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The authors are thankful for the time that the editor and reviewers spent working on this submission.
They are pleased with the comments received, and have now changed the manuscript to address some
of the reviewer’s remarks/suggestions which should definitely improve the quality of this paper. These
changes are detailed in the responses below.

Replies to Reviewer 2:
Introduction: Can you provide a list of abbreviations at the beginning? I am getting lost with the
terminology.
Abbreviations that are not standard in this field have now been added in a footnote on the first page of
the article, as suggested by the journal’s guide for authors.
Line 5:
Reference [1], Kerns E, Masterson EA, Themann CL, Calvert GM. Cardiovascular conditions,
hearing difficulty, and occupational noise exposure within US industries and occupations. Am J Ind
Med. 2018;61:477–491. https://doi.org/10.1002/ajim.22833
This reference gives a more recent estimate of the 22 million workers exposed to noise.
The authors are thankful for the reference provided. Yet it seems that the number of 22 million rather
comes from:
S. Tak, R. R. Davis, G. M. Calvert, Exposure to hazardous workplace noise and use of hearing
protection devices among US workers–NHANES, 1999-2004, Am. J. Ind. Med. 52 (5) (2009) 358–371.

This reference has now been added to the introduction.

Figure 1. Up to about 22 mm the ear canal shape looks to be almost catenoidal.
Line 129: What is the evidence for this? Shaw & Teranishi and Mehrgart & Mellert have shown that
the pinna has significant directionality. Are you saying that the difference between these two points is
directionally independent? Mehrgart & Mellert show angular dependence at all frequencies. This is a
function of the diffraction around the head. I realize you are talking about the transmission from just
outside the ear to a point near the eardrum. I have not looked at this. Maybe there should be a
distinction drawn between the HRTF and the transfer function to which you are referring?
Indeed, any pressure ratio between two points inside the earcanal should be directionally independent
as the effects of the head and pinna will not affect the results. This aspect is explained in lines 110-114
of the revised manuscript, and further supported by figure 23.
Line 130: Define the frequency range. Less than 10 kHz and it likely does not matter.
“Modeling the middle ear cavities as analogous electrical components has obvious limitations at higher
frequencies, since the product of the wavenumber and the largest dimension of the cavity (10 mm is
typical of the middle ear) should be much lower than 1 [17], but is sufficient to illustrate the acoustical
principles used in this study. “

This statement, which appears in line 65 of the manuscript, should be sufficient to illustrate the highfrequency limitations of lumped-parameter models (using the aforementioned values, the reader can
perform a simple calculation and find out that such models are typically no longer valid above 5 kHz).
Yet the authors prefer not to provide any specific value as such upper frequency limit depends on how
much error is tolerated and, since the model used in this study is mostly used to understand the main
physical phenomena involved, the authors would rather avoid entering in such debates.
Line 144: I was trying to understand how you described the measurements. I think that I understand
your method. To be clear, was the first measurement at the TM or was it 2 mm away from the TM?
Was
the
first
mark
at
the
end
of
the
probe
tube?

The first measurement was at TM. Perhaps this was not clear enough in the manuscript and the
corresponding sentence has now been changed to “After measuring the sound pressure at the tympanic
membrane […]”
The marks were at every 4mm on the probe tube but were only used to guide the experimenter when
pulling the probe-tube 2mm by 2mm. This detail has now been added to the manuscript:
Line 145 now reads as the following: “(marks had been made at every 4 mm on the probe tube
beforehand to help ensuring accurate placement of the probe)”
Line 147: How did you keep the probe tube exactly at ECE? What is your definition for the ECE? Base
of the concha?
The ECE refers to the more formally called “aperture” of the ear canal, i.e. the opening of the auditory
meatus at the base of the concha. This precision has now been added to the manuscript:
Line 75 now reads as the following: “The ECE refers to the more formally called ``aperture'' of the
earcanal, i.e. the opening of the auditory meatus at the base of the concha.”
Obviously, the ECE can sometimes be hard to identify and there may be a +/- 1mm error in some
subjects, which is not critical for the present study. The authors have now removed the word “exactly”
from the manuscript.
Figure 10. The variability seems to take a turn for the worse after the first resonance.
What is this next tick mark? 2? If so, then in the next figure f_peak x 2 is about 12000 Hz. I think that
we need more of an indication of where the variance starts to get significantly worse.

I counted 29 traces. I certainly could have missed one. That aside, there are only seven colors. If you
redraw this with a matrix of 10 colors to define the lines then it would make more sense. Each subject
should have a color, and there should be three lines of the same color.
There are 30 traces. The authors have now reworked Figure 10 so that each subject has a different
color. The tick mark at 2 has also been added to the figure and the caption has been reworded as
follows:
“MECs measured on 10 participants at 8, 10, and 12 mm from the ECE. For a shape comparison, the
MECs are presented in 1/12th octave band frequencies and positioned on the x-axis to make all maxima
coincide. Each color represents a different subject. The standard deviation (N=30), represented by
the black dotted line, starts getting significantly worse (≥3 dB) when the ratio between f and fpeak is
greater than 1.8, and the corresponding fpeak values are found from 4.8 to 8.5 kHz (5.8 kHz is the
average).”
To see effects of such variance on the results, the reader should refer to lines 365-370 of the revised
manuscript. This precision has also been added in line 209:
“[…] the peak's shape for the MEC to be determined presents low variations between individuals, at
least up to a certain frequency (to see the effects of variance on the results, the reader should refer
to Sec. 4.1). ”

Line 196: Berger lists the correction as 41 at 2kHz
Indeed. But the value of 40 dB is more conservative and is often used to describe the BC limit without
listing in detail Berger’s BC limit values.

Line 206: Up to a certain frequency limit. What were the range of f_peak values?
The corresponding sentence has now been modified and reads as:
“[…] the peak's shape for the MEC to be determined presents low variations between individuals, at
least up to a certain frequency (to see the effects of variance on the results, the reader should refer
to Sec. 4.1). ”
Ranges for fpeak values are given at lines 369, 399 and 423 of the revised manuscript. The full range
obtained with probe-mic measurements has also been added to the caption of Figure 10 (as previously
mentioned).
Line 221: Change “a given earpiece” to “an earpiece”
This now has been changed.
Line 231: I think that this is an important point. The fit of the earplug will affect the calibration. So,
as you have proposed to use the sound bore through the earplug that will remove the earplug fit from
the equation. Then when it is blocked, you can know more about the actual fit compared to what
should be measured.
The authors appreciate the positive comment. As pointed by the reviewer, the idea here is indeed to
“bypass” the earplug’s attenuation. It allows obtaining a clear curve where the identification of fpeak is
simple. The authors are unsure whether something is requested here by the reviewer, but they believe
this point was clearly explained in the manuscript (see sections 2.2.2 and 2.3).
Fig 13
The standing wave minimum is a function of the position of the microphone in the ear
canal. it is frequency dependent. If MM is further in the minimum will be observed a higher
frequency. I think that the way in which this statement is written is correct, but might be misleading
that the peak will always be at 5.7 regardless of the MM position.
The figure caption has now been reworded to avoid such confusion:
“[…] the dimensions of earcanal E. The vent's inner diameter is 1 mm. The peak around 5.7 kHz
represents the standing-wave minimum at the MM's measurement location used here (8 mm away
from the ECE), while the first notch [….]”.
Fig 16
line 2, If the residual length of the ear canal is 12 mm and has a lower frequency than the
case where it is 24 mm, the results seem counterintuitive. A shorter residual length, smaller volume
ought to have a higher resonance frequency. Am I missing something here?
The authors are very grateful to the reviewer for spotting this issue. The authors had inadvertently
switched the legend’s order, which has now been fixed in the revised manuscript.

Fig 18

What is the average fpeak and the std deviation?

