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ABSTRACT:
This paper proposes a quick and straightforward technique for estimating the insertion loss (IL) of earplugs

measured on an acoustical test fixture (ATF) using a commercial impedance tube. In this method, the earplug’s

acoustic properties (i.e., its transmission loss and the reflection coefficient of its medial surface) are determined from

its transfer matrix measured using the three-microphones impedance tube method modified here for the current appli-

cation. The IL is then estimated using a one-dimensional analytical model of open and occluded earcanals based on

the wavefield decomposition theory. The method is evaluated numerically and experimentally from 50 Hz to

6.5 kHz. The numerical study allows for verifying the accuracy of the proposed approach in comparison to a simpli-

fied model of an ATF earcanal excited by normal incidence plane wave and diffuse field excitation. The experimental

evaluation, which involves six earplugs (including five commercially available ones) representing various earplug

families, demonstrates the accuracy of the estimation method, yielding results with a maximum difference of 3 dB

compared to ATF measurements, on average, among the tested earplugs. VC 2024 Acoustical Society of America.
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I. INTRODUCTION

Passive earplugs are commonly used as a last resort to

prevent workers from noise-induced hearing loss (NIHL).

Their performance is assessed through the sound attenuation

that they provide, which can be quantified objectively

through the insertion loss (IL) indicator. The IL corresponds

to the differences in sound pressure levels (SPLs) measured

in the open and occluded earcanals at the eardrum position

for a given acoustic stimulation. One way to assess the IL

provided by earplugs is to use an acoustical test fixture

(ATF), according to standard ANSI/ASA S12.42.1 ATFs

include a synthetic human outer ear (i.e., pinna and earcanal

that are partially covered by artificial skin) inserted into an

artificial head and torso and terminated by a coupler that

simulates the average acoustic impedance of the human

middle ear. Compared to measurement on human subjects,

the use of ATFs enables fast and repeatable measurements,

making it particularly suitable for quality control, earplug

design, and experiments in high noise level environments or

impulsive sounds.

However, ATF measurements have three primary draw-

backs: (i) ATFs typically use a single-size earcanal, assumed

to represent an average human morphology, while variations

in earcanal morphology among individuals can result in sig-

nificant differences in personal attenuation rating provided

by earplugs;2 (ii) conducting ATF measurements requires

cumbersome and costly experimental facilities, such as

reverberant or anechoic chambers, to apply controlled

acoustic conditions; and (iii) conducting earplug IL mea-

surements on ATFs offers limited insights into the influence

of intrinsic acoustic properties, such as acoustic reflection

and transmission coefficients, on the phenomenon.

For a deeper understanding of earplugs inherent charac-

teristics and their influence on the IL, Hiselius3,4 introduced

an alternative method that consists in measuring the acousti-

cal two-port properties of the earplugs using a small imped-

ance tube (9 mm inner diameter, similar to the adult

earcanal) equipped with two sufficiently different termina-

tion impedances. Subsequently, the IL of the earplugs is

determined by numerically connecting the two-port transfer

matrix to an acoustic model of the earcanal, including the

eardrum. This approach allows for estimating the IL of ear-

plugs using a much simpler experimental setup than using

an ATF. Moreover, the IL can be estimated for diverse ear-

canal geometries and various eardrum acoustic impedances

corresponding to specific individuals. Predictions of the IL

of several commercial earplugs were shown to approxi-

mately align with real ear attenuation at threshold (REAT)

measurements performed on human subjects.3,4 Although

the method proposed by Hiselius is promising, using a small

impedance tube poses certain technical challenges, includ-

ing the incompatibility or need for relocation of standard 1=4
in. microphones, the necessity of a convergent setup when

using a speaker larger than the tube’s inner diameter, and

a)Email: kevin.carillo@etsmtl.ca
b)Email: olivier.doutres@etsmtl.ca
c)Email: franck.sgard@irsst.qc.ca

898 J. Acoust. Soc. Am. 156 (2), August 2024 VC 2024 Acoustical Society of America

ARTICLE...................................

This  ar t ic le  may be downloaded for  personal  use only .  Any other  use requi res pr ior  
permiss ion of  the author  and AIP Publ ish ing.  Th is  ar t ic le  appeared in  the Journal  o f  
the Acoust ica l  Soc iety  o f  Amer ica (Vol .  156,  p .898-911,  2024)  and may be found at  
(h t tps: / /do i .org/10.1121/10.0028195)

https://orcid.org/0000-0002-8015-3204
https://orcid.org/0000-0003-3103-488X
https://orcid.org/0000-0002-8344-9895
https://doi.org/10.1121/10.0028195
mailto:kevin.carillo@etsmtl.ca
mailto:olivier.doutres@etsmtl.ca
mailto:franck.sgard@irsst.qc.ca
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0028195&domain=pdf&date_stamp=2024-08-09


the significant influence of acoustic leakage. Furthermore,

the two-port approach is not suitable for emphasizing the

influence of key acoustic properties of the earplug (i.e.,

reflection coefficient of its medial surface and acoustic

transmission) on the sound attenuation it provides.

More recently, following Hiselius’ approach, Doutres

et al.5 introduced a comparable methodology for estimating

the IL of earplugs measured on ATF. In this method, the cal-

culation of the earplug’s acoustic properties (i.e., transmis-

sion loss and reflection coefficient of the earplug medial

surface) is performed according to the standard ASTM

E2611-09 (Ref. 6) using a commercially available 29-mm

inner-diameter impedance tube, overcoming technical chal-

lenges encountered by Hiselius using a small impedance

tube.3 Because the impedance tube is much larger than the

earcanal, Doutres et al. used a sample holder that reproduces

the earcanal geometry of an ATF, including the surrounding

artificial skin, as it influences the acoustic behavior of ear-

plugs through their boundary conditions. Then, the earplugs’

acoustic properties are used as inputs to an analytical acous-

tic model of the earcanal to estimate the corresponding IL.

The acoustic model of the earcanal is based on the wavefield

decomposition theory and results in straightforward analyti-

cal relationships between the earplug and earcanal acoustic

properties. Doutres et al. verified their method numerically

using finite element (FE) models of the impedance tube

setup and the ATF earcanal open and occluded by a silicone

earplug. However, they assumed the earplug to be flush-

mounted to the earcanal entrance and did not consider its

protrusion outside the earcanal. Additionally, they did not

perform an experimental evaluation of the proposed method.

In 2018, Carillo et al.7 presented the initial results of an

experimental evaluation of the method proposed by Doutres

et al.5 A major technical challenge encountered at that time

using the three-microphones impedance tube method8 was iso-

lating the signal from the background noise at the microphone

#3, located behind the sample holder, when the sound attenua-

tion of the earplug became too significant. Consequently,

experimental results became chaotic in certain frequency

ranges, making the IL estimation method non-usable in prac-

tice. Impedance tube methods, typically based on standard

ASTM E2611-09,6 are generally employed for measuring key

acoustic properties of air-saturated porous or fibrous media

and not originally designed for assessing the acoustic proper-

ties of highly reflective and isolating systems such as earplugs.

Additionally, a question arising from this work is whether the

IL of earplugs depends on the excitation sound field. The

impedance tube method provides earplug IL at normal inci-

dence and, accordingly, the ATF measurements were also con-

ducted that way. However, this approach may not be

representative of the acoustic field experienced in practical

usage. To investigate the influence of the excitation sound field

on the earplug IL, Viallet et al.9 conducted experimental mea-

surements for normal incidence (in a semi-anechoic room) and

diffuse field (in a reverberant room) excitations. They found

“no significant differences” between the two conditions.

However, the earplugs that they tested were flush-mounted to

the earcanal entrance and, therefore, the potential influence of

the protrusion of earplugs outside the earcanal was not consid-

ered. Also, the pinna was also not accounted for (the earcanal

was rather baffled) despite its potential influence on the IL,

depending on the characteristics of the excitation sound field.

The aim of this paper is to enhance the method intro-

duced by Doutres et al.,5 providing an experimental imped-

ance tube approach capable of accurately estimating the IL

of earplugs measured on ATFs. This method offers practical

advantages: (i) It eliminates the need for a cumbersome

acoustic room by using a commercial impedance tube, (ii)

facilitates the incorporation of earcanal geometry variability

by using different cost-effective sample holders, and (iii)

allows for the direct inclusion of eardrum impedance inter-

variability in a post-processing step.

Here, the modified impedance tube method for assessing

the IL of earplugs is evaluated numerically and experimentally.

The numerical evaluation involves two earplugs, one represent-

ing a “custom-molded” silicone earplug and another represent-

ing a “roll-down foam” with a notable protrusion outside the

entrance of the earcanal. A simplified approach for incorporat-

ing the acoustic effect of the protrusion is presented here.

Additionally, the numerical study explores the influence of the

sound pressure field (normal incidence plane wave versus dif-

fuse field) on the earplugs’ IL. The experimental evaluation

involves six earplugs, where five of them are commercially

available and represent various earplug families. The experi-

mental evaluation aims at predicting the earplugs’ IL measured

on a G.R.A.S. 45CB (G.R.A.S. Sound and Vibration SA, Holte,

Denmark, Denmark) ATF using the impedance tube technique.

This ATF is chosen because it provides a convenient test bench

with a cylindrical earcanal that is easy to reproduce in the

impedance tube setup. Additionally, this ATF is known to com-

ply with the ANSI/ASA S12.42 standard.10 In this paper, we

also address the technical challenge of improving the signal-to-

noise ratio at microphone #3 of the impedance tube by decreas-

ing the radius of its downstream section, and the corresponding

equations of the impedance tube method are modified

accordingly.

This paper is structured as follows. In Sec. II, we detail the

analytical model of the IL, depending on the acoustic properties

of the earplug and earcanal. We also present the procedure for

determining the earplug acoustic properties from the modified

impedance tube setup. Furthermore, we describe the experi-

mental setups of the ATF and impedance tube measurements

and their corresponding FE models to evaluate the proposed

method numerically and experimentally. In Sec. III, we present

the numerical and experimental results and discuss the accu-

racy of the proposed method for estimating the IL of earplugs.

In Sec. IV, we conclude this paper and provide perspectives.

II. METHODOLOGY

A. Analytical model of the IL

Figure 1 displays schematics of the open [Fig. 1(a)] and

occluded [Fig. 1(b)] earcanals. The earcanal is cylindrical,

of length lEC and radius rEC, and corresponds to the earcanal
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of the ATF used for the experimental evaluation of the pro-

posed method (see the experimental setup in Sec. II C 1).

For the purpose of evaluating the proposed method for esti-

mating the IL, the pinna is not accounted for, yet, to sim-

plify the problem. Hence, the earcanal entrance is rather

considered to be flush-mounted onto a rigid baffle. In the

occluded case, the insertion depth of the earplug from the

earcanal entrance is denoted by lID.

The acoustic pressure field in open and occluded earca-

nals is described using the wavefield decomposition theory

under the assumption of one-dimensional (1D) plane wave

propagation along x axis. The temporal dependency is taken

as ejxt, where j is the imaginary unit, x is the circular fre-

quency, and t is the time. In open and occluded cases, a nor-

mal incident plane wave of amplitude P0 impinges on the

baffled earcanal at x ¼ 0. Although the viscothermal effects

have little influence (less than 0.5 dB) on the acoustic pres-

sure within open and occluded earcanal cavities, they are

accounted for in this study for the sake of precision. This is

achieved by employing an equivalent complex wavenumber,

denoted by kEC
eq , and computed using a low reduced fre-

quency model11 (see Appendix B). The acoustic radiation at

the earcanal opening (x ¼ 0) is accounted for by the acoustic

radiation impedance, ZR, of a baffled circular piston12 (see

Appendix A). At the eardrum (x ¼ lEC), the equivalent

acoustic impedance, ZTM, of a coupler mimicking the ear-

drum acoustic impedance in the experimental setup is used.9

Note that specific acoustic impedances (i.e., pressure to

normal particle velocity ratio), ZR and ZTM, are introduced

in the analytical model through their corresponding reflec-

tion coefficients, RR and RTM, respectively, defined such that

Ri ¼
Zi � ZEC

eq

Zi þ ZEC
eq

; i 2 R; TMf g; (1)

where ZEC
eq represents the equivalent characteristic impedance

of the air in the earcanal, incorporating viscothermal effects

(see Appendix B). In the occluded case, the acoustic behavior

of the earplug is accounted for through (i) its sound transmis-

sion coefficient, sEP, from the surrounding environment to the

earcanal cavity, and (ii) the reflection coefficient, REP, of its

medial surface (x ¼ lID), observed from the earcanal cavity.

Taking into account the multiple wave reflections in the

open earcanal through forward (x-direction) and backward

(�x-direction) plane waves, the total sound pressure field at

a given position, x, gives13

popen xð Þ ¼
Aopen e�jkEC

eq xþRTMe�2jkEC
eq lEC ejkEC

eq x
� �

1�RRRTMe�2jkEC
eq lEC

; 0� x� lEC;

(2)

where Aopen ¼ 2P0ZEC
eq =ðZR þ ZEC

eq Þ represents the amplitude

of the acoustic wave entering the open earcanal, accounting

for the incident, reflected, and radiated pressures at x ¼ 0.

In the occluded case, we assume that the lateral surface

of the earplug is located at x ¼ 0 regardless of the earplug

length. In the general case, where the earplug has a protrusion

outside the earcanal (x < 0), the acoustic effect of the protru-

sion is accounted for when determining the acoustic proper-

ties of the earplug (see the details in Sec. II B). The acoustic

pressure field in the occluded earcanal is obtained in a similar

way to that in the open earcanal with three exceptions: (i)

The amplitude of the acoustic wave entering the occluded

earcanal cavity through the earplug at x ¼ lID is equal to

Aoccl ¼ sEPP0, where sEP is the transmission coefficient of

the earplug in a semi-infinite space; (ii) backward plane

waves (�x-direction) now face the medial surface of the ear-

plug backed by a semi-infinite space and characterized by the

reflection coefficient, REP, defined at x ¼ lID; and (iii) the

total length of the occluded earcanal is equal to lEC � lID.

Hence, based on Eq. (2), the acoustic pressure at a given

position, x; of the occluded earcanal writes

poccl xð Þ¼Aoccl e�jkEC
eq xþRTMe�2jkEC

eq lEC ejkEC
eq x

� �
1�REPRTMe�2jkEC

eq lEC�lIDð Þ ; lID� x� lEC:

(3)

From Eqs. (2) and (3), the IL of the earplug is calculated as

the difference in SPLs at the eardrum (x ¼ lEC) between

open and occluded cases and can be decomposed such that

IL ¼ TLEP þ ILc; (4)

where TLEP is the transmission loss of the earplug and ILc is

a factor that depends on the characteristics of the open and

occluded earcanals,

FIG. 1. (Color online) Schematic representation of the (a) open and (b)

occluded earcanals of the ATF setup along with (c) the impedance tube

setup is displayed.
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TLEP ¼ 20 log10

1

sEPj j

 !
; (5)

ILc ¼ 20 log10

2 ZEC
eq

��� ���
ZR þ ZEC

eq

�� ��� 1� REPRTMe�2jkEC
eq lEC�lIDð Þ

�� ��
1� RRRTMe�2jkEC

eq lEC

�� ��
0
@

1
A
:

(6)

It is noteworthy to mention that the same modelling

approach can be used (see Ref. 5) to provide a straightfor-

ward analytical relation of the noise reduction (NR), which

is equal to the difference between the IL and transfer func-

tion of the open ear (TFOE).14

B. Determination of the earplug acoustic properties

In the proposed method, the acoustic properties of the

earplug (i.e., REP and sEP) are determined at normal inci-

dence using a three-microphones impedance tube method,8

based on the standard ASTM E2611-09,6 and modified here

specifically for the current application. The modification is

detailed below and involves using a downstream section

(including microphone #3) that is much thinner than the

upstream section (including microphones #1 and #2) of the

commercial impedance tube setup used in this work.

Under the assumption of plane wave propagation in x-

direction, the transfer matrix, TEP, of the earplug relates the

acoustic pressure, p, and the normal particle velocity, v,

from x ¼ 0 to x ¼ lID such that

p

v

" #
x¼0

¼ TEP

p

v

" #
x¼lID

¼
TEP

11 TEP
12

TEP
21 TEP

22

" #
p

v

" #
x¼lID

: (7)

The reflection coefficient, REP, of the earplug medial surface

observed from the earcanal cavity corresponds to the ratio

between reflected and backward (�x-direction) incident

pressures at x ¼ lID. The transmission coefficient, sEP, of the

earplug from the external environment to the earcanal cavity

rather corresponds to the ratio between transmitted and for-

ward (x-direction) incident pressures at x ¼ 0. From the ear-

plug transfer matrix, TEP, the acoustic coefficients, REP, and

sEP are calculated by

REP ¼
TEP

11 þ TEP
12 =ZEC

eq � TEP
21 ZEC

eq � TEP
22

TEP
11 þ TEP

12 =ZEC
eq þ TEP

21 ZEC
eq þ TEP

22

; (8)

sEP ¼
2ejkEC

eq lID

TEP
11 þ TEP

12 =ZEC
eq þ TEP

21 ZEC
eq þ TEP

22

: (9)

In the proposed method, the earplug is inserted in a sample

holder that mimics the cylindrical earcanal of the ATF. The

length of the sample holder is denoted by lSH [see Fig. 1(c)].

In this setup, the insertion depth of the earplug should not

exceed the length of the sample holder (i.e., lID � lSH). The

transfer matrix of the sample holder is referred to as TEP;SH

and includes the earplug and a portion of the earcanal cavity.

From TEP;SH, the transfer matrix of the earplug is obtained as

TEP ¼ TEP;SHT�1
cav; (10)

where Tcav accounts for the portion of the sample holder

that is not filled with the earplug but rather with air and

defined by

Tcav ¼
cos kEC

eq lcav

� �
jZEC

eq sin kEC
eq lcav

� �
�1

jZEC
eq

sin kEC
eq lcav

� �
cos kEC

eq lcav

� �
2
6664

3
7775; (11)

where lcav ¼ lSH � lID. Note that the earplug IL can be esti-

mated even in the case where lID is not known. It simply

requires calculating REP;SH and sEP;SH of the sample holder

(including the earplug and a portion of earcanal cavity filled

with air) from TEP;SH using Eqs. (8) and (9). Then, in Eqs. (5)

and (6) of the earplug IL estimation, REP;SH and sEP;SH are

introduced instead of REP and sEP, and lID is replaced by lSH.

In the general case, the earplug inserted in the sample

holder is not a symmetrical system (i.e., TEP
11 6¼ TEP

22 ).

Therefore, the impedance tube method requires the use of

two acoustic loads, a; bf g. According to Eq. (22) of stan-

dard ASTM E2611-09,6 the transfer matrix, TEP;SH, of the

sample holder (including the earplug) in terms of acoustic

pressure and particle velocity on both sides (at x ¼ 0 and

x ¼ lSH) is given by

TEP;SH ¼
1

pa lSHð Þvb lSHð Þ � pb lSHð Þva lSHð Þ
pa 0ð Þvb lSHð Þ � pb 0ð Þva lSHð Þ pb 0ð Þpa lSHð Þ � pa 0ð Þpb lSHð Þ
va 0ð Þvb lSHð Þ � vb 0ð Þva lSHð Þ pa lSHð Þvb 0ð Þ � pb lSHð Þva 0ð Þ

" #
: (12)

The determination of pressures, pi, and velocities, vi,

i 2 a; bf g, in Eq. (12) depends on the geometrical configu-

ration of the impedance tube. The impedance tube used

experimentally (setup detailed in Sec. II C 2) includes three

microphones:8 microphones #1 and #2 are upstream of the

sample to be measured, and microphone #3 is downstream,

as depicted in Fig. 1(c) and, respectively, referred to as l1,

l2, and l3. Microphone #3 is flush-mounted on a hard termi-

nation. The upstream section of the impedance tube has an

inner radius denoted by rtube. The sample holder fits in the

impedance tube and has an inner radius that is equal to

the earcanal radius, rEC, which is smaller than rtube. The
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downstream section of the impedance tube between the sam-

ple holder and microphone #3 has the same inner radius,

rEC, as the sample holder. This allows for an increase in the

SPL at microphone #3 compared to the case in which the

downstream section has the radius of the impedance tube.

This resolves the technical challenge mentioned in the

Introduction and related to improving the signal-to-noise

ratio at microphone #3, which is located behind the sample

holder, when the sound attenuation of the earplug became

too significant. Based on Eq. (6) of Ref. 8 and dedicated to

the three-microphones impedance tube method, pressures

and velocities for the two different loads, i 2 a; bf g, are

given by

pi 0ð Þ ¼ �2ejktube
eq l2;i

�
H12;isin ktube

eq l1 þ l2;ið Þ
� �

� sin ktube
eq l2;i

� �
H12;ie

�jktube
eq l1 � 1

;

vi 0ð Þ ¼ 1

Ztube
eq

2ejktube
eq l2;i

�
H12;icos ktube

eq l1 þ l2;ið Þ
� �

� cos ktube
eq l2;i

� �
H12;ie

�jktube
eq l1 � 1

� Stube

Seff
;

pi lSHð Þ ¼ �2ejktube
eq l2;i

H13;isin ktube
eq l1

� �
cos kEC

eq l3;i

� �
H12;ie

�jktube
eq l1 � 1

;

vi lSHð Þ ¼ 1

Ztube
eq

2ejktube
eq l2;i

H13;isin ktube
eq l1

� �
sin kEC

eq l3;i

� �
H12;ie

�jktube
eq l1 � 1

:

(13)

Compared to Ref. 8, the expression of the velocities, vi 0ð Þ,
in Eq. (13) is modified to account for the change in section

between the impedance tube upstream section and the sam-

ple holder at x ¼ 0, where the continuity of volume flow is

applied. This change in section is accounted for by the ratio,

Stube=Seff , where Stube ¼ pr2
tube is the cross section of the

impedance tube upstream section, and Seff , in the general

case, is the total surface area of the portion of the earplug

that protrudes outside the sample holder [see Fig. 1(c)]. This

approach enables the incorporation of the earplug’s protru-

sion effects directly in its transfer matrix, from which the

earplug acoustic properties are derived and subsequently

used in the analytical model of the IL (see Sec. II A). When

the earplug is flush-mounted in the sample holder earcanal,

Seff is equal to SEC.5

In Eq. (13), ktube
eq and Ztube

eq are, respectively, the equiva-

lent complex wavenumber and characteristic impedance

accounting for viscothermal effects in the impedance tube

upstream section using a low reduced frequency model11

while kEC
eq and ZEC

eq are their counterparts in the downstream

section. H12;i ¼ pi l2ð Þ=pi l1ð Þ and H13;i ¼ pi l3ð Þ=pi l1ð Þ are

the acoustic pressure transfer functions between micro-

phones #1 and #2 and microphones #1 and #3 of the

impedance tube. Lengths l1, l2;i, and l3;i correspond, respec-

tively, to the distances between (i) microphones #1 and #2,

(ii) microphone #2 and the sample holder (x ¼ 0), and (iii)

the sample holder (x ¼ lSH) and microphone #3. Note that

l2;a and l2;b are generally taken to be equal. The two different

acoustic loads required by the impedance tube method cor-

respond to different lengths of l3;i, i 2 a; bf g. To avoid a

singularity in the determination of TEP, the condition l3;b

�l3;a < 172=fu must be fulfilled,8 where fu is the upper fre-

quency limit of the impedance tube in Hz (detailed in Sec.

II C 2). Finally, Stube ¼ pr2
tube is the cross section of the

impedance tube upstream section, and Seff is the total sur-

face area of the portion of the earplug that protrudes outside

the sample holder [see Fig. 1(c)]. In a simplified way, the

ratio, Stube=Seff , in the expression of the velocities, vi 0ð Þ [see

Eq. (13)], accounts for the change in section between the

impedance tube upstream section and the earplug protrusion

at the entrance of the sample holder (x ¼ 0) where the conti-

nuity of volume flow is applied.

C. Experimental setups

1. Artificial test fixture measurement

As mentioned in the Introduction, the IL measurements

are performed using a commercial ATF (G.R.A.S. 45CB,

G.R.A.S. Sound and Vibration SA), depicted in Figs. 2(a)

and 2(b), based on ANSI/ASA S12.42–2010.1 The heating

system included in the ATF to simulate the body temperature

is turned off as it cannot be accounted for yet in the imped-

ance tube measurement. The ear simulator (G.R.A.S. 40AG)

is composed of a cylindrical earcanal partially covered by a

10 mm long silicon layer (of thickness 1.7 mm) from the ear-

canal entrance [see Fig. 2(c)]. The earcanal is terminated by

a coupler (IEC 60318-4, G.R.A.S. Sound and Vibration SA)

simulating the middle ear impedance according to the stan-

dard ANSI/ASA S3.25–2009.15 As mentioned previously,

the pinna is not included in this work but rather replaced by a

metal plate flush-mounted around the earcanal entrance [see

Fig. 2(b)]. Although the proposed method for estimating the

IL is designed for normal incidence plane wave stimulation

(see Secs. II A and II B), numerical simulations (detailed in

Sec. II D 1) will illustrate that the IL does not undergo signifi-

cant changes under diffuse field stimulation (results pre-

sented in Sec. III A), at least in the absence of the pinna, in

agreement with study by Viallet et al.9 As a result, ATF

experimental measurements are conducted in a diffuse sound

field generated by four loudspeakers (type JAMO
VR

S628,

Klipsch Group, Inc., Glyngøre, Denmark) within a reverber-

ant room. This approach is preferred because of its ease of

generation and it is more representative of the complex

sound fields encountered in workplaces compared to normal

incidence plane wave excitation. Using the microphone

included in the coupler of the artificial test fixture, SPLs are

measured in open and occluded earcanals, respectively,

denoted by Lopen
p and Loccl

p , to calculate the IL using

IL ¼ Lopen
p � Loccl

p : (14)
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2. Impedance tube measurement

In this work, a commercial impedance tube (Mecanum,

Sherbrooke, Canada), as shown in Fig. 2(d), is employed to

characterize the transfer matrix of the earplug, following the

standard ASTM E2611-09 (Ref. 6) and Ref. 8. However, as

we modified the impedance tube method to account for (i)

the effect of the earplug protrusion outside the earcanal and

(ii) the use of a “small” downstream section with the radius

of the earcanal rather than the impedance tube radius (see

Sec. II B), a portion of the post-processing performed sepa-

rately using a MATLAB routine (MATLAB 2023a, MathWorks,

Inc., Natick, MA).

The impedance tube upstream section has a radius

rtube ¼ 14:5 mm. Hence, the upper frequency limit, defined

by fu < Kc=2rtube, where K ¼ 0:586 and c � 345 m/s is the

sound speed in the tube, ensures plane wave propagation up

to approximately 6.5 kHz. The impedance tube includes

three 1
4

in. microphones (MPA416, BSWA, Beijing, China).

The two measured transfer functions, H12;i and H13;i, where

i 2 a; bf g, are corrected (amplitude and phase correction)

following the sensor-switching technique detailed in ASTM

E2611-09.6 The output signal is a white noise generated by a

4 in. loudspeaker. The sample holder is made of the ATF ear-

canal and two acoustically rigid plastic mounting rings [see

Fig. 2(e)]. One of the mounting rings is flush-mounted to the

earcanal entrance to correspond to the ATF experimental

setup. By using the ATF earcanal in the sample holder of the

impedance tube setup, a tested earplug can be inserted only

once for both measurement techniques, ensuring that the

boundary conditions of the earplug are kept identical

between impedance tube and ATF measurements for com-

parison purposes. The total length of the sample holder is

equal to lSH ¼ 23:6 mm [see the sample holder in Fig. 2(e)].

The distance between microphones #1 and #2 is equal to

l1 ¼ 20 mm to cover the frequency range 200 Hz–6.5 kHz.

For measurements below this frequency range, l1 ¼ 100 mm

was used. Due to the geometric configuration of the experi-

mental setup, the distance between microphone #2 and the

sample holder takes different values for the two acoustic

loadings such that l2;a ¼ 114:3 mm and l2;b ¼ 89:6 mm.

Finally, the distances between the sample holder and micro-

phone #3 (i.e., the downstream sections) are equal to l3;a ¼
11:25 mm and l3;b ¼ 35:96 mm for the two acoustic loads.

The two downstream sections, depicted in Fig. 2(f), are not

part of the commercial impedance tube setup and were

three-dimensionally printed using the stereo-lithography

technique (Form 2 printer, Formlabs, Sommerville, MA).

Post-cure, the mechanical properties of the resin (Grey pro

V1, Formlabs; 2.6 GPa Young’s modulus and 1200 kg/m3

density) ensure that the three-dimensionally printed struc-

tures are acoustically rigid.

3. Tested earplugs and the measurement procedure

The proposed method for estimating the IL is evaluated

for various earplugs, including one homemade earplug and

five commercial disposable earplugs from two different

manufacturers, all of which are depicted in Fig. 2(g). These

encompass one earplug from the “custom-molded” family,

one multi-flange earplug from the “premolded” family, two

earplugs from the “roll-down-foam” family, and two ear-

plugs from the “push-to-fit foam” family. The custom-

molded silicone earplug is cylindrical with a length of

14 mm and radius of 8 mm. The insertion depth was only

measured for the silicone earplug and is equal to 6 mm. For

the other earplugs, the insertion depth was not precisely

measured and approximately ranges between 6 and 12 mm.

FIG. 2. (Color online) (a) ATF placed

in the reverberant room, (b) zoomed-in

view of the ATF, (c) ATF earcanal, (d)

impedance tube experimental setup,

(e) sample holder of the impedance

tube, (f) downstream sections of the

impedance tube for the two acoustic

loads, and (g) tested earplugs are

shown.
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For each earplug, ATF and impedance tube measurements

were successively performed without removing the earplug

from the artificial earcanal such that the boundary conditions

and insertion depth of the earplug remain the same between

the two methods.

D. Numerical models

In this work, we developed numerical models of the

ATF setup and impedance tube setup based on the FE

method using COMSOL Multiphysics
VR

6.1 (Stockholm,

Sweden) to verify the analytical approach presented in Secs.

II A and II B for estimating the IL of any earplug.

1. Artificial test fixture

Figure 3(a) displays the three-dimensional (3D) FE

model of the open earcanal, corresponding to the ATF ear-

canal surrounded by air, as used in the experimental setup

presented in Sec. II C 1. Note that the scattering effect of the

ATF is neglected, and the earcanal is assumed to be embed-

ded in a flat infinite rigid baffle.9 The earcanal consists of a

cylindrical duct partially surrounded with artificial skin

layer [see Fig. 3(b)]. Figures 3(c) and 3(d) display the two-

dimensional (2D) axisymmetrical views of the occluded ear-

canal for two distinct earplugs: one silicone earplug from

the custom-molded family and one foam earplug from the

roll-down-foam family. Both earplugs are inserted at 6 mm

from the earcanal entrance. These two earplugs were chosen

because they exhibit very different shape and material prop-

erties, effectively representing the range of earplugs tested

experimentally (see Sec. II C 3).

The air in the external domain, as well as in the open

and occluded earcanal cavities, is modeled as a compress-

ible fluid. Viscothermal losses that occur in the earcanal are

accounted for using the low reduced frequency model11 (see

Appendix B). The artificial skin layer and earplugs are mod-

eled as linear isotropic elastic solid domains. Their material

properties are taken from the literature and summarized in

Table I.

In open and occluded cases, the equivalent acoustic

impedance, ZTM, of the coupler is defined at the eardrum

surface of the earcanal. Also, the external air domain is sur-

rounded by a perfectly matched layer (PML)16 [see Fig. 1(a)

for the open configuration], which simulates the

Sommerfeld radiation condition at infinity (no reflection).

Furthermore, the artificial skin is fixed on its circumferential

and medial surfaces. Also, the wall of the portion of the ear-

canal cavity that is not coupled with the artificial skin is

acoustically rigid.

Regarding the excitation, the diffuse sound field gener-

ated in the experimental setup (see Sec. II C 1) is modeled as

a combination of uncorrelated freely propagating plane

FIG. 3. (Color online) Schematics of

the FE models, showing (a) 3D FE

model of the ATF open earcanal,

including the external air domain sur-

rounded by the perfectly matched layer

(PML), (b)–(d) 2D axisymmetric view

of the ATF earcanal open and occluded

by the silicone and foam earplugs, and

(e) 2D axisymmetric FE model of the

impedance tube setup.

TABLE I. Material properties of the artificial skin layer (Ref. 9), the sili-

cone earplug (Ref. 17), and the foam earplug (Ref. 20). Young’s modulus,

Es; density, qs; Poisson’s ratio, �s; structural loss factor, gs.

Es (MPa) qs (kg m�3) �s (1) gs (1)

Artificial skin 0.42 1050 0.43 0.2

Silicone earplug 2.9 1500 0.49 0.2

Foam earplug 0.1 220 0.1 0.5
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waves,17 each with equal amplitude, P0 ¼ 1 Pa, and differ-

ent directions. Each incident plane wave, characterized by

the elevation angle, h 2 0; p=2½ �, and azimuthal angle,

u 2 0; 2p½ �, in the y; zð Þ plane [refer to Fig. 3(a)], can be

expressed as

p h;uð Þ ¼ P0exp �j kxxþ kyyþ kzzð Þ½ �; (15)

where kx ¼ k0cos hð Þ, ky ¼ k0sin hð Þcos uð Þ, kz ¼ k0sin hð Þ
�sin uð Þ, and k0 ¼ x=c0 is the free field wavenumber.

In open and occluded configurations, the mean square

acoustic pressure, pd
TM

�� ��2, induced by the diffuse sound field

at the eardrum is given by

pd
TM

�� ��2 ¼ ð2p

0

ðp=2

0

pTM h;uð Þj j2sin hð Þ dh du; (16)

where pTMðh;uÞ is the acoustic pressure computed at the ear-

drum for a given plane wave incidence. As the system’s

geometry is axisymmetric around the x axis, the acoustic

pressure at the eardrum is independent of the azimuthal

angle, u, leading to

pd
TM

�� ��2 ¼ 2p
ðp=2

0

pTM hð Þj j2sin hð Þ dh: (17)

The 3D FE model displayed in Fig. 3(a) is, thus, reduced to

an axisymmetric problem, which is efficiently calculated

using a four-points Gauss integration scheme18 in open and

occluded configurations.

As mentioned previously (refer to the Introduction

and Sec. II C 1), in this work, we examine the potential

influence of the acoustic excitation field on the simulated

IL through numerical testing. For this purpose, an excita-

tion by a normal incidence plane wave with an amplitude

P0 ¼ 1 Pa is also employed instead of the diffuse sound

field.

In all FE models, the continuity of stress vectors and

displacements is assumed at the interfaces between solid

domains. At fluid–structure interfaces, the continuity of nor-

mal component velocity vectors and normal component

stress vectors applies. For more details on the FE formula-

tions, the reader is referred to Ref. 19. The geometry is

meshed according to a criterion of at least six elements per

wavelength at 6.5 kHz (maximum frequency of interest) to

achieve convergence. In 3D models, ten-noded (quadratic)

tetrahedral elements are employed, whereas six-noded (qua-

dratic) triangular elements are used in 2D axisymmetric

models. In solid domains, the shortest wavelength between

compression waves and shear waves is taken for calculating

the mesh criteria. Sound speeds associated with longitudinal

and shear waves are, respectively, defined in three dimen-

sions by cL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Es 1� �sð Þ= qs 1þ �sð Þ 1� 2�sð Þ½ �

p
and

cS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Es= 2qs 1þ �sð Þ½ �

p
. Regarding the PML domain, 12-

noded (quadratic) prismatic elements are employed in 3D

models, whereas 8-noded (quadratic) quadrangular elements

are used in 2D axisymmetric models.

2. Impedance tube

Figure 3(e) displays the 2D axisymmetric FE model of

the impedance tube corresponding to the experimental appa-

ratus presented in Sec. II C 2. Impedance tube dimensions,

rtube, rEC, l1, l2;i, l3;i, where i 2 a; bf g, and lSH are given in

Sec. II C 2. In the model, a unit pressure amplitude, P0 ¼ 1

Pa, is applied on the cross section corresponding to micro-

phone #1 location to simulate the normal incidence excita-

tion. The impedance tube boundaries are considered to be

acoustically rigid. Material properties of the artificial skin

and earplugs, as well as FE formulations and mesh criteria,

are the same as those for the ATF FE model (see Sec.

II D 1). Also, the determination of the acoustic properties of

the earplugs from the impedance tube setup is described in

Secs. II C 2 and II B.

III. RESULTS AND DISCUSSIONS

A. Numerical evaluation

We start by investigating numerically the accuracy of

the modified impedance tube method designed for estimat-

ing the IL of earplugs. In particular, our goal is to assess the

effectiveness of the method for earplugs with a significant

protrusion [see Figs. 3(c) and 3(d)], given that the original

method was initially assessed exclusively with a flush-

mounted earplug.5 Additionally, as mentioned in the

Introduction, we investigate whether the IL provided by ear-

plugs is influenced by the incident sound pressure field,

namely, whether it is a normal incidence plane wave or dif-

fuse field. For these purposes, Fig. 4 displays the IL of the

silicone [Fig. 4(a)] and the foam [Fig. 4(b)] earplugs calcu-

lated using the ATF FE model for normal incidence plane

wave and diffuse field excitations and also estimated using

the FE model associated with the impedance tube technique.

Numerical results are presented in narrowband from 50 Hz

to 6.5 kHz with a frequency step of 5 Hz. Note the inverse

orientation of the y axis, where the IL is displayed from the

highest (bottom) to the lowest (top) value, as usual in the

hearing protection field.

According to Figs. 4(a) and 4(b), the IL estimated by

the impedance tube method (blue dashed lines) is nearly

identical to the IL simulated on the ATF under normal inci-

dence plane wave excitation (red lines with square markers)

for silicone and foam earplugs. The averaged deviation is

about 0.15 dB for the silicone earplug (with a maximum

deviation of 1 dB at 6.5 kHz) and 0.4 dB for the foam ear-

plug (with a maximum of 1.4 dB around 1.1 kHz). Thus, the

impedance tube method, previously verified numerically in

the case of a flush-mounted silicone earplug,5 is also numer-

ically verified here in the case of realistic earplugs protrud-

ing outside the earcanal. However, as the impedance tube

technique relies on plane wave propagation and is typically

applied to samples with flat surfaces on both sides, one

might question how protrusions affect the acoustic field. To

address this, Fig. 4(c) illustrates the acoustic pressure and

velocity fields in the impedance tube at various frequencies
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for the foam earplug, which has the largest protrusion. As

the frequency increases, plane wave propagation is increas-

ingly disrupted in the vicinity of the earplug because of

acoustic wavelengths approaching the size of the protrusion.

Nevertheless, the acoustic field in the upstream section

becomes progressively more plane-like as the distance from

the earplug increases. Positioning microphone #2 at a dis-

tance of at least two tube diameters6 ensures a plane

acoustic field at the microphone’s location, which is critical

for accurate impedance tube measurements.

To investigate whether the robustness of the impedance

tube method is influenced by the length of the earplug pro-

trusion, Figs. 4(d) and 4(e) show the frequency-dependent

difference ðDILÞ in IL between the impedance tube method

and ATF under normal incidence plane wave excitation as a

function of the protrusion length lEP � lIDð Þ, where lEP is the

FIG. 4. (Color online) Numerical simulation of the IL provided by (a) the silicone earplug and (b) the foam earplug using ATF and impedance tube method,

and (c) acoustic pressure (colormap) and velocity (red arrows, normalized) fields in the impedance tube at different frequencies for the foam earplug (base

configuration) are shown. Frequency-dependent difference ðDILÞ in IL between the impedance tube method and ATF under normal incidence plane wave

excitation is depicted as a function of the protrusion length lEP � lIDð Þ, where lEP is the total length of the earplug, for (d) silicone and (e) foam earplugs. In

both cases, lID remains equal to 6 mm while lEP is increased from 8 to 46 mm.
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total length of the earplug, for silicone and foam earplugs.

In both cases, lID remains equal to 6 mm while lEP is

increased from 8 to 46 mm. For the silicone earplug [see

Fig. 4(d)], DIL does not exceed approximately 61 dB, even

for protrusion lengths up to 40 mm. For the foam earplug

[see Fig. 4(e)], DIL does not exceed about 61.5 dB, on aver-

age, with a maximum deviation of �2.9 dB around 6 kHz

for lEP � lID ¼ 6 mm, due to a slight frequency shift (not

shown here) of an antiresonance between the two methods.

These results provide a verification of the simplified

approach detailed in Sec. II B to account for the acoustic

effect of the protrusion through the continuity of the volume

flow at the earcanal entrance [see the term Stube=Seff in the

expression of vi 0ð Þ in Eq. (14)]. Similar to Figs. 4(d) and

4(e), Figs. 9(a) and 9(b) in Appendix C display the

frequency-dependent difference ðDILÞ in IL between the

impedance tube and ATF (normal incidence plane wave

excitation), but Seff is assumed to be equal to SEC in the

impedance tube method, thereby disregarding the protrusion

effect. Although this has little impact on silicone earplugs

(the maximum deviation does not exceed 61.5 dB), for

foam earplugs, the maximum deviation can exceed 10 dB.

This discrepancy arises because silicone earplugs, which are

much stiffer as a result of their higher Young’s modulus

(see Table I), exhibit significantly lower velocities, vi 0ð Þ
(not depicted here), compared to foam earplugs.

Consequently, vi 0ð Þ plays a more important role in deter-

mining the acoustic properties of foam earplugs than that for

silicone earplugs. Hence, the effective surface, Seff , involved

in the expression of vi 0ð Þ has a more pronounced effect in

the case of foam earplugs than that for silicone earplugs.

Returning to Figs. 4(a) and 4(b), we observe that the

simulated IL on the ATF under normal incidence plane

wave and diffuse sound field yields very similar results for

both earplugs. The average deviation is about 0.4 dB for the

silicone earplug (with a maximum deviation of 0.7 dB

around 6 kHz) and 0.8 dB for the foam earplug (with a maxi-

mum of 2.6 dB at 2.9 kHz). The larger deviation in the case

of the foam earplug is primarily a result of the greater size

of its protrusion compared to that for the silicone earplug

used in this study. Indeed, as the size of the protrusion

increases, the acoustic pressure gradient induced by the nor-

mal incidence plane wave around the earplug deviates more

significantly from the uniform diffuse sound field, thus,

modifying the vibro-acoustic behavior of the earplug.

Nevertheless, the difference in IL between the two sound

pressure fields remains very acceptable. Therefore, although

the method for estimating the earplug IL from impedance

tube measurements is theoretically designed for normal inci-

dence excitation, it provides an IL as representative as that

obtained for a more realistic acoustic field, at least when the

pinna is not considered.

B. Experimental evaluation

Following the numerical evaluation, we now investigate

experimentally the impedance tube technique for estimating

the IL of earplugs measured on the G.R.A.S. 45CB

(G.R.A.S. Sound and Vibration SA) ATF that was described

in Sec. II C 1. The goal is to compare the two methods with-

out altering the insertion conditions of a given earplug. For

this purpose, Fig. 5 displays the IL of six different earplugs

(see their characteristics detailed in Sec. II C 3) measured on

the ATF and estimated using the proposed impedance tube

technique. The self-IL of the ATF measured using the

closed earcanal made of steel is also displayed.

Experimental results are presented in the third octave band

between 63 Hz and 5 kHz and calculated from narrowband

results using a MATLAB routine (MATLAB 2023a, MathWorks,

Inc., Natick, MA) based on the ANSI S1.11 standard.21

Note that at the “transition frequency,” the impedance tube

data shift from the large microphonic space between micro-

phones #1 and #2 (i.e., l1 ¼ 100 mm) to the small micro-

phonic space between microphones #1 and #2 (i.e., l1 ¼ 20

mm) to cover the entire frequency range of interest.

According to Fig. 5, the impedance tube method pro-

vides good estimates of the IL measured on the ATF for all

six tested earplugs across the entire frequency range. In par-

ticular, the IL estimates effectively capture the frequency-

dependent variations of the ILs measured on the ATF, which

are notably different among the tested earplugs. At the tran-

sition frequency (i.e., 250 Hz), we can observe that the two

microphonic spaces used in the impedance tube setup yield

similar estimates of the IL. At the transition frequency, the

averaged difference among the tested earplugs is about

0.1 dB while the largest difference is approximately 1 dB

[see Fig. 5(f)]. Figure 6 displays the difference (mean 6

standard deviation), denoted DIL, between the third octave

band ILs measured on ATF and estimated using the pro-

posed impedance tube method for the six tested earplugs.

On average, across frequencies, the absolute value of the IL

difference between ATF and impedance tube methods is

approximately 0.8 dB. The maximum deviation between the

two methods is around 3.5 dB and occurs in the frequency

band centered at 1.25 kHz. In this frequency band, as evi-

dent from Fig. 5, there is a notable decrease in the self-IL of

the ATF used in this study. Consequently, the IL measured

on the ATF can be underestimated as a substantial amount

of energy may transfer through the structure of the ATF to

the occluded earcanal. At low frequencies (below 0.1 kHz),

the small self-IL of the ATF that we used (see Fig. 5) is also

deemed to be a contributing factor to the 1–2 dB discrepan-

cies observed between the impedance tube method and ATF

(see Fig. 6). According to the standard,1 the ATF must

exhibit a minimum self-IL of 60 dB from 80 Hz to 12.5 kHz.

Our ATF does not meet the standard below 0.4 kHz and in

the third octave band centered at 1.25 kHz because of

unidentified parasitic structural sound transfer pathways. On

the contrary, the impedance tube method can easily circum-

vent this issue.

The 1D analytical model of the earcanal, on which the

impedance tube method is based, enables the decomposition

of the IL into two terms, TLEP and ILc, associated with the

acoustic properties of the earplug [see Eq. (4) in Sec. II A].
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The term TLEP corresponds to the acoustic transmission loss

of the earplug [refer to Eq. (5)], whereas the term ILc is

influenced by the reflection coefficient of the earplug’s

medial surface and the geometrical and acoustical properties

of the earcanal [refer to Eq. (6)]. To exemplify this decom-

position, Fig. 7 displays the IL of the homemade silicone

earplug measured on the ATF and estimated using the

impedance tube method, along with its decomposed terms

TLEP and ILc. Results are presented in narrowband from

50 Hz to 6.5 kHz.

Given a specific earcanal geometry and acoustical prop-

erties, the IL decomposition enables the differentiation

between the influence of the earplug’s transmission loss and

the influence of the reflection coefficient of its medial sur-

face. According to Fig. 7, below 1 kHz, the earplug IL is

adversely affected (decreased by �20 dB at 100 Hz) by

acoustic reflections occurring at the earplug’s medial sur-

face, which acts as an acoustically rigid surface akin to con-

ventional earplugs. If necessary, a method to enhance the

low-frequency sound attenuation of earplugs is to design

FIG. 5. (Color online) Third octave band IL measured on ATF and estimated using the proposed impedance tube method for the six tested earplugs from

63 Hz to 5 kHz. The self-IL of the ATF is also displayed.
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them with a medial surface featuring low acoustic imped-

ance, as developed in passive meta-earplugs addressing the

occlusion effect using Helmholtz resonators,22,23 such that

ILc would be close to zero and the earplug IL would rely

exclusively on TLEP. Conversely, around 3 kHz, the acousti-

cally rigid medial surface of the earplug significantly

increases (by almost 15 dB) the IL because it eliminates the

quarter-wavelength acoustic resonance that occurs when the

earcanal is open. This consideration is crucial in the design

of flat/uniform attenuation earplugs.

As detailed in Sec. II B, the impedance tube setup that

we used in this work incorporates a downstream section

with a diameter identical to that of the ATF earcanal rather

than the larger diameter of the impedance tube. This modifi-

cation, aimed at enhancing the signal-to-noise ratio at

microphone #3, is further analyzed here to assess its influ-

ence on the estimated IL. For this purpose, Fig. 8 displays

the estimated IL of the homemade silicone earplug for the

small and “large” downstream cross sections. According to

Fig. 8, we can see that the IL estimated using the large

downstream section significantly differs from the IL esti-

mated using the small downstream section. The discrepan-

cies arise from the fact that the signal measured at

microphone #3 is drowned in the background noise in the

case of the large downstream section. This comes from the

acoustic pressure drop that occurs in the large downstream

section due to the change in section between the small cross

section of the sample holder and large cross section of the

impedance tube downstream section. The use of small

downstream cross sections, which are not yet integrated into

commercial impedance tubes, is crucial to ensure the proper

functioning of the proposed impedance tube technique for

estimating the earplug IL.

IV. CONCLUSION

In this paper, we conducted a comprehensive evalua-

tion, numerically and experimentally, of a modified imped-

ance tube technique designed for estimating the IL of

earplugs measured on an ATF. The method involves assess-

ing the acoustic properties of the earplugs, specifically the

transmission loss and reflection coefficient of its medial sur-

face, in a commercial impedance tube. These properties are

then incorporated into a 1D analytical model of the earcanal.

The numerical evaluation demonstrated the validity of the

theoretical approach, even for long earplugs protruding out-

side the earcanal and excited by a diffuse sound field. The

experimental evaluation included six earplugs, representing

various earplug families. The experimental results showed

that the modified impedance tube method provides accurate

estimates of the IL measured on the ATF. This achievement

was made possible by modifying the impedance tube setup,

specifically by reducing the diameter of the tube’s down-

stream section, which significantly improved the signal-to-

noise ratio at microphone #3. Additionally, the method

FIG. 6. (Color online) Difference (mean 6 standard deviation) between the

third octave band IL measured on ATF and estimated using the proposed

impedance tube method for the six tested earplugs.

FIG. 7. (Color online) Narrowband IL measured on ATF and estimated

using the impedance tube method for the homemade silicone earplug from

50 Hz to 6.5 kHz. Decomposition terms, TLEP and ILc, of the impedance

tube IL are also displayed.

FIG. 8. (Color online) Influence of the cross-section area of the impedance

tube downstream section on the IL estimated using the impedance tube

method.
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demonstrated its utility in straightforwardly decomposing

the IL to study the influence of the earplug’s acoustic prop-

erties on the phenomenon. Therefore, the impedance tube

method emerges as a practical tool for IL assessment, par-

ticularly during the development phase of earplugs aiming

for specific vibro-acoustic responses, such as flat sound

attenuation. Compared to ATF setup, the impedance tube

method eliminates the need for a cumbersome acoustic

room and does not suffer from bone-conduction limit. This

method could also be used for measuring earplug IL at high

SPL with precise control of the excitation amplitude.

Furthermore, the impedance tube method enables the incor-

poration of (i) human earcanal geometry variability by

using different sample holders, and (ii) the variability of the

eardrum impedance directly in the post-processing. Yet,

compared to the ATF method, the impedance tube method

is limited in frequency, reaching a maximum working fre-

quency corresponding to the cut-off frequency of the

29 mm diameter impedance tube used in this study, approx-

imately 6.5 kHz. Also, it is important to note that our ATF

setup was simplified, and certain factors, such as the pinna

and the heating system, were not considered yet. These lim-

itations will be addressed in future work, involving adapta-

tions to the classical impedance tube setup to include these

factors.
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APPENDIX A: RADIATION ACOUSTIC IMPEDANCE

The specific radiation acoustic impedance, ZR, defined

at the earcanal opening is equal to that of a baffled circular

piston of radius rEC, coupled to a semi-infinite acoustic

domain, and is given by12

ZR ¼ q0c0 1� J1 2k0rECð Þ
k0rEC

þ j
H1 2k0rECð Þ

k0rEC

� 	
; (A1)

where J1 and H1 are the first order Bessel and Struve func-

tions, respectively, and k0 ¼ x=c0 is the lossless wave-

number, q0 is the air density, and c0 is the sound speed in

air.

APPENDIX B: LOW REDUCED FREQUENCY MODEL

The low reduced frequency model11 is used to account

for viscous and thermal losses that exist in cylindrical tubes

(e.g., earcanal and impedance tube) of radius ri and is valid

when the acoustic wavelength is much larger than the tube

cross section and boundary layer thickness. In this model,

the equivalent wavenumber, ki
eq, and the equivalent charac-

teristic impedance, Zi
eq, are given by

ki
eq ¼ k0

c� c� 1ð Þwth

wvi


 �1=2

; (B1)

Zi
eq ¼ Z0 wvi c� c� 1ð Þwthð Þ½ ��1=2; (B2)

where c corresponds to the ratio of specific heats, and wvi

and wth correspond to geometry- and material-dependent

functions, respectively, associated with viscous and thermal

effects and defined by

FIG. 9. (Color online) Frequency-dependent differences ðDILÞ in IL

between the impedance tube method and ATF under normal incidence plane

wave excitation as a function of the protrusion length lEP � lIDð Þ for (a) sili-

cone and (b) foam earplugs are shown. The IL calculated using the imped-

ance tube method assumes that Seff ¼ SEC, thereby disregarding the

protrusion effect.
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wvi ¼ �
J2 kvirið Þ
J0 kvirið Þ ; (B3)

wth ¼ �
J2 kthrið Þ
J0 kthrið Þ ; (B4)

where Ja is the first order Bessel function of integer order

a, kvi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�jxq0=l

p
and kth ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�jxq0Cp=j

p
are the vis-

cous and thermal wavenumbers, respectively, while l, Cp,

and j represent, respectively, the dynamic viscosity, heat

capacity at constant pressure, and thermal conductivity

coefficient.

APPENDIX C: INFLUENCE OF NEGLECTING
EARPLUG PROTRUSION IN THE IMPEDANCE TUBE
METHOD

Figures 9(a) and 9(b) show the frequency-dependent

difference ðDILÞ in IL between the impedance tube and

ATF (normal incidence plane wave excitation).
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