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Summary

The IEC 60318-4 ear simulator is used to measure the insertion loss (IL) of earplugs in the ear canal of
an acoustical test fixture (ATF) and is designed to represent an average acoustic impedance (in a reference
plane) of the human ear. The ear simulator is usually modeled using a lumped parameter model (LPM)
which has frequency limitations and inadequately accounts for the thermo-viscous effects in the simulator.
The simulator numerical models that can better deal with the thermo-viscous phenomena often lack essential
geometric details. Most related studies also suffer from the lack of experimental validation of the models.
Therefore, a transfer matrix (TM) model of the IEC 60318-4 simulator is proposed based on a direct assessment
of its geometric dimensions. Such a model is of particular interest for designing artificial ear simulators. The
variability in the simulator impedance due to the geometric uncertainties is quantified using the Monte Carlo
method. The TM model is validated using i) a finite element (FE) model of the simulator and ii) impedance
measurements with a sound intensity probe. It is found to better describe the simulator impedance above
3 kHz compared to the LPM. The TM model is then coupled to a FE model of an occluded ATF ear canal
to simulate the IL of an earplug in the frequency range [100 Hz, 10 kHz]. In the model, the simulator is
considered as a cylindrical cavity terminated by an equivalent tympanic impedance which is determined from
the TM model to simulate the sound pressure measured at the real microphone position (not at the reference
plane) in the ATF ear canal. The simulated IL is validated against i) that obtained with a complete FE
model of the corresponding system and ii) measurements using an ATF. The TM model is shown to better
agree with the simulator FE model than the LPM above 6 kHz regarding the earplug IL simulated using this

method.

A glossary summarizing the acronyms used in this paper is provided in Appendix B.
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1 Introduction

Acoustical test fixtures (ATFs) [1] can be used instead of human subjects to measure the sound attenuation
of individual hearing protection devices, such as earplugs [2] since they can provide repeatable results and
accommodate a large variety of test signals [3]. One of the indicators of the earplug attenuation is the insertion
loss (IL), which corresponds to the difference between the sound pressure levels measured close to the position
of the eardrum (also called tympanic membrane) with and without the earplug [2]. The ATF generally consists
of an acoustically rigid artificial head and a cylindrical ear canal of constant circular cross-section [2]. The inner
portion of this ear canal is normally included in an TEC 60318-4 occluded ear simulator (formerly known as IEC
711 ear simulator). The latter is fabricated using acoustic resonant elements tuned in a manner that the acoustic
impedance at its entrance represents an average input impedance of the inner part of the human ear canal at a
reference plane! up to 10 kHz [5, 6]. A microphone is placed at the output of the simulator where the recorded
sound pressure would be as close as possible to that measured at the eardrum of an average human ear [4]. Such
simulator contains the information about the average eardrum acoustic properties which may be beneficial for
designing more realistic artificial ear simulators in the field of hearing protectors.

The IEC 60318-4 ear simulator was originally designed with the help of a lumped parameter model (LPM) which
assimilates the simulator as an analogous electrical circuit whose parameters are associated with the acoustic
properties of the simulator components [7, 8]. A reliable analytical impedance model is of particular interest in
terms of easily performing parametric studies to design artificial ear simulators. However, the LPM is commonly
accepted to be limited to the low frequency range and often inadequately accounts for the thermo-viscous effects
due to the sound propagation through the narrow regions of the simulator [8, 9].

Several numerical models of the IEC 60318-4 simulator based on the finite element (FE) or boundary element
method have been proposed to better account for the thermo-viscous phenomena involved in the system [7, 8, 10,
11]. But most of the existing simulator numerical models [10, 11] were validated against experimental impedance
data taken from international standards [5, 6] which were obtained using simultaneously an insert earphone and
a probe microphone fixed in the human ear canal (e.g., [4, 12, 13, 14]). They suffer from the lack of experimental
validation of the models using the corresponding ear simulators. In addition, these studies either rely upon the
adjusted component dimensions to acquire the closest impedance simulation results to the measurement data on
human subjects or lack essential details associated with the simulator geometric parameters.

To the authors’ knowledge, the only study on the modeling of an ear simulator based on a direct determination
of its geometric inputs was conducted by Bravo et al. [9, 15]. It proposed a FE model to calculate the transfer
impedance of an IEC 60318-1 simulator [16] whose geometry was constructed using an X-ray inspection system.
However, the uncertainties related to the simulator geometry were only considered using the maximal and minimal

values of two particular component dimensions, which seems not sufficient to represent the large variability in

1Due to the difficulty of directly assessing the eardrum impedance, measurements of the acoustic impedance of the human ear are
practically performed at a reference plane in the ear canal between the canal entrance and eardrum where earplugs (or ear moulds)
normally end [4].
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the simulator impedance that could be induced by different combinations of the geometric inputs. Moreover,
this kind of simulator is designed for supra-aural or supra-cocha devices and cannot be adopted to evaluate the
attenuation of earplugs [16, 17]. A comprehensive review about different types of ear simulators can be found in
[17].

Besides the direct impedance simulation of the IEC 60318-4 simulator, it is relevant to assess how the simulator
impedance model affects the simulated IL of earplugs inserted in an ATF ear canal. A 2D axisymmetric FE model
of the corresponding system has been proposed in a few studies to precisely capture the vibroacoustic behavior
of a silicone earplug [18, 19]. In the model, the ear simulator was considered as a cylindrical cavity terminated by
an equivalent tympanic impedance (TI) in order to simulate the sound pressure measured at the real microphone
position (not at the reference plane) in the ATF ear canal. The equivalent TI was determined by eliminating
the components associated with the ear canal portion from the LPM of the simulator as originally proposed in
[7]. But there is still doubt with regard to the validity of this traditional lumped TT model since it seems not
mathematically rigorous to represent the TI by extracting directly certain elements from the simulator equivalent
circuit. Several published investigations have adopted the reduced impedance (RI) method [20] to retrieve the
eardrum impedance from the acoustic impedance measured at a reference plane in the human ear canal using
a chain matrix of the canal considered as a stepped duct (e.g., [21, 17, 22]). It proves to be a reliable method
but has not yet been applied to calculate the equivalent TT of the IEC 60318-4 simulator. In addition, one can
wonder whether it is valid to consider such a simulator as a cavity with a locally reacting terminal impedance
condition for simulating the sound pressure in an ATF ear canal occluded by an earplug.

To address the above-mentioned lacks in the literature, the main objective of this work is to propose a reliable
analytical impedance model of the IEC 60318-4 simulator and apply it to the IL simulation of earplugs in an ATF
ear canal. This objective is achieved via a three-step methodology detailed hereafter. Firstly, the geometry of a
commercial model of the IEC 60318-4 occluded ear simulator is identified from a micro-Computed Tomography
(micro-CT) scan. A transfer matrix (TM) model of the simulator is proposed based on the component dimen-
sions assessed from CT scan images and compared to the LPM. The variability in the model output (simulator
impedance) due to the uncertainties on the geometric inputs is quantified using the Monte Carlo method. The
proposed model is validated using i) a FE model of the scanned simulator which includes full and detailed mod-
eling of the thermo-viscous phenomena involved in the system and ii) measurements carried out with a sound
intensity probe. Secondly, the equivalent TT is determined from the TM model and LPM using the RI method
and compared to that obtained from the traditional lumped TT model. Thirdly, TT results are used as a boundary
condition in a FE model of an occluded ATF ear canal to simulate the IL of a silicone earplug. A typical silicone
earplug is chosen because it has already been studied in the literature and its FE model has been shown to
provide satisfactory attenuation simulation results compared to experimental data [18, 19]. The simulated IL
based on the TM model is validated against i) that obtained with a complete FE model of the corresponding

system and ii) measurements using an ATF. The validity of considering the ear simulator as a cylindrical cavity
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Table 1: Component geometric dimensions of the IEC 60318-4 ear simulator

. Average +
Notation Parameter standard deviation

Ry Radius of the main cavity 3.77 £ 0.03 mm
Ly Total length of the main cavity 12.56 £ 0.29 mm
Ly Length: 1% section of the main cavity 3.12 £ 0.10 mm
Ls Length: 2"? section of the main cavity 4.75 £ 0.04 mm
Ls Length: 3" section of the main cavity 4.69 + 0.14 mm
as Length of the rectangular slit 2.53 £0.06 mm
b Width of the rectangular slit 2.35+0.03 mm
ho Thickness of the rectangular slit 0.16 £ 0.06 mm
9 Inner radius of the 1% annular cavity 6.30 £ 0.06 mm
Ry Outer radius of the 1% annular cavity 9.01 £ 0.03 mm
dy Thickness of the 15¢ annular cavity 1.91 + 0.08 mm
T4 Outer radius of the annular slit (Inner radius of the 2"¢ annular cavity) 4.66 + 0.04 mm
Qg Angle of each part of the annular slit 95.33 £ 1.09°

ha Thickness of the annular slit 0.05 £0.02 mm
R, Outer radius of the 2"¢ annular cavity 9.01 £ 0.03 mm
do Equivalent thickness of the 2"¢ annular cavity 1.40 £ 0.11 mm

terminated by an equivalent TT is verified and the effects of the TT models on the IL simulation are discussed.

2 Modeling of the IEC 60318-4 ear simulator

This section presents different modeling strategies to simulate the input impedance of the IEC 60318-4 simulator
and is organized as follows. The simulator geometry and key dimensions determined from a CT scan are given
in Section 2.1. Section 2.2 recalls the principles of the LPM of the ear simulator. Section 2.3 provides the details
of a TM model of the simulator. To validate the TM model, a FE model of the scanned simulator is constructed
and described in Section 2.4. Note that in this paper the pressure-volume velocity analogy is adopted so that

the term “impedance” refers to acoustic impedance.

2.1 Geometry

The IEC 60318-4 ear simulator studied in this work is the G.R.A.S. RA0045 (G.R.A.S. Sound & Vibration AS,
Denmark) which complies with the requirements of IEC 60318-4 [5]. The geometry of the simulator is identified
from a micro-CT scan with a 15.4 um isotropic resolution (XT H 225 micro-CT X-Ray Scanner, Nikon Metrology,
United States) (see Fig.1). It is made of hard nonporous material and consists of a cylindrical tube of constant
circular cross-section (main cavity) (component A) attached to two annular side volumes (components C, E) via
two narrow slits (components B, D). The main cavity of the simulator approximates the human ear canal portion
and is divided into three sections by the narrow slits. The latter include thin air layers in which thermo-viscous
boundary effects cannot be neglected, mimicking the energy losses at the human eardrum and those in the middle

and inner ears. Each narrow slit and the corresponding side cavity constitute a Helmholtz resonator.

2The second side cavity is simplified to a pure annular form in the TM model since it has been proved that only the volume of the
cavity affects the simulated impedance of the ear simulator. An equivalent thickness that preserves the same volume of this cavity
is provided in Table 1.
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Figure 1: Geometry of the TEC 60318-4 ear simulator identified from the CT scan (see Table 1 for geometric
dimensions)

The first slit is of parallelepipedic shape (component B) while the second one consists of three identical annular
parts (component D). The second side cavity? (component E) comprises a conical part containing a ring-shaped
sheet metal. The IEC 60318-4 simulator is generally terminated by a recording microphone at its output (eardrum
position). In this study, it is replaced by a rigid boundary (infinite terminal impedance) for simplicity because
the impedance of the microphone is very high compared to that of the system in front [5].

The dimensions of the identified acoustic elements (i.e., main cavity, narrow slits and side cavities) have
been assessed by measurements on micro-CT scan images using VGSTUDIO (Volume Graphics, Germany).
Different measurements were performed by three members of the research team to obtain the average and standard

deviation for each geometric dimension of interest (see Table 12).

2.2 Lumped parameter model

If the wavelength is sufficiently large compared to the dimensions of the acoustic components in the IEC 60318-4
simulator, these components can be modeled as lumped acoustic elements. In this case, the simulator can be
considered as an analogous electrical circuit or lumped parameter model (LPM).

Figure 2 presents the LPM of the studied ear simulator built according to [8], the principles of which are
recalled as follows. In this model, each section of the simulator main cavity is represented by an LC circuit where
the electrical inductance and capacitance correspond respectively to the acoustic mass and compliance of the

cavity portion. The latter can be derived from [8]:
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Figure 2: LPM of the IEC 60318-4 ear simulator

where m=1, 3 and 5 correspond to each section of the simulator main cavity, L,, denotes the length of each
section, V,, the volume of the section correspondingly and Sy is the cross-section area of the simulator main
cavity equal to TR2. p is the density of air and cg is the speed of sound in air. Parameters of the thermo-viscous
fluid adopted in the models are derived from the standard atmospheric pressure and normal room temperature,
and are specified in Table 2. In the same way, each RLC circuit in the LPM corresponds to a Helmholtz resonator
in which the electrical resistance and inductance match the acoustic resistance and mass of the resonator’s neck
(narrow slit), and the electrical capacitance matches the acoustic compliance of the resonator’s cavity. Thus, the

input impedance of the Helmholtz resonator can be calculated by [8]:

. 1
ZHR,n =Ta,n + JwWmeg n + - (2)
JWCa,n

n=2 and 4 correspond respectively to the first and second Helmholtz resonators. ¢, , can be determined as Eq.(1)

and 7q_n, Mg, are obtained from the simulator geometric properties by [8]:

12pa.,
T =
T bahi (3)
m _ 6p0an
“n 5S5lit,n

where a,,, b, and h, are respectively the length, width and thickness of the narrow slit, Sg;¢.n corresponds to

the cross-section area of the rectangular or annular slit, and p denotes the shear dynamic viscosity of air.

2.3 Transfer matrix model

When considering each acoustic element in the IEC 60318-4 simulator as a two-port system, the acoustic pressure
and volume velocities at the inlet and outlet of the element can be related using a transfer matrix. For each
section of the simulator main cavity, one has:

cos(koLy)  jZysin(koLy,)

T = (4)
jsin(koLm)/Z1  cos(koLpm)
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Table 2: Parameters of the thermo-viscous fluid

Parameter Value Unit
Static pressure P 1.01 x 10° Pa
Temperature Tg 293.15 K
Density po 1.20 kg/m3
Speed of sound ¢ 343.90 m/s
Shear dynamic viscos- 1.82x107° Pa-s
ity p

Thermal conductivity A 24.80 x 1072 W/(mK)
Ratio of specific heats v 1.40 -

Specific heat coefficient 1.00 x 103 J/(kgK)
at constant pressure per

unit of mass C),

m=1, 3 and 5 correspond respectively to each section of the main cavity, ky denotes the wavenumber and Z;

denotes the characteristic impedance of the main cavity equal to pgco/Sp. For each Helmholtz resonator:

1 0
T, = (5)
1/ Zppa 1

n=2 and 4 correspond to the first and second Helmholtz resonators. Zyr,, corresponds to the impedance at the
input of the first or second resonator. The input impedance of the rectangular and annular slits is derived using
the low reduced frequency (LRF) model in which the thermal and viscous energy losses in the fluid are taken
into account in a homogeneous way using the complex wavenumber and characteristic impedance [23, 24]. The
detailed calculation process of Zg g, based on the LRF model is provided in Appendix A.

The global transfer matrix of the IEC 60318-4 simulator can be obtained by assembling the one related to each
element of the system:

TES TES

TFS = =T, Ty T3 Ty Ts (6)
TES TE®

The reflection coefficient of the simulator in the case of an infinite terminal impedance can be determined by:

_TES -TES 7,
- TES 1 TESZ,

(7)

S

The input impedance of the ear simulator is derived from Eq.(7):
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Reference plane

Figure 3: Geometry used in the FE model of the IEC 60318-4 ear simulator

2.4 Finite element model

To validate the TM model, a detailed FE model of the G.R.A.S. RA0045 simulator is constructed in COMSOL
Multiphysics (v.5.3a COMSOL®), Sweden) following the modeling strategy of [11] based on its scanned geometry
(see Fig.1). The entrance of the simulator (reference plane) is marked in Fig.3. The sound propagation in the
main cavity and side volumes of the simulator is governed by Helmholtz equation in which energy losses are
not considered. This choice is made since the thermo-viscous effects in these regions are negligible and those
around the ring-shaped sheet metal in the second side cavity have been proved to have very little influence on the
simulated impedance of the simulator. These domains are meshed using quadratic 10-noded tetrahedral elements
based on a meshing criterion of at least 6 elements per wavelength. On the other hand, thermo-viscous acoustic
domains are adopted for the narrow slits where the sound propagation is governed by linearized Navier-Stokes
equations with viscous and heat conduction effects taken into account [25]. These domains are meshed using a
dense element distribution in the normal direction along the horizontal walls of the slits to accurately resolve
the acoustic boundary layers within which thermal and viscous dissipation is significant. The sound pressure,
particle velocity and temperature are computed at each node of the domains. The coupled problem is solved
using the built-in Acoustics/Thermoviscous Acoustics Multiphysics boundary coupling condition in COMSOL
Multiphysics. An acoustically rigid condition is introduced to the outlet of the simulator and a displacement
excitation of 107° m is imposed at the reference plane. The input impedance of the simulator is calculated using

the sound pressure p and particle velocity 7 determined at each node of the simulator entrance:

1 fSOpdS

4= 5T, s ©)



Luan et al., p. 9

r A
: Fixed Rigid
Blocked —h / / Equivalent TI
pressure ___}
—
+ . Earplug Air cavity 3.77 mm
Radiation ". .
impedance ~— | AR Mintetutbststststabtstststsb N
l 66mm i Length added by the z
p i IEC 60318-4 simulator !
Ear canal (13 mm) (12.56 mm) H
v
Reference Eardrum
plane position

Figure 4: Schematic representation of the FE model to simulate the IL of a silicone earplug (Adapted from [19])
3 Modeling of the open and occluded ATF ear canals

3.1 IL of the earplug

The IL of a 6.6 mm long silicone custom-molded earplug inserted into the ear canal of an ATF is simulated using
a 2D axisymmetric FE model in COMSOL Multiphysics (see Fig.4) following the modeling strategy of [18]. The
ATF ear canal consists of a rigid-walled cylinder of constant circular cross-section terminated by an IEC 60318-4
simulator. In the model, the simulator is considered as a cylindrical air cavity terminated by an equivalent TI
(see Section 3.2) in order to simulate the sound pressure at the eardrum position rather than that at the reference
plane. The elastic isotropic mechanical properties of the silicone earplug adopted in the simulation are assessed
using a quasi-static mechanical analyzer: density (1500 kg - m~3), Young’s modulus (1.7 M Pa), Poisson’s ratio
(0.48) and isotropic loss factor (0.18). A blocked pressure of 2 Pa induced by a normal incident plane wave
is imposed at z =0. In the specific case of the open ear, a normal acoustic particle acceleration condition is
introduced at z =0 which depends simultaneously on the blocked pressure and the radiation impedance of a
baffled circular piston to account for the interaction with the external fluid [26]. The calculation of the earplug
IL requires the simulation of the sound pressure at the eardrum position in the open ear canal and that in the

ear canal occluded by the earplug:

IL =20 1Oglo (’popen‘) —20 logl() (|poccluded‘) (10)

Additionally, the earplug IL simulated with a complete FE model of the corresponding system (see Fig.5)
which uses the detailed FE model of the IEC 60318-4 simulator (see Fig.3) is taken as the reference. The same
modeling process as the 2D axisymmetric FE model is followed and the sound pressure at the output of the ear

simulator (eardrum position) is simulated in order to calculate the earplug IL using Eq.(10).
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Figure 5: Geometry used in the complete FE model of an occluded ATF ear canal

3.2 Equivalent TI

A traditional way to obtain the equivalent TI of the IEC 60318-4 simulator is to extract the two RLC circuits
in parallel from the LPM of the simulator (see Fig.2) which correspond to the Helmholtz resonators [18]. In
this study, another approach based on the RI method is adopted to determine the TT from the input impedance
of the simulator. Considering the entire ear simulator as a two-port system, the acoustic pressure and volume
velocities at the reference plane (prp, uyp) and eardrum position (pep, tep) can be related by a transfer matrix
[21, 17, 22]:

Prp | | T Thz| [ Pep (11)

Urp T21 T22 Uep
with T11 = cos(koLo), Ti2 = jZ1sin(koLo), To1 = jsin(koLo)/Z1 and Tay = cos(koLg). Lo is the length between
the reference plane and microphone position (eardrum position) of the simulator (see Fig.4). The equivalent TI
is then given by:

TosZpp —Tho

oy = 2220 — 212
P T —TnZ,y,

(12)

where Z,, = prp/utrp denotes the impedance at the reference plane. This method allows for calculating the TI
once the input impedance of the simulator and its length are provided.

Specifically in this work, one is interested in three equivalent TI models based on the analytical impedance
models of the IEC 60318-4 simulator: model 1 corresponds to the TI derived from the TM model of the simulator
using the RI method, model 2 and model 3 are related to the TI obtained from the LPM of the simulator

respectively with the RI method and in the traditional way using the RLC circuits in parallel.
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Figure 6: TEC 60318-4 ear simulator input impedance measurements using a sound intensity probe
4 Experimental measurements

4.1 Measurements of the IEC 60318-4 ear simulator input impedance

In order to validate the proposed TM model, the simulator impedance was measured using a sound intensity probe
(PU Match-PTN, Microflown Technologies, Netherlands) which allows for determining the acoustic pressure and
particle velocity in the frequency range from 100 Hz to 10 kHz (see Fig.6). The system was excited acoustically
in a semi-anechoic chamber with a white noise of 97 dB in overall sound pressure level generated by a loudspeaker
(model K162 SN, dB Technologies, Italy). The center of the speaker was located at the same height (about 1
m) as the center of the simulator and at a distance of about 2 m. The floor around the simulator was covered
with sound-absorbing foam to minimize ground reflections. The dust protector at the inlet of the simulator was
removed and the intensity probe was placed as close as possible to the entrance of the simulator in order to
precisely calculate the input impedance of the latter using the experimental data. Four successive measurements
were performed on three G.R.A.S. RA0045 simulators of different serial numbers to account for the possible

variability associated with the probe position and orientation.

4.2 Measurements of the earplug IL using an ATF

The IL of the silicone earplug was assessed at normal room temperature using an ATF (G.R.A.S. 45CB, G.R.A.S.
Sound & Vibration AS, Denmark) without pinna simulators which comprises a rigid-walled cylindrical ear canal
terminated by an IEC 60318-4 simulator. The system was excited by a white noise of around 110 dB in overall
sound pressure level in a reverberant room (diffuse field). The sound pressure levels in the open and occluded
ear canals were measured using the recording microphone in the ear simulator (G.R.A.S. 40AG, G.R.A.S. Sound
& Vibration AS, Denmark). A reference microphone (MPA231, BSWA Technology Co., China) was positioned
at about 1 m from the ear canal entrance in order to obtain the corresponding transfer functions between the

two microphones which are used to calculate the earplug IL. The measurements were repeated three times to



Luan et al., p. 12

N
o
o

Y
©
o

-
(2]
o

—
N
o

Modulus (dB ref. to 1 Pa.s/m°)

120 || =5~T™ model
—¥—LPM
== =FE model
100 . L - —
102 10° 10*

Frequency (Hz)

2 T T

—5~TM model
—k—LPM
1= FE model

-2
102 10° 10
Frequency (Hz)

Figure 7: Input impedance of the IEC 60318-4 ear simulator obtained using different models: TM model (blue
circles), LPM (red asterisks), FE model (dashed black). (top) modulus; (bottom) phase. Averaged simulation
result together with the maximal and minimal values are plotted for each analytical model

evaluate the variability related to the mounting conditions. The details of the earplug IL measurements can be

found in [19].

5 Results and discussion

5.1 Input impedance of the IEC 60318-4 ear simulator

Figure 7 illustrates the input impedance of the IEC 60318-4 ear simulator obtained from different models: the
blue zone (circles) corresponds to the TM model, the red zone (asterisks) corresponds to the LPM and the dashed
black line is related to the FE model of the simulator. For the analytical models, the uncertainty propagation
of the simulator geometric dimensions is taken into account using the Monte Carlo method. 1000 evaluations
have been run for each model in which a uniform distribution is chosen for any dimension concerned based on
the corresponding average and standard deviation in Table 1. A convergence study has shown that this number
of evaluations is sufficient to capture the variability in the simulator impedance (or equivalent TT) induced by its
geometric uncertainties. The FE model is based on the mean component dimensions of the simulator. Results are
presented in the frequency range from 100 Hz to 20 kHz as all the relevant studies [7, 8, 10, 11] in order to exhibit
the first resonance of the simulator main cavity around 13.5 kHz. In the following, results are displayed in the

working frequency range of the ear simulator (100 Hz — 10 kHz) beyond which it does not necessarily represent
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Figure 8: Measurement and simulation results of the IEC 60318-4 ear simulator input impedance: sound intensity
probe measurements (average + standard deviation, grey), TM model (blue circles). Numerical verification result
of the measurements (dashed black) is also presented. (top) modulus; (bottom) phase. Averaged simulation result
together with the maximal and minimal values are plotted for the TM model

the acoustic impedance of the human ear [5]. The figure shows that all the models are able to provide similar
impedance simulation results up to nearly 3 kHz. A frequency offset is observed from the LPM at medium and
high frequencies (over 3 kHz) compared to the other models. In this frequency range, the LPM fails to precisely
describe the behavior of the IEC 60318-4 simulator. This is consistent with previous findings of [9, 15] which used
the LPM to calculate the acoustic impedance of an IEC 60318-1 simulator. Additional results not presented in the
paper have shown that the LPM of the simulator main cavity does not satisfy the low frequency approximation,
which is the reason for the observed frequency offset. The TM model is found in perfect agreement with the
FE model of the simulator in the whole frequency range of interest, which proves the validity of the former. It
is necessary to mention that the Helmholtz resonators of the IEC 60318-4 simulator have resonant frequencies
at about 1400 Hz and 3800 Hz, covering the behavior of the system in the mid-frequency range. The simulated
simulator impedance (especially phase values) is shown to be very sensitive to the resonator geometric parameters
in the associated frequency ranges. Around 1500 Hz, the TM model is found to be slightly closer to the FE model
than the LPM. This is probably due to the fact that the impedance of the first resonator’s neck (rectangular
narrow slit) is better captured by the LRF model than the LPM.

Figure 8 displays the measurement results using the sound intensity probe (grey zone) together with the
simulator input impedance calculated by the TM model. Even though there do exist some discrepancies in

certain frequency bands, a satisfactory agreement is seen between the simulation and measurements of the
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Figure 9: Different equivalent TI models of the IEC 60318-4 ear simulator: model 1 (blue circles), model 2 (red
asterisks), model 3 (green squares). (top) modulus; (bottom) phase. Averaged simulation result together with
the maximal and minimal values are plotted for each TT model

simulator impedance, which further gives confidence in the TM model of the simulator in the frequency range
from 100 Hz to 10 kHz. The differences observed between the model and sound intensity probe measurements
(mainly below 700 Hz and above 7 kHz) are partly associated with the sound diffraction of the probe positioned
in front of the simulator all along the experiments as shown in Fig.8 (dashed black line). This curve has been
obtained by accounting for the scattering from the sound intensity probe in the FE model of the ear simulator
(see Fig.3). Note that in the simulation, a simplified shape of the probe has been considered and the probe sensor
has been positioned approximately at the same place as in the experiments. Another possible reason is that the
sound intensity probe was difficult to be placed right at the input surface of the simulator when performing the

measurements and the interaction with the external sound field is not taken into account in the TM model.

5.2 Equivalent TI

Figure 9 illustrates different equivalent TT models of the IEC 60318-4 simulator accounting for its dimension
uncertainties: the blue zone (circles) corresponds to model 1 (TM model - RI), the red zone (asterisks) corresponds
to model 2 (LPM - RI) and the green zone (squares) corresponds to model 3 (traditional TT model). A wide
variation due to the simulator geometric uncertainties is exhibited in the calculated TI at frequencies over 1
kHz. Below 3 kHz, all the models provide similar TT simulation results which however become rather different at

higher frequencies. Particularly, the obvious differences between model 2 (LPM - RI) and the first TI model (TM
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Figure 10: IL of the silicone earplug simulated using different equivalent TT models: model 1 (dashed blue circles),
model 2 (red), model 3 (green squares). Experimental data (average + standard deviation, grey) and simulation
result using the FE model of the ear simulator (black diamonds) are also presented

model - RI) over 3 kHz could originate from the inconsistencies already seen in Fig.7 between the LPM and TM
model of the simulator. These inconsistencies are due to the fact that the sound propagation in the simulator
main cavity is better captured by the TM model than the LPM. Furthermore, model 3 (traditional TT model)

even though not mathematically rigorous, seems not far from model 1 (TM model - RI) up to 7 kHz.

5.3 IL of the earplug

Figure 10 presents the silicone earplug IL simulated using the various TT models: the dashed blue curve (circles)
corresponds to model 1 (TM model - RI), the red curve corresponds to model 2 (LPM - RI) and the green line
(squares) is related to model 3 (traditional TT model). In addition, the earplug IL calculated using the FE model
of the ear simulator (see Fig.5) is displayed as the reference (black curve with diamonds), together with the
measurement results using the ATF (grey zone). All the models are based on the mean component dimensions
of the simulator (see Table 1). From Fig.10, no remarkable effect of the TT models on the earplug IL simulation
is observed up to 6 kHz. In this frequency range, the system is mainly controlled by the first resonance of the
earplug around 1.9 kHz which corresponds to a rigid body mode of the earplug with elastic boundary conditions
[18, 19]. In accordance with Fig.7, model 1 (TM model - RI) compares well with the reference model (FE model
of the simulator) in the whole frequency range of interest with regard to the simulated IL. This finding confirms
that considering the IEC 60318-4 simulator as a cylindrical cavity terminated by an equivalent T1 to simulate the
IL of earplugs in an ATF ear canal is valid up to 10 kHz. Above 6 kHz, the simulated IL based on model 2 (LPM
- RI) differs significantly from those obtained using the other TT models. This could be supported by the fact
that the equivalent TI derived from model 2 (LPM - RI) correlates poorly with that obtained from the others
from 6 kHz especially in phase (see Fig.9) in view of the sound propagation in the simulator main cavity poorly
described by the LPM. At higher frequencies (over 8.5 kHz), a mismatch is seen between the IL simulated using

model 3 (traditional TT model) and that using model 1 (TM model - RI) (see the ”zoomed-in” view of Fig.10).
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This indicates that the adoption of the traditional TT model to calculate the IL of earplugs might be limited to

the frequency range below 8.5 kHz if accurate IL simulation is desired. All the IL simulation results in Fig.10
are in satisfactory agreement with the experimental data up to 6 kHz. The evident inconsistency between the
simulation based on the reference model (FE model of the simulator) and measurements at higher frequencies

(above 6 kHz) is believed to be related to the simplified materiel model of the earplug adopted in the simulation.

6 Conclusion

In this work, a TM model of an IEC 60318-4 occluded ear simulator has been proposed based on the geometric
information identified from micro-CT scan images. It was established using the LRF model to calculate the
impedance of the simulator narrow slits where thermo-viscous energy losses should be taken into account. The
TM model was validated using i) a FE model of the scanned simulator in the frequency range [100 Hz, 20 kHz]
and ii) impedance measurements with a sound intensity probe (100 Hz — 10 kHz). The uncertainty propagation
of the simulator component dimensions was accounted for using the Monte Carlo method. The TM model was
found to better describe the simulator input impedance above 3 kHz compared to the LPM. The equivalent
TI was derived from the simulator analytical impedance models (TM model and LPM) using the RI method,
and compared to that obtained from the traditional lumped TI model. The various TI models have then been
exploited to simulate the IL of a silicone earplug using a FE model of an occluded ATF ear canal (100 Hz — 10
kHz). The IL obtained using the TI derived from the TM model (model 1) was found in very good agreement
with that acquired using the complete FE model of the simulator (reference model) in the whole frequency range
of interest. It confirms that considering the IEC 60318-4 simulator as a cylindrical cavity with a locally reacting
terminal impedance condition (equivalent TT) to simulate the IL of earplugs in an ATF ear canal is valid up to
10 kHz. In addition, the TM model has been shown to better agree with the simulator FE model than the LPM
above 6 kHz regarding the IL simulation since the TT derived from the LPM (model 2) failed to precisely capture
the earplug IL in this frequency range. The traditional TI model (model 3) seems adequate when adopted to
calculate the earplug IL at frequencies below 8.5 kHz however it becomes less reliable in higher frequency bands.
The influence of the studied TT models on the IL simulation was proved to be only pronounced over 6 kHz. The
TM model of the TEC 60318-4 simulator proposed in this work with acoustic parameters directly related to the
simulator geometric dimensions constitute a step forward for designing artificial ear simulators that meet the

authors’ needs for future investigations.
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A Input impedance of the Helmholtz resonators

A.1 Input impedance of the first Helmholtz resonator

ZHR,2 = Zslit,? + anv,? (A]')

where Zg0 and Zgqy,2 denote the impedance of the rectangular slit and the first side cavity. The former can

be derived from:

Zait,2 = j 212 tan(ky 2 (a2 + 2Al)) (A.2)

where k; 2 and Z; > are the complex wavenumber and characteristic impedance in the LRF model of the rectangular
slit which depend on the mean values of the corresponding thermal and viscous fields K}, 2, K, 2 and the modified

mean thermal field K;,2[23]~

’

K (poco)?
2, = j2h2 g2 \P0C0) A3
b2 YKy b2 Ss2lit,2Kh,2KU72 (43)
Kpy=v—(v—1Kns (A.4)
tan(kp,(v)ha/2)
Kypyo=1——7——"- A.
h(v),2 Fnoyha)2 (A.5)

kp and k, in the equation above denote the thermo-viscous wavenumbers which are associated with the thermal
and viscous characteristic lengths I, = A/ (pocoC,) and I, = u/(poco) (see Table 2 for parameters of the thermo-

viscous fluid).

1— 1-j ,
K, = W]\/ko/l,“ key = W]\/ko/lv (A.6)

When calculating the total impedance of the IEC 60318-4 simulator, end corrections should be added to the
actual lengths of the narrow slits to account for the radiation impedance at the corresponding locations. Thus,

the end correction for a baffled rectangular piston according to [27] is adopted:

Al 1 132
165

Ty B
L [512111(62+\/5) +1n <512 (1+\/5)>}

+
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where e9 = 1 + B% and P2 = ha/bs is the ratio of the thickness of the narrow slit over the width.

Jpoco [Bs 2Jo(kor2) — Yo(kor2)]
Secav.2 [Bs,2J1(kora) — Y1 (kor2)]

(A.8)

Zczw,Q =
in which S¢qy 2 is the cross-section area of the first side cavity [24]. Jo, J1 and Y, Y7 are Bessel functions of the
first and second kind.

Y1(koR2)
Byog=—1—" A9
)2 Jl(kORQ) ( )

A.2 Input impedance of the second Helmholtz resonator

ZHR,4 = Zslit,4 + Z(:av,4 (A]'O)

where Zgi4 and Zcq,a denote the impedance of the annular slit and the second side cavity. Zg,:4 can be

determined by [24]:

3214 [AsJo(kiaRY") — Yo(kiaRg")]

‘ A (A11)
AgJi(kraRE") — Yi(kiaREY)

Zslit,4 =

Yo (kra73"")

Ay = At
Jo(k‘lAT‘ZUt)

(A.12)

with R{® = Ry — Algin and 78" =144+ Aly out. Dlygin and Aly oy denote respectively the end corrections added
to the inner and outer radii of the annular slit which depend on its inner and outer perimeters as the equivalent

widths (see Eq.(A.7)).

’

K (poco)®
k2 = kzﬁ 72, = O—/O A.13
b O Kya’ b SZit 4K, 4K v a ( )

k14 and Z; 4 are the LRF wavenumber and impedance in the annular slit related to the corresponding thermal

and viscous fields Kp, 4, Ky 4 and K}/L,4 [23].

K};A =y —(y=1)Kp4 (A.14)
tan(kh(v)h4/2)
= _—_——— .
Kh(v).a Fncoyha)2 (A.15)

Jpoco [Bs.ado(kors) — Yo(kora)]
Secava [Bsadi(kora) — Y1(kora)]

Zeava = (A.16)
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Secav,a in Eq.(A.16) is the cross-section area of the second side cavity.

Y1(koRy)
Bey=——° AT
4 T (kO R4) ( )
B Glossary
Table B.1: List of abbreviations
ATF Acoustical Test Fixture
cT Computed Tomography
FE Finite Element
1L Insertion Loss
LPM Lumped Parameter Model
LRF Low Reduced Frequency
RI Reduced Impedance
TI Tympanic Impedance
T™ Transfer Matrix
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