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ABSTRACT

The real attenuation of hearing protection devices (HPD) can be assessed in the field using
a method based on continuous field microphone-in-real-ear (F-MIRE) measurements. The two-
microphone method provides an indicator called the measured noise reduction (NR"), defined as
the difference between the measured exterior (outside the protector) and interior (under the
protector) sound pressure levels (SPL). The HPD’s attenuation expressed in terms of the more
common insertion loss (/L) can then be obtained from NR" using compensation factors. For
earmuffs, NR" has been shown to vary of up to 20dB depending on the angle of incidence of the
sound source. Therefore, there is a need to use sound incidence dependent compensation factors
to relate NR" and /L. To evaluate these factors and more generally to improve the continuous F-
MIRE method, a finite-element (FE) model of an earmuff on an ATF (acoustic test fixture)
exposed to a directional sound field has been developed and its predictions compared with lab
measurements for several incidence angles. Regarding the external microphone SPL and the NR",
in one-third of octave bands, the model correlates very well with measurements for frequencies
below 1250Hz whatever the sound incidence. Above 1250 Hz, the FE model captures the trends,
as a function of the incidence angle, but the agreement generally decreases with increasing
frequency. A better correlation between the FE model and the experimental data is achieved for
the variation of NR* (ANR") as a function of the sound incidence. Actions, such as (i) accounting
for the headband in the model, (ii) refining the modeling of the sound source, (iii) improving the
cushion modeling and (iv) better describing the backplate/cushion coupling conditions, are
suggested to improve the model accuracy. To illustrate the potential of the modeling to improve

the continuous F-MIRE measurement method, the FE model is used to determine an optimal
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1 position of the external microphone and to obtain estimates of exposure levels using the left and

2 right ear exterior microphones.
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INTRODUCTION

Even if noise reduction at source or along the sound propagation path should always be prioritized,
individual hearing protection remains the most common way to prevent workers from being exposed to
high noise levels. While regularly ineffective, it remains a solution deemed low-cost and easy-to-
implement. The present paper focuses on one of the issues associated with the use of hearing protection
devices (HPD): the knowledge of the on-site actual individual attenuation that they provide. The standard
attenuation ratings for HPDs are obtained under laboratory conditions with subjective or objective methods.
The most widely used subjective method is the REAT (real-ear attenuation at threshold) method that aims
at evaluating the difference between the perceived sound with and without the HPD. The most widely used
objective method is the MIRE (microphone-in-real-ear) method that relies on the measurement of the
insertion loss (/L), which stands as the difference between the sound pressure at the tympanic membrane

with the HPD and without the HPD.

To assess the field attenuation of HPDs, field measurement methods have been developed based on
the MIRE method [1-5]. However, in field conditions, measuring the real attenuation a worker gets in a
continuous manner is quite impractical as it would require measuring both the protected and the unprotected
ears simultaneously, under the exact same sound field. To address this issue, a field counterpart of the
MIRE method was developed, the F-MIRE method [6]. F-MIRE uses a microphone doublet to
simultaneously measure the sound pressure outside the HPD and inside the ear canal for earplugs or inside
the internal air cavity for earmuffs. The difference of the two sound pressure levels gives an approximation
of the attenuation of the HPD called “measured noise reduction”, noted NR". To estimate the IL value, the
NR" has to be corrected by several factors called compensation factors[7,8]. The F-MIRE method was
originally developed for earplugs and for “individual fit-testing”[6], i.e. to provide a fast individual

measurement of field /L by exposing a worker, fitted by an instrumented earplug, to a frontal incidence

4
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sound field generated by a reference loudspeaker. The method used statistical comparisons with REAT
measurements to correct the NR™ values and get an approximate /L. Later, the F-MIRE method was
extended to earmuffs and was used to provide continuous measurements on workers during their work shifts
[9]. However, this study, together with several laboratory experimental studies from the authors of the
present papers and others [10—13] found a repeatable frequency dependent relationship, with variations of
up to 20dB per third of octave band, of the measured attenuation with the angle of incidence of the sound
source. Consequently, as many workers can be exposed to such a directional field when working close to a
noise source where the direct field dominates the reverberant background noise, it appears that, when
estimating /L from NR", using compensation factors that are no longer constant but may vary with sound

source incidence should be a necessary improvement of the continuous F-MIRE measurement method.

In order to investigate how this improvement could be achieved, a finite-element model (FEM) of an
earmuff exposed to a directional sound field has been developed. Such a model could also help to solve
other open questions about the method like the position of the microphones. For earmuffs, the microphone
positions are usually chosen in order to minimize the interference with the worker’s tasks [14]. However,

this does not necessarily correspond to the “optimal” positions.

For the external microphone, the “optimal” position refers to the one that gives the best approximation
of the exposure sound field (Ievel without the presence of the head), for all incidence angles. The difference
between the exposure sound field and the sound pressure measured by the external microphone is related
to the sound scattering by the earmuff, the head and the torso. In the literature some recent experimental
work can be found on the effect of the external microphone positioning on the earcup of an earmuff [15],
but the work is limited to 6 microphone positions and the results were averaged to get a single value and

no modeling work on the position of either microphone could be identified in the literature.
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In the past, analytical and numerical models of the occluded ear (earplugs and/or earmuffs) have been
developed. The first models, mainly analytical (lumped parameters models), date back from the 50’s [16—
18] and were improved along the years [19,20]. These models are valid at low frequencies. At mid and high
frequencies, geometrical and physical details of the ear and HPD must be accounted for. With
computational capacities rapidly increasing, from the mid-90s, numerical models have been found helpful
to understand the physical behavior of the protected hearing system in a large frequency range. They all
rely on the finite element method (FEM) and/or the boundary element method (BEM) [21-28]. Recent
studies have shown the potential of modeling tools such as the FEM to predict and understand the acoustical
behavior of HPDs [29-32]. Numerical models dealing with sound transmission through the HPD usually
reduce the geometrical complexity of the problem by neglecting the scattering effect induced by the head
and torso and rather consider a half space model where the head and torso are replaced by an infinite rigid
baffle. Knowing that the sound attenuation of an earmuff is affected by the incidence of the exciting sound
field, the infinite baffle simplification cannot be used to address such a problem. In addition, the well-
known head-related transfer function (HRTF) can no longer be used to predict the sound pressure at a point

close to the earcup as it introduces a significant change in the head and torso geometry.

Consequently, a simplified FEM model was developed that includes the effect of the incident sound
field scattering by the head, torso and earcup. To simplify the model development and its validation an ATF
(acoustic test fixture) representative of a human head and torso and wearing an earmuff has been used
instead of a real human subject. To remove possible errors due to the lack of knowledge regarding the
mechanical coupling of the acoustic foam with the pinna and the earcup, the studied configuration does not

consider the presence of the pinna and the acoustic foam inside the earcup. The developed numerical model
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reproduces this configuration and simulates the F-MIRE measurement (NR") of an earmuff coupled to an

ATF excited acoustically by plane wave of various incidences.

The theoretical formulations associated with the F-MIRE measurements are presented in section II.
The model is detailed in section III and the associated experimental set-up used for the validation is
described in section IV. Section V deals with the model validation in three steps: (i) the scattering effect
of the ATF protected by an earmuff, (ii) the transmission through the earmuff using NR" and (iii) the
variation of the earmuff measured noise reduction (ANR") as a function of the sound. Finally, section VI
gives an example of application of the model for guiding the selection of the optimal position for the

external microphone.

THEORETICAL FORMULATIONS OF F-MIRE MEASUREMENTS

In order to present the measurement issues associated with the F-MIRE measurement method, the
theoretical expressions associated with this method are illustrated in a synthetic form in Fig. 1. These
expressions are adapted from the developments proposed in previously published works of some of the

authors of the present article [6-8].
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Figure 1 : Diagram of the theoretical expressions associated with the F-MIRE measurement
method
(indicators in the middle of a gray arrows = value in the box at the
arrow origin - value in the box at the arrow head)

The measured noise reduction (NR"), which is obtained with the F-MIRE method, is given by:

NR’ (f) = 2Olog]o [pp:m j = Lp;xt —Lp; (1)

c

where p' —and Lp', , are respectively the root mean square sound pressure and the sound pressure
level (SPL) at the external microphone. And p', and Lp', are the root mean square sound pressure

and the SPL at the internal microphone. The prime symbol () denotes the occluded ear conditions.

NR" is not to be confused with the noise reduction (NVR) and the insertion loss (IL), defined by :
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IL(f) = ZOIOgIO( p:ym J = Lptym _Lp;ym (2)
tym
and :
NR(f) = 20log,, [p—J =Lp-1Ip,, A3)
tym

where p (without indices) is referred to as the root mean square sound pressure without the presence

of the head of the subject and can also be referred as the exposure sound pressure.

The relation between NR" and NR can be seen in Figure 1 and is given by :

NR=NR +TF',.,—TF',, 4

canal

where 7F 'cana 18 the transfer function between the internal microphone root mean square pressure p'.

and the tympanic membrane root mean square pressure p',

TF'canal(f) = ZOIOgIO( }?' £ J: Lp; _Lp;‘ym (5)

tym
and TF '« 1S the transfer function between the external microphone root mean square pressure p'
p ext

and the sound exposure root mean square pressure p :

TF ' (/) = 20log,, (ppm ) =Lp. —Lp (6)

1L values can be obtained from NR values as long as the latter are compensated by the transfer function

of the outer ear (TFOE) [33], giving :

IL = NR + TFOE (7)
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Thus, the relation between NR" and IL can be written as:

IL=NR" +TF',,, —TF', + TFOE ®)

canal

In a recent paper [8], these relations, or a combination of them, have been evaluated from laboratory
measurements on human subjects, with different earmuff and earplug models. Results from this study are
a first step towards implementing valid and precise compensation factors for the F-MIRE field

measurements. However this study was limited to a diffuse sound field.

Several other studies using a difference between two microphones (inside and outside of the HPD)
have been published in the last decade [9,14,34-36]. If some authors have suggested some compensation
factor to relate NR " to /L, none have taken into account the variation due to the incidence of the sound field.
While studies have been made on the influence of the sound incidence on the TFOF [37-40], no study dealt
with the other compensation factors TF ex, TF canat and NR'. An example of a model that allows the user to
give a correction for the angle of incidence of the sound field is the AHAAH model (Auditory Hazard
Assessment Algorithm for Humans) developed by the US military for blast exposures [41-43]. However
the model’s incidence correction is solely contained in the TFOE and does not account for the other

correction factors discussed in the current section.

Even if more work is needed on each of the different indicators discussed above, NR" is the main basic
raw attenuation measurement data available in the F-MIRE method. Studying its variation as a function of
incidence is viewed as a first step towards an /L evaluation that will take into account the effect of sound

incidence. The current study then focuses on this one indicator: NR".

NUMERICAL MODEL

10
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The configuration of interest, depicted in Figure 2, consists of an earmuff coupled to an ATF through
a silicone disk that simulates the skin. The ATF is a G.R.A.S CB-45® (GRAS Sound & Vibration,
Denmark) and the earmuff is an EAR1000 model® (3M Hearing Protection, U.S.A.). The system is excited
acoustically by an incident plane wave. As the model accounts for the sound transmission through the
earmuff/external ear coupled system, several difficulties occur due to the complex nature of the
configuration of interest. It was therefore decided to start this modeling effort with a slightly simplified

system obtained by removing the pinna from the ATF and by taking out the foam inside the earcup.

b)

Figure 2 : CAD representation of the different domains, a) Complete view of the CAD, ATF,
silicone disk and complete earmuff assembly. b) Cut-away view of the earcup,
the comfort cushion, rubber plug, the ear canal skin and the ear canal.

The full geometrical model consists of several domains: (A) the earmuff, (B) the artificial skin insert,
(C) the skin inside the ear canal, (D) the earmuff acoustic cavity and the ear canal, (D) the air surrounding
the head and torso/earmuff system. The modeling of these domains together with that of the acoustical
excitation (E) is discussed in the following subsections. The initial geometries of the earmuff and of the

ATF were built using the CAD software Solidworks® (DS, France) and converted to Catia V5® (DS,

11
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France)) for addition of the internal air cavities. The coupled problem is solved using the Finite Element
method. All the calculations have been carried out in the commercial software Virtual.Lab 13.2®
(LMS/SIEMENS, Germany). The earmuff-earcanal system (see Figure 3) was meshed using Femap V10.2
(Siemens, Germany) whereas the external surrounding air was meshed using Virtual.Lab 13.2 meshing

tools (see Figure 3 and Figure 4).

Figure 3 : Meshing of the plastic shell, comfort cushion, rubber plug and artificial skin pad

12
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a) b)

Figure 4 : Meshing of the external surrounding air domain. a) meshing of the surrounding air
domain. b) complete cut view of the domains, with the outer line representing
the AML and the inner line the ATF boundaries

A. Earmuff modeling

An earmuff is usually composed of 4 main elements: a plastic earcup, a comfort cushion made of an
annular polymeric sheath filled with air and foam, a sound absorbing foam pad that is placed inside the
plastic envelope, and a headband that, not only links the left and right muffs, but also induces a static force
on the earcups to hold them in place against the head and ensure the acoustic seal between them and the

head.

For the earmuff of interest, EAR1000 model® (3M Hearing Protection, U.S.A.), there are 5 elements
to consider : (i) the plastic earcup, (ii) the comfort cushion, (iii) a rubber plug that links the plastic earcup

with (iv) the headband and (v) the sound absorbing foam pad. In this study, only the first 3 elements (i, ii

13
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and iii) are geometrically modeled. The effect of the headband is accounted for in the model by using the
compressed cushion static thickness of 12.9mm and its associated mechanical properties [31]. Recall that
in this paper, the sound absorbing foam pad has been removed from inside the shell in order to limit the

possible sources of error in the model.

In the following, usual displacement and stress vector continuity are applied between solid domains
and normal displacement and stress vector continuity between fluid and solid domains. The various

domains discretization into finite elements are based on a 4 elements per wavelength meshing criterion.

A-i  Plastic earcup

The plastic envelope is assumed linearly elastic and isotropic. It is discretized using 11700 quadratic
tetrahedron solid elements. The thermoplastic earcup physical parameters were derived from the literature

[44](p=1200 kgm™, E=2.16 GPa, v=0.38 and n=0.05).

A-ii  The Comfort cushion

The earmuff cushion considered here is a complex assembly made up of a thin rubber sheath with vent
holes surrounding a comfort foam. It is usually modeled as a spring-damper system [ 18] or as an equivalent
3D homogeneous isotropic solid. For this model, a different approach was used based on Boyer’s research
[44], where the cushion is modeled as an equivalent viscoelastic material with a complex Young’s modulus.
Usual equivalent solid models work well at low frequencies and at high frequencies especially when the
acoustical excitation acting on the cushion is neglected but it was found that there is a frequency region

(between 1kHz and 2.5kHz for the EAR1000) where the equivalent solid model does not capture correctly

14
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the acoustic transmission phenomena probably because the actual cushion should be modeled as a
multilayered system [31,45]. In this work, Boyer’s approach to describe the cushion was adopted since to
the authors’ knowledge it is, up to now, the most complete model. The viscoelastic properties and geometry
were taken from the literature[21] (p=142.8 kgm™, v=0.4 and n=0.36, see [21] for frequency dependent

Young’s modulus E values). The cushion was discretized using 56000 quadratic tetrahedron solid elements.

A-iii  The rubber plug
The rubber plug is considered as a linearly elastic isotropic domain discretized using 430 quadratic

tetrahedron solid elements. The rubber physical parameters were derived from the literature [44](p=806

kgm3, E=1 GPa, v=0.48 and n=0.5).

B. Artificial skin model

The artificial ear and skin insert on the side of the head was replaced by a silicone pad (silicone
solutions SS-5060 Shore 00-60) of estimated properties taken from [44] (p=900 kgm™, E=340 kPa, v=0.48
and n=0.1). The disk of radius 57.5mm and 10mm thickness was discretized using 164000 quadratic
tetrahedron solid elements. The silicone boundary in contact with the ATF was assumed to be clamped.
Note that the disk’s outer surface is coupled to 3 domains: the air cavity inside the earmuff, the cushion and

the air surrounding the whole system.

15
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C. SKkin inside the ear canal

The normal ear canal of a human is made of 2 sections, the first part (closer to the tympanic membrane)
is harder and is called the bony part, while the second part (closer to the outer ear) is softer and is referred
to as the elastic cartilaginous part. The ear canal of the ATF is also divided in two sections, the elastic
cartilaginous part consists of a steel tube covered with a 2mm thick layer of silicone (length of 13mm),
while the second part is made up of steel. This silicone exhibits properties comparable to those of a typical
human ear canal, including the skin and the cartilage parameters. Its properties were derived from the
literature [46] (p=1150 kgm™, E=420 kPa, v=0.43 and n=0.2). The silicone layer was discretized into 1560

quadratic tetrahedron solid elements. The steel section of the canal is considered as rigid acoustically.

D. Acoustic cavity and ear canal

The acoustic cavity inside the earmuff is delimited by the plastic shell and the comfort cushion of
the earmuff, the artificial skin, the ear canal skin and the tympanic membrane. The mesh consists of 4 000
quadratic tetrahedron acoustic elements. The ear canal is terminated by an ear simulator (IEC 711) which
replaces the eardrum and a portion of the ear canal. The ear simulator effect is modeled as a normal acoustic

specific impedance boundary condition that is applied to the corresponding area [45].

E. External fluid

FEM operates on finite extent domains. To model the sound propagation in an infinite fluid medium,
several numerical techniques have been proposed in the past namely the boundary element method
(BEM)[25] , the approach using infinite elements based on a prolate spheroidal multipole expansion [47]

and more recently the technique relying on absorbing elements also called the Perfectly Matched Layer

16
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(PML) approach. The PML is coupled to a finite fluid domain enclosing the radiating or scattering object.
This domain is discretized with acoustic finite elements. The PML approach is used in this work to account
for the coupling of the head/torso/earmuff system with the external fluid domain. PML was originally
formulated by Berenger for use with Maxwell’s equations [48] and adapted later to the linearized Euler
equation known to support acoustic waves [49,50]. The PML consists of a layer or several layers of a
fictitious material with an exponential damping factor, working as a perfectly absorbing region for radiated
waves, thus avoiding numerical boundary reflections. The thickness of the PML should vary with the
wavelength which means that the mesh should be rebuilt at each frequency of interest. In order to decrease
the computational time, Virtual. Lab® (LMS/SIEMENS, Germany) developed a new approach where the
PML domain is automatically meshed at each frequency at the solver level. In Virtual.Lab, it is called AML

for “Automatically Matched Layer”.

An automatic function in Virtual. Lab® (LMS/SIEMENS, Germany) generates a convex mesh air
domain around the earmuff and ATF (see Figure 4). It was discretized using 23 300 quadratic tetrahedron
acoustic elements. The ATF boundary is considered as acoustically rigid. Fluid-structure coupling
conditions (continuity of normal displacements and of stress vectors) apply on the cup and skin interface.
The convex volume outer surface is coupled to a perfectly matched layer. By doing so, the acoustic waves

radiated and scattered by the earmuff in the external domain satisfy the Sommerfeld condition[51].

F. Excitation sound source

The acoustical excitation consists of a unit amplitude plane wave propagating in the horizontal plane

going through the head center. The calculations are carried out for several angles of incidence ranging from

17
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0° to 345° degrees with 15 degree steps, 0° being the frontal incidence and 270° pointing directly at the

right ear (see Figure 5).

Figure 5 : schematic of the incident plane waves in the horizontal plane around the head
for the right ear ( with 0° = frontal incidence, 270° = direct incidence)

18
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1IV.  EXPERIMENTAL SETUP

2 In order to validate the model, an experimental test setup was designed. The test rig consists of an
3 earmuff (EAR1000) coupled to a standard ATF ( G.R.A.S. CB45). As mentioned in the introduction two
4  simplifications were brought to the system: (1) the sound absorbing foam was removed from the earcup to
5 reduce the sources of possible error related to the modeling of this material, (2) the usual silicone pinna and
6  surrounding skin insert of the ATF was replaced by a homemade silicone pad whose properties are well
7  known (see Figure 6). The IEC 711 ear simulator inside the ATF consists of a rigid canal terminated by a
8  microphone whose acoustic impedance corresponds to an average human eardrum and a part of the ear
9  canal. The headband static force applied on the earmuff once positioned on the ATF was measured at

10 11.5 N, using a dynamometer. The resulting thickness of the compressed cushion was 12.9mm.

11

Artificial skin

12 a)i

13 Figure 6 : Experimental test set up showing the Artificial skin (silicone pad) replacing the

14 artificial pinna; (a) without earmuff, showing the internal microphone MIC1;

15 (b) with earmuff, showing the external microphone MIC2

16

17 For the experiment, a microphone (MIC1) was placed inside the earmuff, measuring the internal

18  acoustic pressure (p ), close to the ear canal entrance (see Figure 6a) and a second microphone (MIC2),

19
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1  measuring the external acoustic pressure (p’e.), Was positioned outside the plastic envelope on the

2 attachment of the headband (see Figure 6b). The relation between p . and p " is described in equation 1.

4 The measurements were performed in a semi-anechoic room with a motorized arch hanging from the
5 ceiling (see Figure 7). The extremity of the arch holds a sound source (2-way loudspeaker) directed towards
6  the ATF center and delivering a pink noise of 89dB(A) at 1m. The loudspeaker describes a horizontal circle
7  witha 1 meter radius at the ear height (1 meter above the ground). The ground within that circle was covered

8  with absorbing material to limit the ground reflections.

9
10
11 Figure 7 : Experimental set-up, sound source revolving around an ATF with the right ear
12 instrumented and protected with a modified EAR1000 earmuff
13

14 V.  EVALUATION OF THE FINITE ELEMENT MODEL

15 This section will present the evaluation of the FE model and is divided in three subsection labeled A,

16 B and C. The first evaluation (subsection A) of the FE model concerns the scattering effect that will show

20
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how the model takes into account the effect of the head/torso/earmuff. These results will also be used in the
application presented in section VI, discussing the effect of the external microphone position on the earmuff
sound attenuation. The second evaluation (subsection B) deals with the ability of the model to predict the
sound attenuation provided by the earmuff. The data will be presented for NR " as a function of the frequency
for different angles of incidence but also as a function of angle of incidence for different frequencies. The
third evaluation (subsection C) will address the ability of the model to take into account the variability of

the attenuation (ANR") as a function of the incidence angle.

To validate the coupled AML/FEM approach implemented in the commercial software Virtual.Lab,
the acoustical response of a simple system consisting of a rectangular cavity backed simply supported plate
embedded in a rigid baffle and excited by an oblique incidence plane wave was first considered. This
configuration can be solved semi-analytically [52] using a modal superposition technique for both the plate
and the cavity. The comparisons for the sound pressure level inside the cavity between Virtual.Lab and the

semi-analytical approach showed an excellent agreement.

The simulation results are now compared with measured data obtained with the experimental set-up
presented in the previous section. Both the external sound pressure level (SPL) induced by the scattering
of the ATF/earmuff system and the variation of the earmuff’s attenuation as a function of the incidence
angle of the exciting acoustic plane wave are investigated. All the results are presented in selected one-third
octave bands between 50 and 5000Hz, over a complete rotation (360 degrees). For the sake of conciseness,
three of the one-third octave bands were chosen as indicators of the whole spectrum. The following figures
will therefore show only the 630Hz, 1250Hz and 4000Hz bands, giving a general overview of low, mid and

high frequency bands.
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A. Comparisons between calculations and measurements: scattering effect (outside
microphone)

4000Hz band

630Hz band 1250Hz band

—'—Calculated“ —=—Calculated | —s—Calculated |

% ——Measured | | 20 ——Measured | J 90 Measured | |
|

SPL ( dB ref 2e-5 Pa)
SPL (dB ref 2e-5 Pa)
SPL (dB ref 2e-5 Pa)

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 o 50 100 150 200 250 300 350

a) incidence (deg) b) incidence (deg) C) incidence (deg)

Figure 8 : comparison between predicted and measured third octave band SPLs for the external
microphone as a function of the incidence angle for the right ear (as shown in Figure 5)

This subsection presents the comparisons between the experimental data and simulation results for
the sound pressure level at the external microphone for the earmuff/ATF configuration. Erreur ! Source
du renvoi introuvable. shows typical results for the SPL as a function of the incidence angle in three of
the one-third octave frequency bands (630, 1250 and 4000Hz). The model is able to capture the trends
observed in the measurements. The agreement generally decreases with increasing frequency: it is excellent
at low frequencies (< 2dB at 630Hz) and mid frequencies (<3dB at 1250Hz). At high frequencies, the model
predicts the trends even if there are larger differences for certain angles of incidence (< 8dB in the 4000Hz
band). In this frequency range, the headband that is not included in the model may have an influence on the
scattering of the sound field. The discrepancies between the model and the measurement could also be due
to the difference between the sound source used in the model (plane wave) and in the experiments (2-way
loudspeaker located one meter from the head). Note that a monopole source has also been used in the
calculations instead of a plane wave for different incidence angles but only differences of less than 3dB

were found.
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In addition to the model validation, these numerical and experimental results both show how the
influence of the scattering increases as the wavelength gets shorter (increasing frequency). Figure 8 shows
that in the 630Hz band, the SPL at the external microphone exhibits variations less than 6dB as a function
of the incidence angle whereas in the 4000Hz band these variations can reach values of up to 20dB.
Below 100Hz (respectively in the S000Hz band) (not shown here), these variations are less than 1dB
(respectively more than 25dB). At low frequency, the wavelengths are larger than the geometry features

giving very low scattering effects.

B. Comparisons between calculations and measurements: NR* as a function of the

frequency and of the incidence angle

This subsection is divided in two parts. Firstly, it presents the comparisons between the
experimental data and simulation results for NR" as a function of the frequency for the earmuff/ATF
configuration for 3 different excitation angles (see Figure 9). Secondly, NR" is plotted as a function of the

angle of incidence for three different one-third octave bands (see Figure 11).

270deg. 0deg. 90 deg.

—=—Calculated —s— Calculated —=— Calculated
Measured

Measured | | ——Measured | |

EEEETE Y S PSP PESSEERESESANS R R R XOR R

ol T ararer e e N R e . e e R
\@N@\@w@’ﬁh’b@b@h@é@%@@“&b@\ A ST

a) frequency (Hz) b) frequency (Hz) C) frequency (Hz)

Figure 9 : comparison of predicted and measured one-third octave band NR * ( f, 9) in (dB)

as a function of the frequency for . a) directly exposed side (270°), b) frontal incidence(0°),
¢) head shadowed side (90°) (see Figure 5 for angle of incidence positions)
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Figure 9 shows that, for the different incidence angles, the model is able to capture the overall
trends of the noise reduction as a function of frequency. However, the NR” values are underestimated below

1600Hz and overestimated above 1600Hz.

At low frequency (<1kHz), the experimental curve presents a first peak around 160Hz and a second
peak around 400Hz. Both peaks are well captured by the model, but the simulated NR " values underestimate
the lab measurements. In this frequency range, the noise reduction is governed by the pumping motion of
the earmuff. The first resonance corresponds to that of the mass of the earmuff coupled to the equivalent
spring stiffness of the cushion/ silicone pad/air cavity inside the earmuff system. The second resonance is
induced by the presence of the silicone pad (artificial skin) as demonstrated by Figure 10 which shows the
results of the calculation where the silicone pad is accounted for and where it is replaced by a rigid material.
This effect was also noticed in other measurements made with a steel baffle [44,45]. It can be seen that the
effect of the silicone disk is to decrease the pumping frequency because of the equivalent lower stiffness
due to the presence of the silicone. Above 1200Hz, the silicone pad has no influence on NR". The
underestimation of the NR* could be due to two reasons. First, in the measurement the cushion is not
compressed uniformly on the ATF whereas it is in the model. Indeed, in the model, an average compression
rate corresponding to a cushion thickness of 12.9mm has been chosen but visual inspection showed
important thickness differences between the top and bottom part of the cushion. Yet, as underlined in [31],
the equivalent mechanical properties (Young’s modulus and loss factor) of the cushion have been shown
to be strongly dependent on its compression rate (the more compressed, the higher the equivalent stiffness
and loss factor). Second, the mechanical parameters chosen for the silicone used in the artificial skin have
been derived from empirical methods based on harshness tests. Therefore, it is likely that these parameters

are different from the real ones. A model in which the cushion is divided into several parts with different
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compression rates combined with more efficient methods like Dynamic Mechanical Analyzer for the
characterization of the silicone pad could probably improve the agreement between model and

measurements.

270 deg.

' —a— Calculated - with
- = =Calculated - without| 1
Measured

BT Y P PR PR IR X
frequency (Hz)

Figure 10 : Effect of the silicone disk, for frontal incidence

In the mid frequency zone (between 1000 and 2500Hz), vibroacoustic coupling effects between the
backplate and the comfort cushion are important [44]. The discrepancies observed between the simulations
and the measurements are probably due to an inadequate model of the cushion as mentioned previously,
together with a poor description of the cushion/backplate coupling conditions (the two components are

assumed in perfect contact which may not be true).

At high frequency, the results are influenced by the geometric artifacts on both the measurements
and the model. Discrepancies could be explained by the absence of the headband in the model but also by

an inadequate model of the real source of excitation.
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The following figure gives a different perspective of NR” values, presenting the data as a function

of the angle of incidence for given one-third octave bands.

630Hz band

—s—Calculated | |
——NMeasured |

100

1;0 Z[‘ID
incidence (deg)

250

1250Hz band

—s—Calculated |

‘L;iD 2!;\)
incidence (deg)

250

Measured

4000Hz band

-0} —s=—Calculated | |
——Measured |

o 50 100 150 200 250 300 350
incidence (deg)

Figure 11 : comparison of predicted and measured one-third octave band NR" in (dB) as a function
of the incidence angle.

Below 1000Hz, the results are generally excellent and as seen on the NR™ spectrum (Figure 9a).

Results are similar in other frequency bands except those containing the pumping and silicone pad

resonances mentioned previously (160 and 400Hz). More importantly, the model is able to capture the angle

of incidence dependence of noise reduction. In the mid frequency zone, discrepancies of up to 8dB between

calculated and measured NR™ values occur but overall the model clearly captures well the variation of the

NR® with the incidence angle. As for the high frequency zone, as expected, the amplitudes of NR" are not

well predicted (differences of up to 15dB) but again the trends are captured.
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C. Comparisons between calculations and measurements: variation of NR* (ANR") as a

function of the incidence angle

To better highlight the phenomenon of the variation of the NR" as a function of the incidence angle,
it is useful to normalize the angle-dependant NR“(§) with its value at normal (frontal) incidence NR*©=0°)

to obtain ANR, that is defined by :
ANR’ (f.0) = NR"(f,0)—NR"(f,0%) ©)

Using the variation of NR* (ANR") has the advantage, compared to NR", to separate the phenomenon
related to the variation of the noise reduction as a function of the sound incidence and the absolute noise
reduction related to the noise transmission through the earmuff. Since the measured ANR" is the starting
point behind the development of this model, its comparison was considered an important step for evaluating

the FE model.

630Hz band 1250Hz band 4000Hz band

ANR*(dB)
ANR*(dB)
ANR*(dB)

-10 —s—Calculated| | -10 —s—Calculated| -10 —=—Calculated |
——Measured ——Measured ——Measured

50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

a) incidence (deg) b) incidence (deg) C) incidence (deg)

Figure 12 : comparison of predicted and measured one-third octave band ANR® (f,0) in (dB) as a
function of the incidence angle.

Figure 12 compares the measured and predicted ANR™ for three one-third octave bands. ANR (f.6)

curves always start with a zero value, since they are normalized with the 0° values. Below 500 Hz (not
shown here for the sake of conciseness), experimental and simulated ANR curves are in good agreement
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and are almost flat. A small error (<3db) in the ANR" comparisons is found between the 125 and the 160Hz
band due to the experimental measured pumping resonance that fluctuates a few Hz depending on the
incidence angle, shifting from one third octave band to the other. At mid frequencies, simulated and
experimental 4NR ‘curves are also in very good agreement with maximum differences of less than 3dB up
to 1600Hz. Above 1600Hz, the model still captures the trends. Discrepancies between ANR “calculations
and measurements are reduced compared to NR". Altogether, even if the actual model doesn’t succeed in
predicting perfectly ANR" at higher frequencies, the model clearly demonstrates its ability to predict the

effect of the incidence on ANR".

APPLICATION OF THE MODEL: FINDING THE OPTIMAL EXTERNAL

MICROPHONE POSITION

As stated in the introduction, one of the questions the FE model could help address is finding the
optimal position for the F-MIRE microphones. An optimal position for the external microphone can be
defined as the one where the measured SPL exhibits the least difference with the exposure level when the
sound incidence is varied. In other words, the optimal position is the position that minimizes 7F 'ex. The
external microphone is influenced by the scattering around the ATF/earmuff system. For the internal
microphone, the optimal position can be defined as the one that minimizes 7F '.anal . However, in this paper,
the optimal internal microphone position is not investigated. The focus is made on the optimal external

microphone position, with the help of the proposed FE model.

One advantage of the continuous F-MIRE method is the ability to obtain readings, in a continuous
manner, of the sound field in which a worker is immersed. An optimal position for the external

microphone should then also help to find the best estimate of the exposure sound field (the field which
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would exist without the presence of the head). In this section, the model is used to find the optimal
external microphone position, for one earmuff type (EAR-1000). The SPL is calculated for a set of 40

points randomly distributed covering the outside surface of the earcup (see

Figure 13). The exposure sound level is calculated from the simulated power spectral density of the

excitation.
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Figure 13 : Search for the external microphone optimal position : a) positions of 40 points
(randomly distributed) at the surface of the earmuff and b) optimal position located in the center of
the surface, represented by a star (blue).

630Hz band 1250Hz band 4000Hz band

140 - - -Exposure signal level 140 - - - Exposure signal level 140 = - - Exposure signal level
—s—Optimal point —s—Optimal point —e—Optimal point

SPL (dB ref 2e-5 Pa)

SPL (dB ref 2e-5 Pa)

SPL ( dB ref 2e-5 Pa)
N

3

108

0 50 100 150 200 250 300 350 0 50 100 150 200 250 00 350 o 50 100 150 200 250 300 350

a) incidence (deg) b) incidence (deg) C) incidence (deg)

Figure 14 : Third octave band SPL at the external microphone for 40 points located
on the surface of the earmuff (the dotted line shows the exposure signal level).
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Figure 14 shows third octave band SPL at the 40 external microphone positions located on the surface
of the earmuff for the same three one-third octave bands as those presented in the previous section. When
the microphone is in the head shadowed region (0-180 degrees), a lower SPL than the exposure signal level
is found as expected. When it is in direct view with the source (180-360 degrees), the SPL will be larger
than when it’s in the shadow region and can even show more important values (amplification) than the
exposure signal level. Such trends are well recovered with the model. The set of curves shown in Figure 14
a) and b) (for 630Hz and 1250Hz bands) give good examples of this, with the 40 different positions
following roughly the same pattern. In Figure 14 c) at 4000Hz, the curves become more spread out because
of scattering by the studied geometry. In this study, the optimal position for the external microphone is

defined as a minimal difference between the exposure root mean square pressure p( f ) and the external

microphone root mean square pressures (p, ' ( f ,9) , for n=40). The associated minimization problem
can then be written:

5000 360

min 3N | p, L (£.0)-p (f)] (10)

£,=50 0=0

where fis the central frequency for one-third octave band between 50 and 5000Hz. @ is the angle of

incidence with 15° steps.

Eq(10) yields to the center of the surface of the earmuff as the optimal point (marked by a star in

Figure 13 b ), this is the same position chosen for the experimental setup. In Figure 14, the solution
(thick blue line) exhibits differences of up to 15dBs with the exposure level over a full rotation depending
on the angle and the frequency band. This result shows how the outside microphone value, even if optimally
positioned, will greatly vary depending on the incidence of the sound source. It also shows that one cannot

approximate the exposure level with only one external microphone reading.
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As discussed above, the curves are associated with two different spatial regions: the directly exposed
side and the head shadowed side. The dividing lines between these two regions are near 0° and 180°, for all
the frequency bands. It means that for a given angle of incidence, other than frontal and rear incidence,
significant left and right ear differences are expected. Based on this observation, Eq(10) is modified to

account for both left ear and right ear external microphones (binaural approach) :

5000 360

nlg‘[lli,l;l()] Z Z | p'binauml2 (f’e) _p2 (f) | (11)

£,=50 6=0

where p' bmumlz is obtained by averaging the mean square pressures at both ears (left ear p 'm]ﬂ and

right ear p 'ext”_gm ), namely:

p'exl,e/,z (f’ 9) + p'exl, ? (f’ 9)

ight
2

p'bimzuml2 (f’ 0) = (12)

The result of Eq(11) gives the same optimal position as with the previous indicator, the surface center of
the earmuff. Figure 15 shows the result for the binaural approach using the optimal external microphone,
for 3 third octave frequency bands. Compared with the monaural estimator, the discrepancies between the
theoretical exposure level and the estimated exposure level based on microphones located at the surface
center of the earcups are now reduced to less than 4dB per frequency band, or less than 2dB for the global
pressure level for the studied earmuff. Similar results are obtained in the other frequency bands (not shown
here for the sake of conciseness). Since the results are obtained from simulations and that the problem is
symmetric (i.e. the microphone is located at the same place for both ears), the results for the left ear were

not recalculated but transposed from the right ear results.
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The exposure level can therefore be estimated from a measurement of the SPL at the optimal external

left ear and right ear microphone whatever the angle of incidence, namely:

' S (13)
~
~ .
Lp (f) Lp binaural ( k4 0)
630Hz band 1250Hz band
130 , ‘ . . 130 . . . i o 4000Hz band
Exposure signal Ievel“ Exposure signal Ievel“
—s—Binaural approach } —e—Binaural approach }
,5125' | = - -right ear signal (1 ,(?125’ = = =right ear signal 1 1 ,—._»,”\\ /’\\_—"\
a - - -left ear signal “ o - - -left ear signal “ £ s ..
o - Q - I " P r
& 1o} & 12op &of l' N 1
$ B E ‘6 \ ’ A 1
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@ |, ~L ,° | 1] m \ J \ i}
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Figure 15 : Comparison between the exposure level and the estimated exposure level.

Third octave bands in dB.

Being able to approximate the exposure level is of prime interest for the continuous F-MIRE

measurement method as, without modification to the actual method and without knowing the angle of

incidence of the sound source, the daily dose of exposition can be approximated. In fact, the error found in

the approximation of the exposure level, based on the FE model results, is not larger than the actual

dosimetry error caused by the microphone being attached on the shoulder of the worker, as stated in [53]

on the effect of the positioning of the dosimeter microphone. Therefore, the binaural approach proposed

here seems promising for approximating the exposure level and should be validated in the future with field

measurements.
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CONCLUSION

In order to evaluate the effect of the sound field incidence on the attenuation of earmuffs measured
using continuous F-MIRE, a FE model of a commercial earmuff has been developed. This model takes into
account the sound field scattered by the earmuff and the ATF’s head-and-torso together with the sound
transmission through the earmuff and the ATF artificial skin. The FE model was evaluated by comparisons
with laboratory measurements for the SPL at the external microphone and for the earmuff sound attenuation
for various sound incidences in a horizontal plane around the ATF. More specifically, three acoustic
indicators were considered to compare measurements and calculations: a) SPL at external microphone, b)

NR" and ¢) ANR".

For the external microphone SPL comparison, the agreement between tests and simulation is excellent
up to 1250Hz (<3dB) and even if larger differences occur at some incidence angles, the model predicts well
the trends. To improve the comparisons at higher frequency, the effect of the headband could be studied,
either by including it in the model or by modifying the headband in the lab measurements to reduce its
effect on scattering. Additionally, the sound source is modeled by a plane wave which is probably not the
best approximation of the experimental sound source (2-way loudspeaker at 1m). Using an omnidirectional

(monopole) source for the experiments would help reducing the discrepancies at high frequency.

As for the NR", the model is able to capture the overall trends with regards to the source position.
However, the predicted NR" values are underestimated below 1600Hz and overestimated above 1600Hz.
Below 1000Hz, the two main resonances are captured by the model but NR" is underestimated compared
to the measurements. Accounting for the artificial skin in the FE model improves the correlation between
the predicted and measured NR" notably. Still, a better characterization of the silicone’s property and a

multi-domain model of the cushion that accounts for variable compression rates would improve the
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accuracy of the model. At mid frequency, the discrepancies between simulations and experimental data are
attributed to an unsatisfactory cushion model and a bad description of the coupling between the backplate
and the cushion. To improve the model at high frequency, the same actions as those discussed before for

the external microphone comparisons are suggested

When looking specifically at the variation of NR* (ANR"), better agreement is obtained compared
to NR” values. The model clearly shows its ability to account for the variation of the noise reduction of the

earmuff as a function of the incidence angle of the sound source.

As an example of the utilization of the model to help improving the continuous F-MIRE technique for
directional sound field, the model has been used to determine an optimal position of the external
microphone. For the earmuff considered in this study, the optimal external microphone position was found
to be at the surface center of the earmuff. In addition, a binaural indicator obtained from the average of the
mean square pressures evaluated at the external microphone of the right and left ear has been shown to
yield a good approximation of the exposure level (mainly less than 2dB, for all frequency bands and
incidence angle). This approximation of the exposure level allows for estimating the dose a worker is
exposed to, during his work shift. Both the optimal position and the binaural indicator to approximate the

exposure level are to be validated with laboratory measurements.

In conclusion, this paper has shown that the acoustic transmission through an earmuff attached to a
head and torso in a direct sound field can be captured adequately with the proposed FE model even though
the model could be ameliorated. Possibilities for improvement include : 1) accounting for the headband, 2)

better modeling the sound source, 3) developing a multi-domain FE model for the cushion, 4) better
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describing the backplate/cushion coupling and 5) using mechanical properties obtained from advanced

material characterization techniques.

Future works involve (i) evaluating the optimal position of the internal microphone, (ii) accounting for
the pinna and the sound absorbing material inside the earmuff, (iii) studying the effect of the incidence
angle of the sound source for the complete space around the head (3D), (iv) validating the approximation
of the exposure sound field in more complex laboratory and field conditions and (v) studying the variation,

as a function of the sound incidence, of the compensation factors (presented in Fig. 1) that relate NR" to /L.
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