Thanks to the reviewer’s comments, the full range and average of fpeak values have been added to the
caption of Figure 10 (as previously mentioned). These should definitely help the reader to figure out at
which frequencies MEC shape starts to differ between subjects. Fig 10 also shows the inter-subject STD
for the MEC shape, but the authors do not believe providing the STD for the fpeak values (~1 kHz) would
add much value to the paper.
Line 383: change to “were assessed without”
This has now been corrected.
Table 3
Max (dB) Is this given to provide the reader with an idea of the maximum performance of
the earplug?
Yes. If the authors had only provided the mean REAT values, a comparison with the BC limit would not
necessarily indicate that all subjects were below that limit.
You might consider adding the BC limits to this table from Berger Kieper and Gauger. That will
facilitate the comparison in the discussion.
Thank you for the suggestion. The BC limits have now been added to Table 3, and the caption was
modified accordingly.
Ref 1.

Is something missing in this title? E.A. for Safety?? What is E.A.?

E.A stands for European Agency. This has now been corrected in the revised manuscript.
Ref 2.

D.C. Byrne and E.R. Reeves

Ref 4.

P.G. Smith, E.H. Berger

Ref 7.

Dosimetry: A Nosie Dose Study

Ref 15

E.A.G. Shaw

Ref 26

E.H. Berger

The LateX template provided by Elsevier controls the formatting of the authors’ names. The authors
will let the copyeditors change the formatting if needed.
Refs 3, 5 6 9 11 12 14 17 18 19 20 21 22 25 and 30, the Journal names should be abbreviated
accordingly.
Journal names should now be abbreviated accordingly.
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1. Introduction
Everyday, hundreds of millions of workers worldwide are exposed to noise levels that are likely to
affect their hearing. Noise at work remains a major concern, not only in developing nations, but also in
many developed countries. In 2000, 7% of European workers reported that their work activities had
5

affected their health and led to hearing disorders [1]. In the US, an estimate of 22 million workers are
exposed to workplace hazardous noise [2]. And yet, noise-induced hearing loss (NIHL) is in practice
avoidable, provided that excessive noise exposure of the affected workers is detected before it is too
late. Unfortunately, all too often, the safety measures that could prevent NIHL are not applied because
the workers at risk were not identified. Such measures may include noise control measures, the use
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of appropriate hearing protection devices (HPDs), or administrative controls like the introduction of
shorter working hours. To ensure the timely implementation of such measures, it is essential that the
noise exposure levels of any given individual be precisely established in the workplace.
Personal noise exposure measurements aim to assess the noise exposure of a person, usually a worker,
to ensure compliance with the occupational exposure limits of a given legislation. Such assessment

15

is typically done through the determination of two variables: the ambient (unprotected) noise levels
received by the individual, and the attenuation provided by the HPD (if HPDs are worn). The ambient
noise levels can be estimated using standard sound level meters or, for more precision, using personal
body-mounted dosimeters. Personal noise dosimeters are particularly interesting in situations in which
the acoustical environment varies significantly over time, as these devices can track sound exposure
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near the ears of the individual (they are usually worn on the shoulder). Nevertheless, these present
issues related to microphone placement effects [3] and the influence of the wearer’s voice on noise
measurements [4], and cannot account for the attenuation provided by potential HPDs. Moreover,
despite the progress achieved to estimate the field performance of HPDs, current fit-testing methods
still suffer from a number of uncertainties [5] that make it difficult to establish the effective attenuation
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of a particular HPD at a given time, on a given individual. Finally, personal noise dosimeters only
provide information about the ambient noise levels, hence failing to account for wearer placement
effects and inter-individual differences in the wearers’ ear geometries. Different people subjected to the
same ambient noise level may indeed receive significantly different sound pressure levels (SPLs) at the
eardum, and the in-ear SPLs received by a given person may also vary as a function of the latter’s
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head and body orientation. And while the damage risk criteria of existing noise standards refer to
free-field measurements, it is commonly believed that the risk of hearing loss is more directly related to
the levels received at the tympanic membrane [6].
In light of the aforementioned issues, promising systems providing continuous monitoring of an
individual’s noise exposure directly inside the ear have begun to emerge [7, 8, 9]. Not only are these

2
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systems able to account for HPD attenuation, but they are also sensitive to the effects of the wearer’s
placement and to the unique shape of each individual’s ears. However, current in-ear noise dosimeters
(IENDs) do not allow direct collection of eardrum data, as their featuring in-ear microphone is typically
maintained at a certain distance from the membrane for obvious comfort and safety reasons. Hence, a
correction is needed to convert the measured SPLs to the eardrum [10]. Although an average correction
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can be used, such as that measured on a mannekin [9], individual correction factors should provide
better results by considering the very distinct geometry of every earcanal. The present paper proposes
a method that aims at the individual in-situ calibration of IENDs, through the use of personal in-ear
to eardrum correction factors. The acoustics of the earcanal are described in Sec. 2, while Sec. 3
presents the method and prototypes developed to conduct improved IEND measurements in the open
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or occluded ear. The results are presented in Sec. 4 and followed by a broad discussion about the
suggested method and its application with regards to current noise standards (Sec. 5).

2. Acoustics of the earcanal
The method that will be described further relies on a broad understanding of the acoustics of the
earcanal. This section will detail the physical phenomena on which this method is based, both in the
50

open ear and occluded ear. The analysis will be supported by acoustic simulations and data collected
on human test-subjects, for which the protocol was approved by the Comité d’éthique pour la recherche,
ÉTS’s internal review board.
2.1. Open earcanal
In an open configuration (unoccluded ear), the external auditory canal acts essentially as a tube,

55

terminated at one end by the eardrum. While its typical length range is 23-28 mm, the literature
reports length variations reaching more than 10 mm between individuals [11]. The impacts of such
differences on in-ear measurements are illustrated in Secs. 2.1.1 and 2.1.2.
2.1.1. Acoustic modeling
For the purposes of this study, a simple analytical model of the earcanal was developed using
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the transfer-matrix method [14]. Based on this approach, the horn represented by the earcanal was
modeled as a series of conical transmission-line dissipative elements, where the matrix parameters
of each element are given by Mapes-Riordan [15]. The termination impedance, represented by the
eardrum (including the load impedance of the middle ear), was simulated using the lumped-parameter
model of Shaw and Stinson [16]. Modeling the middle ear cavities as analogous electrical components
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has obvious limitations at higher frequencies, since the product of the wavenumber and the largest
dimension of the cavity (10 mm is typical of the middle ear) should be much lower than 1 [17], but is
3
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Figure 1: Geometric profile of earcanal E. A series of cross-sectional diameters (approximately
one every 0.5 mm) were used to describe the canal’s shape from its entrance to the eardrum (from
left to right in the figure). These cross-sectional dimensions were extracted from a 3D model of
the human subject [12] using the methodology of Stinson and Lawton [13].

sufficient to illustrate the acoustical principles used in this study. For validation, predictions from the
model were compared to measurements (more details about the measurement procedure with human
participants are given in Sec. 2.1.2) performed in a real earcanal of known dimensions (further referred
70

to as “earcanal E”), used here as a reference. The three-dimensional (3D) geometry of this reference
participant’s earcanal was extracted from magnetic resonance imaging (MRI) conducted on the subject
in a recent study [12], and the methodology from Stinson and Lawton [13] was thereafter used to
achieve the cross-sectional profile (Fig. 1) to be fed to the analytical model developed. Fig. 2 compares
the pressure transformation from earcanal entrance (ECE) to the eardrum between model predictions
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and measurements. The ECE refers to the more formally called “aperture” of the earcanal, i.e. the
opening of the auditory meatus at the base of the concha.
Fig. 2 shows a pressure increase at the eardrum for frequencies between 3 and 5 kHz, as compared
to the ECE. Such an increase is caused by sound partly reflected by the eardrum, since the acoustic
pressure at any point in the canal results from the combined pressures of the incident and reflected
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waves. At a measuring distance of approximately one quarter-wavelength back from the closed end,
the reflected wave has traveled one half-wavelength longer than the incident wave, hence leading to a
standing-wave minimum at the measurement position, while the pressure at the harder end (eardrum) is
always highest. Because this quarter-wavelength minimum occurs right at the ECE, it also represents the
natural resonance of the earcanal. Fig. 2 demonstrates good agreement between the model predictions
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and real-ear measurements up to the second resonance of the earcanal.

4

For in-ear dosimetry measurements, a microphone (or probe-microphone) is placed inside the
earcanal to measure the noise exposure. It is usually not located at the ECE, but rather in between
the ECE and the eardrum. When the measurement microphone (MM) is moved further inside the
canal, the standing-wave minimum increases in frequency as the distance from the reflecting eardrum
90

decreases. This is visible in Fig. 3, which shows the pressure transformations from MM to the eardrum,
further referred to in the paper as microphone-to-eardrum correction (MEC), at various measuring
positions along the earcanal. Fig. 3 also illustrates the second role played by the eardrum, which does
not act as a perfectly rigid termination. Instead, its complex structure tends to attenuate the impact
of standing waves, more particularly for mid-frequencies. As the standing-wave minimum increases in
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frequency, its amplitude also increases with the eardrum acting more like a rigid termination, and a
clear peak appears in the MEC. Finally, Fig. 3 demonstrates the importance of an individual MEC
for in-ear dosimetry, as two persons wearing the same “dosimetric earpiece” may present significant
differences in the frequency at which the quarter-wavelength minimum occurs (further noted as fpeak ),
especially if their earcanals differ significantly in size. Thus, the use of a group average MEC could
result in poor estimates of the sound spectrum at the eardrum.
In practice, the exact insertion depth of a selected in-ear device on a given individual is difficult
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Figure 2: Sound pressure transformation from earcanal entrance to eardrum compared between model
predictions and real-ear measurements for earcanal E of known dimensions (Fig. 1). Results are
presented in 1/24th octave band frequencies, and align well up to 10 kHz. The first and second peaks
represent the first and second natural resonances of the earcanal, and are typical of the human ear.
Model predictions overestimate the amplitude of the second resonance.
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Figure 3: Simulated MEC for a measurement microphone placed 24, 20, 16, and 12 mm from the
eardrum. A standing-wave minimum at the measuring position results in a loss of sound pressure (a
peak in the figure) at a frequency that increases as a function of insertion depth. The green curves were
obtained by replacing the impedance of the eardrum by a high single value (109 Pa · s/m3 ) to simulate
a rigid end. The shift between the black and green curves is due to the phase shift of sound reflecting
onto a non-rigid material (here, the eardrum). The canal’s geometric profile was taken from Fig. 1

.
to establish, and the earcanal geometry of an individual is usually unknown. However, because the
frequency fpeak of the standing-wave minimum illustrated in Fig. 3 essentially depends on microphone
positioning, it can be identified via simple measurement procedures. One option is to stimulate the open
105

instrumented earcanal with an external broadband sound source, and to identify the quarter-wavelength
notch in the response measured by the MM inside the ear. However, reflections from the pinna and
concha can produce confounding effects in the amplitude spectrum, which also appear as notches
or minima and can be confused with the quarter-wavelength minimum. To eliminate this problem,
an additional reference microphone (RM) is used to measure the sound pressure further away from
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the eardrum, together with the MM. Frequency spectra are calculated from the time-averaged signal
obtained at each microphone location (MM and RM) and their levels are then subtracted from each
other. By doing so, the elements common to both measurement locations, such as the combined effects
from the pinna and concha, are eliminated. This technique has been widely used to estimate the

6

Figure 4: Acoustic pressure locations used to describe the proposed
method. LpR and LpM are the SPLs measured at the reference microphone and measurement microphone, respectively. LpE represents the
SPL at the eardrum. The exact measurement locations for LpR and LpM
may vary, but should remain in this order relative to the eardrum.

location of probe-microphones relative to the eardrum [18, 19, 20]. Fig. 4 shows the convention used
115

for the acoustic pressure locations used further on in the text. Fig. 5 shows the simulated spectrum
difference (LpR − LpM ) between the RM and the MM, and the corresponding MEC, when the LpM is
measured 20 mm away from the eardrum and the LpR is measured right at the ECE.
As shown by Fig. 5, the use of two microphones provides a simple way to determine the frequency
fpeak . By subtracting LpR and LpM from each other, a clear maximum (or minimum, if the difference
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LpM − LpR is computed) appears at the same frequency (fpeak ) as the corresponding peak in the MEC
to be determined. However, particular attention should be paid to the two measurement locations.
Figs. 2 and 3 show that when the LpM is not measured deep enough inside the canal, the damping
effect of the middle ear may affect the shape and amplitude of the standing wave-minimum, causing
the peak in the associated MEC to appear less clearly. Also, the distance between LpR and LpM
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should preferably be at least 4 mm [19], but should not be too great. Indeed, if the distance between
the two measuring positions is too great, the second standing-wave minimum associated with the
RM’s measurement location (2nd drop in Fig. 5) may interfere with the peak related to the MM. This
phenomenon is depicted in Fig. 6. Finally, the RM should not go beyond a maximum distance of 6 mm
outside the earcanal to avoid concha/pinna effects. Up to 12-14 kHz, Hammershøi and Möller found
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Figure 5: Simulated spectrum difference (LpR − LpM ) between the RM and the MM, and the corresponding MEC (LpE − LpM ), when the LpM is located 20 mm away from the eardrum and the LpR is
taken right at the ECE (the distance between LpR and LpM is 9 mm). The peak at 6.2 kHz represents
the standing-wave minimum at the MM’s measurement location, while the two drops at 10.3 and
3-5 kHz are the standing-wave minima measured by the RM. The canal’s geometric profile was taken
from Fig. 1.
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that“transmission to the eardrum from any point between the eardrum and the point 6 mm outside the
earcanal can be considered directional independent” [21].
Since the acoustical model used in this study has limitations at high frequencies, the above findings
need to be compared with experimental measurements. The next section presents the results from
real-ear measurements performed on human test-subjects and will provide further information about
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earcanal acoustics and help define a frame of reference for the individual calibration of IENDs.
2.1.2. Real-ear measurements
Open-ear measurements were performed in a reverberant room equipped with four loudspeakers
(one loudspeaker in every room corner). Measurements were taken on 10 human participants using a
small microphone connected to an ER-7C probe tube (Etymotic Research, Elk Grove Village, IL), as
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shown in Fig. 7, and were supervised by a Canadian-registered audiologist. Although no hearing tests
were undertaken as it was not needed for objective measurements such as these, otoscopic screenings
were conducted to ensure the absence of abnormalities in the ears tested. While generating white noise
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Figure 6: Simulated spectrum difference (LpR − LpM ) between the RM and the MM, and the corresponding MEC (LpE − LpM ), when the LpM is located 11 mm away from the eardrum and the LpR is
taken right at the ECE (the distance between LpR and LpM is 18 mm). The second minimum related
to the RM’s position interferes with the maximum associated with the MM, which disappears. The
canal’s geometric profile was taken from Fig. 1.

through the four loudspeakers, the acoustic pressure was measured at approximately every 2 mm from
eardrum to ECE in each subjects’ left ear. At first, the soft probe tube was slowly inserted inside
145

the subjects’ earcanal until they felt the light contact with the eardrum. After measuring the sound
pressure at the tympanic membrane, the probe was gently pulled away by 2 mm (marks had been made
at every 4 mm on the probe tube beforehand to help ensuring accurate placement of the probe), and
the sound pressure was measured again. The probe was then pulled out 2 mm more, and this was
repeated until the final measurement could be taken at the ECE. Hence, the number of measurements
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taken also gave an estimate of the canal length for each participant tested (e.g. 12 measurements
corresponds to an earcanal length of 22 mm). The lengths of the 10 earcanals tested were found to
range from 22 to 28 mm.
As a primary analysis, the MEC was computed for all participants and for all measuring positions
along the earcanal, and compared to simulations. According to Fig. 3, the damping effect of the middle
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ear decreases as a function of frequency, which causes the amplitude of the standing-wave minimum to
increase as a function of insertion depth. Based on measurements taken, this seems not entirely true.
Overall, the authors noticed that when the LpM was located within a distance of 4 mm from the ECE,
the peak in the MEC response appeared less sharp than for measurements made closer to the eardrum.
9

However, Fig. 8 shows that the amplitude of the standing-wave minimum remains quite constant as a
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function of insertion depth. This is further confirmed in Fig. 9, which shows the MECs measured in
earcanal E at a distance of 12-24 mm from the eardrum. Unlike model predictions, measurements do
not show any clear increase of the peak’s amplitude as a function of frequency. From Fig. 8, the peak’s
amplitude in all MECs measured within 16 mm from the ECE ranges from 9 to 19 dB. Interestingly,
the amplitude’s variability also seems lower when LpM is measured between 8 and 12 mm from the
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ECE, where the peak’s amplitude ranges from 10 to 17 dB. Finally, Fig. 10 shows that, despite the
differences in length and geometry of the earcanals tested, the shapes of all MECs measured between 8
and 12 mm from the ECE are quite similar when presented in fractional octave bands, at least up to a
certain frequency limit.
From such observations, it seems that the most critical parameter in estimating the MEC spectrum

170

remains the frequency at which the standing-wave minimum occurs (fpeak ). Indeed, the shape and
amplitude of the corresponding peak do not seem to vary so much between individuals, especially when
the LpM is measured between 8 and 12 mm from the ECE (as shown by Figs. 8,9, and 10). To further
verify the model prediction findings, the two differences LpR − LpM and LpE − LpM were compared

Figure 7: Apparatus used for in-ear measurements. A small
microphone was taped behind the participant’s ear and connected to the probe tube inserted within the earcanal. Black
marks made at every 4 mm on the probe tube allowed the
experimenter to perform acoustic pressure measurements at
approximately every 2 mm, from eardrum to ECE.
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Figure 8: Average over 10 human participants of the maximum amplitude observed at the frequency
fpeak in MECs collected at every 2 mm from 0 to 16 mm from the ECE. The MECs were presented
in 1/12th octave band frequencies. The dark shaded area represents +/- one intersubject standard
deviation (STD), while the lighter shaded area indicates the full data range.

with the LpR measured at the ECE and the LpM measured at various locations along the earcanal,
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to ensure that the two functions’ maxima coincide well in frequency. The results showed that the
matching of frequencies was also at its best at an insertion depth ranging from 8 to 12 mm, where the
maxima aligned with an accuracy of one 1/12th octave band frequency. An example for a given subject
is shown in Fig. 11. For insertion depths of less than 8 mm, it was found that the peak frequencies
do not always match as well, because the damping effect of the middle ear causes the standing-wave
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minimum to appear less sharply in several measurements. For insertion depths of more than 12 mm,
the phenomenon depicted in Fig. 6 starts to appear, which means that fpeak may not be detectable in
the measured LpR − LpM spectrum due to the presence of a masking peak related to the RM’s location.
To avoid this (without changing the MM’s location), one can reduce the distance between LpR and LpM
and avoid peak interference by measuring the LpR deeper within the earcanal. However, performing
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in-ear dosimetry at insertion depths greater than 12 mm is not recommended as, in addition to the
issue of comfort, the cerumen that may start accumulating at such depths may block the measurement
microphone (or probe-microphone). Additionally, the authors found a similar accuracy using 1/12th
and 1/24th octave band frequencies. However, a frequency resolution lower than 1/12th octave bands
(e.g. 1/3rd octave bands) was found to significantly affect the accuracy of frequency matching between
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peaks.
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Figure 9: MEC measured in earcanal E for a measurement microphone (MM) placed 24, 20, 16,
and 12 mm from the eardrum. Results are presented in 1/12th octave band frequencies, and can be
compared with Fig. 3. Unlike model predictions, measurements do not show a clear increase of the
peak’s amplitude as a function of frequency.

2.2. Occluded earcanal
When insert-type HPDs are worn, IEND measurements are usually performed inside the occluded
earcanal, between the inner end of the occluding HPD and the eardrum [9, 8, 7]. When such a
“dosimetric earplug” is used, the impedance seen at the measuring position in the direction of the
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middle ear is independent of the earplug. In other words, the MEC that exists in the presence of
external noise (noise induced by the environment and not by the wearer) is the same as if the earplug
were not there at all [22, 19], provided that sound arrives primarily through the HPD and that bone
conduction (BC) can be neglected. For the unoccluded ear, the difference between the BC paths and
the normal air-conduction path (commonly referred to as the “BC limit”) ranges typically from 40 to
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more than 60 dB, depending on frequency, sound incidence and the amount of equipment covering the
individual’s head [23]. Hence, it can be assumed that the difference LpE − LpM (MEC) is independent
of the presence of an upstream occluding earplug, as long as the latter does not provide more than
40 dB attenuation in the frequency range of interest. The method described in this paper is based on
the assumption that this condition is met, hence assuming that the MEC that is to be determined is
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essentially formed by the standing-wave minimum presented in Sec. 2.1, at least up to 10 kHz. This

12

Figure 10: MECs measured on 10 participants at 8, 10, and 12 mm from the ECE. For a shape comparison,
the MECs are presented in 1/12th octave band frequencies and positioned on the x-axis to make all maxima
coincide. Each color represents a different subject. The standard deviation (N =30), represented by the black
dotted line, starts getting significantly worse (≥ 3 dB) when the ratio between f and fpeak is greater than
1.8, and the corresponding fpeak values are found from 4.8 to 8.5 kHz (5.8 kHz is the average).

aspect is further discussed in Sec. 4.2.
The previous section showed that the fpeak for open ears could easily be identified by means of
dual-microphone measurements. Fig. 10 also shows that the peak’s shape for the MEC to be determined
presents low variations between individuals, at least up to a certain frequency (to see the effects of
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variance on the results, the reader should refer to Sec. 4.1). Given these two statements, a simple
calibration procedure can be used, where an ’estimated peak shape’ could be adjusted so that its
maximum coincides with the previously determined peak frequency (fpeak ), hence leading to the
expected estimate of LpE − LpM . Such a calibration procedure is further detailed in Sec. 3. When
earplugs are worn, this calibration procedure can become impracticable because of issues related to
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measurement precision, HPD attenuation, or comfort. These issues are discussed in Secs. 2.2.1, 2.2.2,
and 2.2.3.
2.2.1. Measurements in the open ear
When trying to identify the fpeak for individuals wearing dosimetric earplugs, one option is to
perform the calibration measurements in the open ear. Indeed, because the MEC is independent of the

220

earplug, the dual-microphone procedure described in Sec. 2.1 can also be used to gather information on
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Figure 11: Spectrum difference (LpR − LpM ) between the RM and the MM, and the corresponding
MEC (LpE − LpM ) measured in earcanal E. LpM is measured 20 mm away from the eardrum and
LpR is taken right at the ECE. Results are presented in 1/12th octave band frequencies, and can be
compared with Fig. 5.

the MEC that exists in the occluded ear. However, such a procedure implies that the LpM should be
measured exactly where in-ear dosimetry measurements are to be performed in the occluded ear, as
the fpeak depends highly on insertion depth. In the authors’ opinion, two things render this method
unrealistic. First, determining the MEC in open ears requires the use of additional equipment, which
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cannot be integrated to the dosimetric earplug and which might make the whole process slow and
tedious. Second, it is difficult to identify the exact insertion depth of an earpiece on a given individual,
especially for occluding equipment that mask the earcanal. This could affect the method’s accuracy
and lead to erroneous fpeak values. These two reasons combined make the reliable use of this method
impractical, in particular for a typical workplace setting.
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2.2.2. Measurements at outer and inner ends of the earplug
Another option is to use the original setup described in Fig. 12.a, with LpR and LpM measured
respectively at the outer and inner ends of the occluding HPD. The benefit of this approach is that
LpR and LpM can be measured as part of a dual-microphone earplug, hence eliminating the need for
additional calibration equipment. In this configuration, the difference LpR − LpM will certainly be
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affected by the standing-wave minimum occurring at the pressure point LpM , but it will also be affected
by the noise reduction (NR) provided by the earplug. If this NR is flat enough as a function of frequency,
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Figure 12: Measurement setups proposed to estimate the frequency fpeak under an earplug. (a) LpR is measured at the
outer end of the HPD, while LpM is measured at its inner end. (b) LpR is measured at the inner end of the HPD and
LpM is measured further inside the earcanal. (c) A vent, characterized by a tube passing through the HPD, creates a
transmission path between the two measurement locations. LpR and LpM are measured at the vent’s outer and inner
ends, respectively. To recover its nominal attenuation, the earplug should include an operable system (illustrated in red
in the figure) to reseal the vent after calibration.

the LpR − LpM spectrum will show a clear peak, as described in Sec. 2.1. However, because the NR of
most earplugs shows complex behavior as a function of frequency (earplug resonance modes, coupling
effects between earplug and earcanal tissues, etc.), reliable detection of the target peak is unrealistic in
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practice. Other options should therefore be examined to circumvent the issue related to the attenuation
of the earplug.
2.2.3. Measurements under the earplug
Another possibility is to measure both LpR and LpM directly under the occluding HPD, as described
in Fig. 12.b. In this configuration, the difference LpR − LpM would become independent of the earplug’s
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NR. However, such a method seems rather difficult to implement in practice as it requires the presence
of a microphone (or probe-microphone) at a distance of at least 4 mm from the inner end of the HPD,
which could make it difficult to insert the latter without any pain or discomfort. Additionally, the
chances of cerumen blocking the MM are greater in this configuration than if the LpM is measured right
at the inner end of the HPD.
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Since none of the three options mentioned above showed sufficient promise, the authors reoriented
their efforts, opting instead to use a resealable vented earplug to create a temporary leak to bypass the
attenuation of the HPD.

15

2.3. Earcanal closed by a vented earplug
The principle of venting, which has been widely used in hearing-aid technologies, consists in having
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a sized hole passing through the earpiece to let sound escape from the earcanal and reduce the occlusion
effect. In the present study, the vent is used solely to let sound enter the occluded earcanal, and hence
provide control over the function LpR − LpM for calibration purposes. In the configuration illustrated in
Fig. 12.c, the vent is in fact a tube passing through the earplug. Provided that the earplug is properly
fitted, sound travels from its outer end to its inner end primarily through the vent. The vent can hence
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be used as an acoustic filter, with the tube dimensions controlling the sound propagation between the
two measurement locations. Because the vent dramatically reduces the attenuation of the earplug
(especially at low frequencies), the earpiece should include an operable system to reseal the vent after
calibration. The mechanical design of this resealable vented earplug is described in Sec. 3.2.
Considering the setup of Fig. 12.c, and assuming the vent to be the only sound path through the
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earplug, acoustic transmission from LpR to LpE can be simulated as a single horn of variable diameter,
where the first section length is that of the tube and the second section length is that of the residual part
of the earcanal. In fact, the two sections together form what is commonly called a Helmoltz resonator,
where the vent and the earcanal constitute the neck and the cavity of the resonator, respectively. Using
the model described in Sec. 2.1.1, the difference LpR − LpM can be computed for various earcanal and
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vent dimensions.
Simulated results of the difference LpR − LpM for two different vent lengths, when LpM is measured
at 8 mm from the ECE, are presented in Fig. 13. The peak related to the standing-wave minimum
measured by the MM appears clearly on both curves. The vent length affects the natural frequency
of the Helmoltz resonator but, most importantly, it affects the frequency at which higher frequency
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resonances occur. The frequency of such resonances depend mostly on the vent’s length and that of the
residual part of the earcanal.
Similarly to Fig. 13, Fig. 14 shows the difference LpR − LpM for two different vent diameters when
LpM is measured at 8 mm from the ECE. The vent’s diameter affects the frequency of the low natural
frequency of the Helmoltz resonator, but only has a minor effect on the frequency of higher-order
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resonances.
The purpose of the setup shown in Fig. 12.c is to make possible the identification of the frequency
fpeak of the standing-wave minimum measured by the MM. Fig. 13 shows the influence of vent length
on the frequency at which higher-order resonances take place in the acoustic system formed by the
vent and earcanal. If the vent is too long, these resonances may interfere with the standing-wave
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minimum that is to be detected, as shown in Fig. 15. Hence, acoustic simulations can be used for
proper dimensioning of the vent, that is to find an acceptable range for the vent dimensions and avoid
such interference regardless of the length of the wearer’s earcanal. Considering the earcanal to be at
16
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Figure 13: Simulated Spectrum difference (LpR − LpM ) between the RM and the MM, for vent lengths
of 12 and 22 mm, based on the setup shown in Fig. 12.c and the dimensions of earcanal E. The vent’s
inner diameter is 1 mm. The peak around 5.7 kHz represents the standing-wave minimum at the
MM’s measurement location used here (8 mm away from the ECE), while the first notch is the natural
frequency of the Helmoltz resonator. The notches above 7 kHz are higher-order resonances that depend
mostly on the vent’s length and that of the residual part of the earcanal.

least 20 mm [11], it was found that the vent length should not exceed 16 mm if LpM is measured at
8 mm from the ECE. Table 1 shows the maximum vent length for other typical insertion depths. Fig. 16
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shows an example of simulated LpR − LpM spectra for various earcanal lengths, when the insertion
depth is 8 mm and the vent is 14 mm in length and 0.8 mm in diameter. Although there is no minimum
length for the vent, it is clear that this dimension is limited by the insertion depth and size of the
earplug. For instance, an insertion depth of 12 mm should probably be avoided as it requires the vent
inlet to be 1 mm past the ECE, which is rather impractical. There are also no specific limits for the
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vent diameter, since this has very low impact on the frequency of higher-order resonances. However, the
vent should remain wide enough to constitute the dominant sound path through the earplug when in
“open” position. An excessively thin vent may over-attenuate incoming sound, forcing it to propagate
through other flanking paths, such as through the earplug’s structure or as leakage between the earplug
and the skin of the earcanal. An excessively large vent will tend to reduce the earplug’s attenuation in
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“sealed” position, which should also be avoided.

17

Insertion depth (mm)

6

8

10

12

Max vent length (mm)

18

16

14

11

Table 1: Maximum vent length as a function of insertion depth of the earplug (see
Fig. 12.c). The earcanal was considered to be at least 20 mm long. The deeper the
insertion, the shorter the vent. When LpM is measured at 12 mm from the ECE,
the vent’s inlet should be inside the canal, which is undesirable in practice.

3. Method and prototypes
Sec. 2 has presented a broad analysis of the acoustics of the earcanal with a view towards in-ear
dosimetry. Based on this analysis, a method and some prototypes were developed [24] to perform in-ear
noise dosimetry (IEND) in the open (Sec. 3.1) and occluded ear (Sec. 3.2).
3.1. In-ear noise dosimetry performed in the unprotected ear
A dosimetric earpiece featuring two probe-microphones was developed to perform IEND in an open
(unprotected) ear, and is presented in Fig. 17. This earpiece was designed to be almost acoustically
transparent, and to allow the measurement microphone (MM) used for in-ear dosimetry to perform
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Figure 14: Simulated Spectrum difference (LpR − LpM ) between the RM and the MM, for vent inner
diameters of 1 and 2 mm, based on the setup shown in Fig. 12.c and the dimensions of earcanal E.
LpM is 8 mm from the ECE, and vent length is 15 mm. The peak around 5.7 kHz represents the
standing-wave minimum at the MM’s measurement location. The vent’s diameter affects the frequency
of the Helmoltz resonance, but has little impact on the frequency of higher-order resonances.
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Figure 15: Simulated Spectrum difference (LpR − LpM ) between the RM and the MM, based on the
setup shown in Fig. 12.c and the dimensions of earcanal E. LpM is measured 8 mm away from the ECE,
and the vent’s length is 30 mm. The minima engendered by higher-order resonances interfere with the
maximum expected around 5.7 kHz, which becomes undetectable.

measurements at approximately 8 mm past the ECE. The reference microphone (RM) takes measure310

ments near the ECE, and is used to perform the individualized calibration procedure described below.
Fig. 17 also shows the earpiece worn inside the ear. As explained in Sec. 2.1, the spectrum difference
between the two microphones can be used to identify the frequency fpeak at which the MEC of a given
individual wearing the earpiece reaches its maximum value. Since the shape of such MEC as a function
of frequency presents low variations (in a logarithmic scale) between individuals (see Figs. 8 and 10),
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an approximate filter can be used to obtain a shape estimate of the MEC to be determined. In this
study, Fig. 18 was used to approximate the MEC’s shape, which is the average of all curves shown in
Fig. 10. The calibration steps to obtain the MEC estimate of a given individual wearing the dosimetric
earpiece can be summarized as follows:
1. While the individual is still and quiet, generate broadband noise in her/his direction using an
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external sound source. The generated in-ear SPLs should be high enough to mask any physiological
noise from the individual in the frequency range of interest (see next point).
2. Measure the spectrum difference (LpR − LpM ) between the MM and the RM in 1/12th octave
band frequencies, from approximately 3 to 9 kHz (this range is adapted to the dosimetric earpiece
designed in this study, but a different range might be needed with other instrumentation).
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3. Identify the frequency of the result’s maximum value.

19

Figure 16: Simulated Spectrum difference (LpR − LpM ) between the RM and the MM, based on the
setup shown in Fig. 12.c, and when the residual part of the earcanal has a length of 12, 15, 18, 21, or
24 mm. If LpM is located 8 mm away from the ECE, this corresponds to earcanal lengths ranging from
20 to 32 mm. The vent is 14 mm long and 0.8 mm wide. The geometry of the residual part of the
earcanal was taken from Fig. 1. In all configurations, the peak related to the standing-wave minimum
measured by the MM is easily detectable.

4. Compute the MEC estimate by centering the predefined filter (Fig. 18) in frequency so that its
maximum value coincides with the maximum of LpR − LpM .

3.2. In-ear noise dosimetry performed under an occluding earplug
A dosimetric earplug featuring two microphones was developed to perform IEND in the occluded ear,
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and is presented in Figs. 19 and 20. This instrumented earplug was designed so that the measurement
microphone (MM) used for in-ear dosimetry takes measurements at approximately 8 mm past the
ECE (at the inner end of the earplug). The reference microphone (RM) makes it possible to take
measurements near the vent’s inlet, and is used to perform the individualized calibration procedure
described further below. The earpiece features a vent, in the form of a tube 13.8 mm long and 0.8 mm

335

in diameter, and a manually operable system to close the vent after calibration and recover the full
earplug’s nominal attenuation. In contrast to the setup shown in Fig. 12.c, it should be noted that the
RM does not make it possible to take measurements right at the vent’s inlet, as the distance between
the RM and the vent’s inlet is approximately 7 mm. Although it was certainly possible to reduce this
distance by 3 or 4 mm, it would have significantly complicated the prototype’s design and development.
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MM

RM

Figure 17: Left: 3D model showing the dosimetric earpiece, instrumented with a measurement
microphone (MM) and a reference microphone (RM). The distance between the tips of the two probemicrophones is 8 mm, with the RM intended for measurements near the ECE. The earpiece was designed
with an angled shape to allow a maximum insertion depth of approximately 8 mm. Right: picture
showing the earpiece worn in the ear.
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The impact of such a distance on the results is discussed in Sec. 4.2.2.
The calibration steps to obtain the MEC estimate of a given individual wearing the dosimetric
earplug are only slightly different from the dosimetric earpiece:
1. With the lever in the up position (vent open), and the individual standing still and quiet, generate
broad-frequency noise in her/his direction using an external sound source. The generated in-ear
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SPLs should be high enough to neglect any physiological noise from the individual in the frequency
range of interest (see next point).
2. Measure the spectrum difference (LpR − LpM ) between the MM and the RM in 1/12th octave
band frequencies, from 3 to 9 kHz (this range is adapted to the dosimetric earplug designed in
this study, but a different range might be needed with other instrumentation).
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3. Identify the frequency of the result’s maximum value.
4. Compute the MEC estimate by centering the predefined filter (Fig. 18) in frequency so that its
maximum value coincides with the maximum of LpR − LpM .
5. Push the lever down to seal the vent and recover full earplug attenuation.
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Figure 18: Approximate filter to estimate the average MEC shape in 1/12th octave band frequencies,
obtained by averaging all 30 curves in Fig. 10.

4. Results
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The present method was validated via measurements made in the open ear using a probe-microphone
as well as with additional measurements collected using the designed earpieces. The next two sections
provide the overall analysis that demonstrates the efficiency of the present method, as well as guidelines
to be applied with the developed instrumentation.
4.1. Method validation using probe-microphone measurements in the open ear
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To identify the precision and working frequency range of the present method, preliminary tests were
made using the results from probe-microphone measurements made in the open ear (see Sec. 2.1.2). For
each subject, the SPL measured at 8 mm past the ECE (LpM ) was subtracted from the SPL collected
near the ECE (LpR ). The resulting spectrum difference was used to convert LpM to the eardrum using
Fig. 18 and the methodology described in Sec. 3. This result was then compared to the 1/12th octave

365

band SPL spectrum directly measured close to the tympanic membrane. Among the 10 participants
tested, it was found that the estimated SPL spectrum at the eardrum fell within 5 dB of its target
measured values, over the entire frequency range up to 10 kHz. An example of such comparison for one
subject is shown in Fig. 21. While the same accuracy was found at 10 mm from the ECE, an accuracy
of ±6 dB was found when the MM was only 6 mm past the ECE. Additionally, when the MM was at
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8 mm from the ECE, the spectrum maximum was found at frequencies from 4.7 to 6.3 kHz.
With precise probe-microphone measurements collected in the open ear, it is easy to ensure that
LpM and LpR are measured at the intended locations and that the standing-wave minimum measured
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Figure 19: 3D model showing the dosimetric earplug, instrumented with a measurement probe-microphone (MM)
and a reference microphone (RM). The earpiece features a vent, in the form of a tube 13.8 mm long and 0.8 mm
in diameter, passing through the earplug. A cap filled with silicone is used to block the vent’s inlet and recover
the earplug’s nominal attenuation. In the up position, the lever keeps the cap open, while pushing the lever
down releases the cap’s arm and seals the vent. The earpiece can support various types of eartips, and was
designed with an angled shape to allow an insertion depth (distance between earplug’s inner end and ECE) of
approximately 8 mm, when properly fitted.

at the MM’s location provokes the maximum expected in LpR − LpM . When using the earpieces of
Fig. 17 or Fig. 19, the microphones may deviate slightly from their intended locations. To assure full
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compatibility of the developed prototypes with the developed methodology, response curves (LpR − LpM )
of the two prototypes were measured on the 10 human participants in various acoustic field conditions,
and are presented in Sec. 4.2.
4.2. Results using the developed prototypes
For the 10 participants, the difference LpR − LpM was measured with both prototypes (dosimetric
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earpiece and dosimetric earplug) in a 10 m2 double-wall audiometric sound booth (Eckel, Morrisburg,
ON, Canada) featuring four loudspeakers (one loudspeaker in every corner). With the subject seated
in the middle of the room, the difference LpR − LpM was measured, while the loudspeakers were used
to create various acoustic field conditions, which are described in Table 2.
In the case of the dosimetric earplug, the participants wore the earpiece shown in Figs. 19 and
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20 in both ears. The dosimetric earplug was equipped with the high-insulation ComplyTM Isolation
T-400 eartips (Hearing Components, Inc., St Paul, MN) illustrated in Fig. 19. The attenuation of the
HPD was assessed by means of REAT measurements [25] performed in the audiometric sound booth
23

Figure 20: Dosimetric earplug, as worn with the vent in open (left) or sealed
(right) conditions.

Diffuse field

x ◦ incidence

White noise is played on the four loudspeak-

White noise is played on one loudspeaker

ers simultaneously, creating an approximate

forming an angle of incidence of x◦ with the

diffuse field around the participant

participant’s ear in the azimuthal plane

Table 2: Experimental setups used to create various acoustic field conditions when measuring the response
curves of the two prototypes in the audiometric sound booth. When a single loudspeaker was used, it was
positioned at ear level and at a distance of approximately 1 m from the participant.

on each of the participants. First, the hearing thresholds of the participant were assessed without the
HPD (in open ears). Then, the hearing thresholds of the participant were assessed while wearing the
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dosimetric earplug (in “sealed” position) in both ears. The real-ear attenuation at threshold (REAT)
is the difference between the two thresholds in the pseudo-diffuse acoustic field described in Table 2.
Following this, the dosimetric earplugs were kept in place in the subject’s ears and their response curves
were measured in “open” position.
In the case of the dosimetric earpiece, the subjects wore the earpiece shown in Fig. 17. The response
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curves obtained with the dosimetric earpiece and the dosimetric earplug are presented in Secs. 4.2.1
and 4.2.2.
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Figure 21: SPL spectrum measured at 8 mm past the ECE (in red) on one subject, and the corresponding
spectrum at the eardrum as approximated using the proposed method (dashed line), in 1/12th octave
band frequencies. The blue curve represents the spectrum directly measured close the tympanic
membrane. In this example, the SPL at the eardrum is predicted with an accuracy of 3 dB up to
10 kHz, as shown by the error graph above.
Frequency (Hz)

125

250

500

1000

2000

4000

8000

Mean (dB)

20.3

22.9

27.0

26.8

31.7

38.2

41.1

STD (dB)

5.2

5.0

4.9

4.1

3.2

3.5

5.3

Max (dB)

30.0

34.8

39.4

38.8

37.8

44.5

47.2

50

57

61

49

41

50

50

BC limit (dB)

Table 3: Intersubject mean and standard deviation, and maximum values of the real-attenuation at
threshold (REAT) obtained on the 10 participants wearing the dosimetric earplug in “sealed” position.
The last row shows the BC limit from Berger et al. [23].

4.2.1. Response curves using the dosimetric earpiece
Fig. 22 shows the response curves obtained in the left ear of the 10 participants (similar results were
obtained in the right ear of the participants) wearing the dosimetric earpiece under the pseudo-diffuse
400

field described in Table 2. Each curve clearly shows the expected maximum between 4.5 and 7.5 kHz.
This range is slightly wider than that obtained with probe-microphone measurements made at 0 and

25

8 mm past the ECE in the open ear, which is most probably due to the uncertainty in earpiece
positioning. Indeed, depending on how well the earpiece is fitted inside the participant’s ear, the MM
may deviate from its intended location by 1 or 2 millimeters, even though precautions were taken in
405

the earpiece design to target an 8 mm insertion depth. Such a shift in microphone positioning is also
expected to have minimal effect on the method’s accuracy, as probe-microphone measurements showed
a ±6 dB accuracy in the estimated spectrum when the MM was positioned between 6 and 10 mm from
the ECE (see Sec. 4.1).
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Figure 22: Response curves measured on the 10 participants wearing the developed dosimetric earpiece under
approximate diffuse-field conditions, in 1/12th octave band frequencies. Overall, the expected spectrum
maximum is clearly visible for all participants, and occurs between 4.5 and 7.5 kHz.

With the dosimetric earpiece, the angle of incidence was found to have a negligible effect on the
410

shape of the LpR − LpM function and the frequency at which the maximum occurs, confirming that the
calibration procedure described in Sec. 3.1 can be run regardless of the acoustic field used. At most, a
difference of one 1/12th octave band was found for fpeak between different angles of incidence. Fig. 23
shows the comparison between three angles of incidence for four different subjects.
Finally, similar measurements were also taken while covering the dosimetric earpiece with Peltor

415

Optime 98 earmuffs (3M Company, St Paul, MN), and the responses were similar to those shown in
Fig. 22. This confirms that although such an earpiece was initially designed to perform dosimetry
measurements of the unprotected ear, it may also be used to perform in-ear dosimetry measurements
under earmuffs or any other passive equipment covering the worker’s ears, as long as such equipment
does not exceed the BC limit (as explained in Sec. 2.2).
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Figure 23: Response curves, in 1/12th octave band frequencies, measured on four subjects (left ear) wearing
the developed dosimetric earpiece. The difference LpR − LpM is shown at 0◦ (dashed line), 90◦ (solid line), and
270◦ (dotted line) incidence. Each color represents a different subject. The angle of incidence has a negligible
effect on the frequency at which the maximum occurs.
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4.2.2. Response curves using the dosimetric earplug
Fig. 24 shows the response curves obtained in the left ear of the 10 participants (similar results were
obtained in the right ear of the participants) wearing the dosimetric earplug under the approximate
diffuse field described in Table 2. All curves in Fig. 24 show the expected maximum, which occurs
between 4.2 and 6.3 kHz. However, it can be seen that this maximum is not always as clearly defined
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as with the dosimetric earpiece, and that the response curves are generally less smooth than those
in Fig. 22. To explain this, it should be recalled that unlike the setup illustrated in Fig. 12.c, the
dosimetric earplug developed in this study does not make it possible to measure the LpR right at the
vent’s inlet when in open position. Instead, the reference microphone (RM) and the vent’s inlet are
separated by a distance of approximately 7 mm, and one is somewhat masked from the other by the cap
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used to reseal the earplug (see Fig. 19). This inevitably introduces acoustical artifacts into the response
LpR − LpM , as the sound pressure measured by the RM may slightly differ from the pressure existing
at the vent’s inlet, especially at high frequencies. Besides, this issue would perhaps not be visible in a
perfectly diffuse field, but the pseudo-diffuse field obtained in the aforementioned audiometric sound
booth was obviously not as good as that obtained in a fully reverberant chamber.
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Already aware of this problem, it was no surprise to the authors that the acoustic field conditions
significantly affected the response curves of the dosimetric earplug for some of the participants, as
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Figure 24: Response curves measured on the 10 participants wearing the developed dosimetric earplug under
approximate diffuse-field conditions, in 1/12th octave band frequencies. The expected spectrum maximum
occurs between 4.2 and 6.3 kHz, but appears somewhat less clearly than in Fig. 22 for some of the participants.

illustrated in Fig. 25. Although the results were generally not as critical as in Fig. 25, the present
prototype was found to be limited in its capacity to reproduce the expected maximum at identical
frequencies between different acoustic fields, implying that the only way to guarantee that the maximum
440

detected occurs at the frequency fpeak is by measuring the response LpR − LpM in a diffuse field (which
is rather unrealistic in practice). To investigate this issue, additional measurements were performed
on five of the participants (10 ears in total), in which the subjects were asked to rotate from 90◦ to
270◦ incidence in the azimuthal plane (the rotation direction was chosen so that, at the midway position,
the participants were facing the source) during the 15-second measurement (a pivoting chair was used).
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As illustrated in Fig. 25, results suggest that this approach can be used to simulate an acoustic diffuse
field, as the maximum always occurred at the same frequency (with an acceptable error of one 1/12th
octave band) as under the pseudo-diffuse field configuration.

5. Discussion
A method and some prototypes were presented to perform the individual in-situ calibration of
450

in-ear noise dosimeters (IENDs). As shown by the results presented in Sec. 3.1, the proposed method
yields good estimates of the sound pressure received at the eardrum up to 10 kHz. However, because
28

50

Lp R - Lp M (dB)

40

0°
90°
180°
270°
diffuse
rotation

30

20

10
103

104

Frequency (Hz)
Figure 25: Response curves, in 1/12th octave band frequencies, measured on one subject (right ear)
wearing the developed dosimetric earplug. The difference LpR − LpM is shown for 0◦ , 90◦ , 180◦ , and
270◦ incidence, and under the diffuse field defined in Table 2. The asterisks represent the response
obtained with the subject rotating from 90◦ to 270◦ incidence (midway position: 0◦ ). In this example,
the angle of incidence has a significant effect on the frequency at which the maximum occurs.

the microphone-to-eardrum correction (MEC) used to convert the measured SPLs to the tympanic
membrane depends highly on the insertion depth, it also implies that the suggested calibration procedure
should ideally be repeated every time the in-ear device (dosimetric earpiece or dosimetric earplug)
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is removed and re-inserted. Besides, this correction is not valid when the dosimetric device is worn
outside the ear. Since many workers are sometimes tempted to remove their HPD to communicate [26],
the proposed approach would certainly benefit from a method that detects when such removal happens.
When using the dosimetric earplug, the calibration procedure rests on two main conditions. First,
the earplug should be sufficiently well-fitted so that the open vent constitutes the dominant sound
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path during calibration. Second, the attenuation provided by the earplug in “sealed” position should
not exceed the BC limit. To ensure that these two conditions are met, the attenuation provided by
the earplug may be estimated in “sealed” position through a sound level comparison between the two
microphones [5]. If this attenuation was to exceed the BC limit, the MEC presented in this paper
would become irrelevant as the individual’s sound exposure would not be well represented by the SPL

465

at the eardrum [27].
The fact that the dosimetric earpiece does not occlude the earcanal makes it more likely to move
during typical workshifts (due to the worker’s movements), hence increasing the chances of the MEC
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fluctuating as a function of time. To circumvent this problem, it is suggested that the method described
in Sec. 3.1 be implemented using the occupational noise surrounding the individual as the external
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sound source. Indeed, since this method does not require that anything in the dosimetric earpiece be
modified, it may also be conducted during normal work activities, thus eliminating the need for the
wearer to suspend her/his work task. If a self-induced noise detection method is used simultaneously,
such calibration could even be run automatically in real time, without any intervention from the wearer.
With this approach, the MEC would be updated whenever the wearer is quiet and the ambient SPLs
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are high enough and cover enough frequencies to perform the calibration. Additionally, the dosimetric
earpiece may be used under earmuffs, or any passive equipment that does not exceed the BC limit.
The instrumentation developed in this study should mainly serve as a guideline for future research
and development, and was not built for intensive field use. As prototypes, the designed earpieces still
present small deficiencies. The most obvious deficiency relates to the 7 mm distance between the RM
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and the vent’s inlet in the dosimetric earplug, as explained in Sec. 4.2.2. In future work, it is suggested
that this distance be reduced to a few millimeters, so that the calibration procedure described in Sec. 3.2
can be performed on a static wearer and under any acoustic field conditions. Finally, the attenuation
provided by the dosimetric earplug worn together with high-insulation eartips is presented in Table 3.
This data reveals that the attenuation values exceed 40 dB at certain frequencies. However, if these
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values are compared to the literature over the whole frequency range, they do not seem to reach the
BC limit [23].
In current noise standards, the risk of hearing loss is typically defined in reference to a damagerisk criterion level, which represents the maximum equivalent continuous SPL (Leq,8h ) a worker can
receive over an 8-hour work shift. This level is usually expressed in dBA, and is based on free-field
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measurements, i.e. measurements taken at the “center-of-head location” without the individual being
present. Although the authors believe that the risk of hearing loss is more directly related to the SPLs
at the eardrum, it is clear that IEND raises questions as to the quantification of the risk of hearing loss,
since no risk criteria are currently defined at the eardrum’s location. To overcome this problem, most
recent standards, which define the measurement procedures to determine the sound emissions from
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sources close to the ears [28, 29], now include recommendations to convert such in-ear measurements to
the free field, provided that measurements are taken at the eardrum. Given the practical and safety
issues that may arise from performing IEND measurements at the tympanic membrane, the method
presented in this paper may be used, if SPLs are measured at various locations inside the earcanal,
for prior conversion of such SPLs to the eardrum. In other words, the eardrum SPLs obtained using
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the proposed method could be used together with the correction factors provided in the standards to
estimate the equivalent free-field noise exposure of an individual.
For both systems, it should be remembered that the MEC assumes external stimulation of the
30

earcanal, and is not valid for noises emitted by the wearer (voice, movements, etc.) that reach the
measurement microphone (MM) through BC sound paths. Thus, for more precision, the proposed
505

instrumentation and calibration procedure should be used together with a method that detects the
presence of self-induced noise. Such a method has already been developed by the authors for earplugs
[30], but further research is needed to develop an equivalent approach for other wearing conditions
(unprotected ears, earmuffs, etc.). The detection of self-induced noise is useful to assess the influence
of an individual’s own disturbances on the noise exposure received during typical workshifts, and is
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particularly important for occluded ears where such disturbances are amplified by the occlusion effect
[27].
Overall, the proposed method may have important repercussions for hearing research and the
prevention of NIHL. Using the suggested individual in-situ calibration procedure, noise dosimetry
measurements may finally establish the actual SPLs and frequency contents received at the eardrum
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by a given individual. If combined with regular audiometric testing, or the recording of otoacoustic
emissions [31], such measurements could help to build more precise cause-effect relationships between
noise exposure levels and the risks of induced hearing loss. In the long run, the data collected using the
present approach could serve as a basis to redefine current occupational noise exposure legislation and
damage risk criteria, e.g. by determining new frequency-dependent noise damage risk criteria referenced

520

at the eardrum.

6. Conlusions
In this paper, a method was presented to perform the individual in-situ calibration of in-ear noise
dosimeters. Using data collected on human test-subjects as well as simple modeling tools, a measurement
procedure was proposed, and preliminary results were presented using the instrumentation developed in
525

this study. Results suggest that the proposed approach can be used to conduct in-ear noise dosimetry
measurements in open (unprotected) ears, ears occluded with earplugs or earmuff-covered ears. The
method uses dual-microphone measurements to estimate the acoustical correction needed to convert
the in-ear SPLs to the eardrum, and has important benefits for personal noise exposure assessments as
it can account for the specific earcanal geometry of a given individual. Moreover, the proposed method
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could help exploring more precisely the cause-effect relationships between noise exposure and the risks
of induced a hearing loss. Further work involves the method’s generalization to hearing protection
offering higher attenuation, such as combined earmuff and earplug use (dual hearing protection), and
the practical development of field-proof instrumentation that can be used effectively in industrial
workplaces.
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du travail (IRSST), the NSERC-EERS Industrial Research Chair in In-Ear Technologies (CRITIAS),
and the MITACS Accelerate program. The authors also wish to thank Simon Benacchio and Aidin
Delnavaz for providing the earcanal geometry shown in Fig. 1.

540

References
[1] E. Schneider, P. Paoli, E. Brun, European Agency for Safety and Health at Work (Eds.), Noise in
figures, Office for Official Publications of the European Communities, Luxembourg, 2005.
[2] S. Tak, R. R. Davis, G. M. Calvert, Exposure to hazardous workplace noise and use of hearing
protection devices among US workers–NHANES, 1999-2004, Am. J. Ind. Med. 52 (5) (2009)

545

358–371. doi:10.1002/ajim.20690.
[3] D. Byrne, E. Reeves, Analysis of Nonstandard Noise Dosimeter Microphone, J. Occup. Env. Hyg.
5 (3) (2008) 197–209.
[4] S. Ryherd, M. Kleiner, K. P. Waye, E. E. Ryherd, Influence of a wearer’s voice on noise dosimeter
measurements, J. Acoust. Soc. Am. 131 (2) (2012) 1183–1193. doi:10.1121/1.3675941.

550

[5] J. Voix, Smith, Pegeen, Berger, Elliott, Field Fit-Testing and Attenuation Measurement Procedures,
in: The Noise Manual, 6th Edition, Am. Ind. