffs. When combined, earplugs and earmuffs provide an overall sound attenuation which is less than
the sum of their respective sound attenuation taken individually®': a phenomenon referred to as the DHP effect.
Recently, this phenomenon has been explained by the outer ear structure-borne sound transmission induced by
the external acoustic excitation that by-pass the air-borne pathway through the earplug, due to the presence of
the earmufP>*. The outer ear structure-borne pathway corresponds to the vibration of the earcanal wall, which
is also the source of the occlusion effect. Hence, the low acoustic impedance of the meta-earplug medial surface,
which decreases the occlusion effect, could also decrease the DHP effect.

To conclude, the meta-earplug presented here opens several ways for developing next generation of passive
earplugs. In future work, the effective efficiency of the meta-earplug for reducing the occlusion effect discomfort
should be studied on human subjects. This challenging task will require to adapt the geometry of the meta-
earplug to real human outer ear. Also, other types of resonators such as mass-membrane systems or poro-elastic
plates could be used for extending the frequency range of quasi-perfect broadband absorption or minimize the
size or the mass of the current meta-earplug reducing the occlusion effect. In addition, acoustic properties of the
meta-earplug could be optimized for different purposes such as flat broadband sound attenuation or selective
frequency band of the sound attenuation.

Methods

Models of the meta-earplug medial surface impedance. Theoretical model. In this section, we de-
tail the theoretical model developed for the optimization process of the reflection coefficient of the meta-earplug
medial surface. The temporal dependency is taken as /!, Under the assumption of normal incidence plane wave
propagation, the reflection coeflicient is defined by

Z— 7
R= s
Z+ 7y

(1)

where Z; is the air characteristic impedance and Z is the input acoustic impedance of the meta-earplug including
the 4 HRs in parallel and given by

4 -1

Z= (Z z["]> . )
n=1 “HR

The TMM is used to model the input impedance Zpr of each HR composing the meta-earplug. Geometrical

parameters used in the following depend on each HR. The transfer matrix T relates the acoustic pressure p and

the particle velocity v (in the longitudinal direction along the x;-axis) from the neck entrance (x; = 0, see Fig. 1d)

to the back of the cavity (x; = I 4 L) such that
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oolkg/m’]

co[m/s]

n[Pas]

v[1]

Cpll/kg/K]

k[W/m/K]

Py[1]

1.19

345.5

1.83 x 1072

14

1.002 x 103

0.025

0.707

Table 2. Properties of air at normal room conditions (T = 22°C, Pay, = 101,300 Pa and HR = 45%): air
density po, sound speed cp, dynamic viscosity 7, specific heats ratio y, heat capacity at constant pressure Cj,
thermal conductivity coefficient x and Prandtl number P,.

¢[1] ao[1] o[Nm™s] Alm] A’[m]
0.971 1 7566 8.7 x 107> 1.63 x 1074

Table 3. Macroscopic properties of the melamine foam: porosity ¢, tortuosity o« (high frequency limit), air
flow resistivity o, viscous and thermal characteristic lengths A and A’.

== [ 22] 7]
= = . (3)
|: v entrance v back T21 T22 v back
Since HRs are rigidly backed (i.e., ﬂ back = 0), the input impedance Zpp of each one is obtained by
T
ZHR = ——. 4
o, (4)

The transfer matrix T of each HR is defined by the product of the transfer matrices of (i) the change in sec-
tion at x; = 0 between the earcanal and the neck (T;), (ii) the neck itself (T.cx), (iii) the change in section at
x1 = I between the neck and the cavity (Tjoyy), (iv) the portion of cavity which is not filled with foam (T¢g, ),
and finally (v) the foam layer (Ty4,) such that

T= TuanecdeawnTcuvaaum~ (5)

Transfer matrices of change in section (T, and Tgoy,) account for the continuity of acoustic pressure and
volume flow across the interface and are defined as follows

10
T =
“p |: 0 Sneck/SEC :| ’ (6)

10
Tdown - |:0 Scav/sneck :| ’ (7)

where Sgc is the earcanal cross-section area at the meta-earplug insertion depth and S,k = 7 (Feck)? and
Scav = €cavhcay are cross-section areas of neck and cavity respectively.
Transfer matrices of necks, cavities and foam layers (Teck, Tcav» and Tfoap) are similarly defined by

T, — Cos(keq,ili) jZeq,iSin(keq,ili)

P jZ_jSin(keq,ili) Cos(keq,ili) ’ (8)
where i € {neck; cavity; foam}, j is the imaginary number, ; is the length of either neck, portion of cavity
without foam or foam layer while Z., ; and k,,,; are the equivalent impedance and wavenumber accounting for
visco-thermal effects. In the case of neck, effective length g neck = Ineck + lup + liown is used instead of geo-
metrical length ¢« to account for lengths correction I, and gy, respectively due to acoustic radiation at the
discontinuity from the neck to the earcanal and due to pressure radiation at the discontinuity from the neck to
the HR cavity. Here, these lengths correction are well approximated by**

8r, S
lup _ neck 1-125 neck i (9)
3 Sec
8r S
Liown = 2 <1 - 1.25—”‘”"). (10)
37 cav

For necks and portion of cavities without foam, Z,,; and k.,,; are defined using a low reduced frequency
model®. For foam layers, Zeq foam a0d keg foam used in Eq. (8) are computed using the Johnson-Champoux-Allard
equivalent fluid model*. Tables 2 and 3 respectively summarizes the properties of air at normal room conditions
and the macroscopic properties of the melamine foam.
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Figure 6. (a) Lateral and (b) medial view of the meta-earplug including a built-in support for impedance
sensor measurement and showing the insertion of melamine foam in HR cavity before gluing the back-plate. (c)
Artificial ear designed for occlusion effect measurements and (d) CT-scan performed in the horizontal plane
showing the geometry of the artificial earcanal and its surrounding tissues (red dotted rectangles indicate the
position of the cartilaginous ring surrounding the earcanal but difficult to distinguish from the skin tissue). (e)
Experimental setup for occlusion effect assessment using a QMA facility. (f) Experimental setup for measuring
the insertion loss of earplugs using an artificial test fixture placed in a reverberant room. (g) Meta-earplug
inserted in the earcanal of the artificial test fixture. (h) Size comparison between the meta-earplug (left), the
foam (middle) and the silicone (right) earplugs used in the current work.

Numerical model. In order to verify the semi-analytical model, we developed a numerical model of the meta-
earplug based on the FEM using COMSOL Multiphysics™ 5.6. In this purely acoustical model (the structure
of the meta-earplug is considered rigid and motionless), the acoustic pressure satisfies Helmholtz equation at
all points of the fluids. Visco-thermal losses in necks and portion of cavities without foam are accounted for
using the low reduced frequency model®® adapted for circular and rectangular sections. Foam layers are taken
into account as equivalent fluid using the Jonhson-Champoux-Allard model*. Compared to the theoretical
approach, the numerical model naturally accounts for (i) the exact acoustic radiation of necks in both the main
waveguide and the cavities and (ii) the direct interaction of HRs due to the evanescent coupling. However, this
has little effect on the results and both approaches compare well (see “Acoustic properties of the meta-earplug
medial surface” section). The geometry of the numerical model was meshed according to a criterion of at least six
10-noded (quadratic) tetrahedral elements per wavelength at 1 kHz (maximum frequency of interest) in order
to achieve convergence.

Sample manufacturing and experiments.  Samples of the meta-earplug were 3D printed based on ste-
reo-lithography technique using a photosensitive epoxy polymer (Grey pro V1 resin, Form 2 printer, Formlabs’,
MA, USA). The mechanical properties of the post-cured resin make the 3D printed structures acoustically rigid
(2.6 GPa Young’s modulus and 1200 kg/m? density). Foam layers were cut manually from melamine panel and
inserted in each HR (see Fig. 6a). Finally, a 3D printed back-plate was glued to close the cavities of the meta-
earplug using cyanoacrylate adhesive.

Acoustic properties of the meta-earplug medial surface were assessed using a 10 mm diameter impedance
sensor®. For this purpose, the sample was built with an integrated support adapted for the impedance measure-
ment (see Fig. 6b). Hence, the eartip of the meta-earplug was not included to correspond to the assumptions
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of the theoretical model used in the optimisation process. From the measured acoustic impedance Zg of the
sample including the integrated support, the acoustic impedance Z of the meta-earplug medial surface of area
Sgc is obtain by

SEC
Z=Zsumpgss, (11)
I

where Sjs is the impedance sensor cross-section area. Then, the measured reflexion coeflicient is computed
using Eq. (1).

The occlusion effect induced by the meta-earplug was assessed at normal room temperature using a dedicated
artificial ear including the earcanal and its surrounding tissues (i.e., soft, cartilaginous and bony tissues). This
artificial ear is displayed in Fig. 6c and was designed in the ICAR (“Infrastructure Commune en Acoustique
pour la Recherche”) laboratory at ETS for bone-conducted stimulation®”. The geometry of the present artificial
ear is a simplification of the 3D geometry of a human outer ear constructed from magnetic resonance images of
a human subject in Ref.?®. In the simplification process, the earcanal was considered as cylindrical and volumes
of the earcanal surrounding tissues were kept equivalent to those in the original 3D geometry. Figure 6d displays
a computed tomography scan of the artificial ear in the horizontal plane. The transition between soft tissue
(denoted as skin) and bony tissue approximately occurs at the half-length of the earcanal, in agreement with
literature data®. Due to inherent manufacturing difficulties, the geometry of the earcanal is not exactly cylindri-
cal in the cartilaginous region (see the red dotted rectangles in Fig. 6d). The artificial ear was manufactured by
True Phantom solutions (Windsor, Canada) based on the provided CAD model. As in Ref.*, materials used for
the artificial ear were a polyurethane based material (35 shore 00) for the soft tissues (i.e., skin), a polyurethane
based material with a higher stiffness (65 shore A) for the cartilage, and an epoxy based ceramic material for
the bony part. The bone-conducted stimulation of the artificial ear was ensured by the shaker of a quasi-static
mechanical analyser (Mecanum, Canada) referred to as a QMA. The artificial ear was slightly compressed (1%)
between the shaker plate and the force sensor (see Fig. 6e). This setup dictated the choice of a parallelepipedic
geometry for the artificial ear. The acoustic pressure was measured using an electret microphone inserted in
a hole located in the bony region of the artificial ear lateral surface (see Fig. 6d). Hence, the acoustic effect of
the eardrum was not accounted for but rather simplified to an acoustically rigid surface which tends to slightly

. . . . ] open
overestimate the resulting occlusion effect by a few dBs. Transfer functions Hg¢ and Hp~ defined between the
acoustic pressure at the microphone and an accelerometer placed on the shaker plate were measured respectively
in open and occluded earcanals. The occlusion effect was then computed by

OE = 20log;, (’HECCCZ/HE%M

). (12)

The insertion loss provided by the meta-earplug was characterized at normal room temperature using a com-
mercial artificial test fixture (G.R.A.S. 45CB, G.R.A.S. Sound & Vibration AS, Denmark) placed in a reverberant
chamber (see Fig. 6f), based on American standard®. The ear simulator is composed of a cylindrical earcanal of
radius equal to 3.75 mm and partially covered by a 10 mm long silicon layer (from the earcanal entrance) and
terminated by an IEC 60318-4 coupler simulating the tympanic impedance. The pinna simulator was removed
because the geometry of the meta-earplug was not adapted to fit into it (see Fig. 6g). A pink noise of approxi-
mately 110 dB overall was generated by 4 speakers (ty})e JAMO'" S628, Klipsch Group, Inc., Denmark) in the
reverberant room. Sound pressure levels Loy vcand Loic induced by air-conducted (subscript AC) stimulation
were measured respectively in open and occluded earcanals using the microphone included in the ear simulator
(G.R.A.S. 40AG, G.R.A.S. Sound & Vibration AS, Denmark). The insertion loss was then computed by

open occl

IL = Lyse — Lyfic (13)

Occlusion effect and insertion loss of silicone and foam earplugs (see Fig. 6h) were also measured using the
aforementioned setups for comparison purpose with the meta-earplug performance. The silicone earplug was
3D printed using a flexible resin (Elastic 504, Formlabs’, MA, USA) corresponding to a 50A Shore durometer
material with a quasi-incompressible mechanical behaviour. Its diameter was chosen slightly larger than the
earcanal itself to adequately seal the earcanal entrance. The foam earplug was a 3 M E.A.R Classic” earplug. For
each meta-earplug (including all HRs active, no HRs active and HR#1 active) and earplug (silicone and foam
materials), the insertion depth was approximately equal to 9 mm for both occlusion effect and insertion loss
measurements. Also, measurements were repeated 3 times (earplug inserted and removed each time) for all
earplugs to assess the variability associated with mounting conditions in both experimental setups. In addition,
sound pressure level measured in the artificial ear and the artificial test fixture were always checked to be at least
10 dB higher than the background noise.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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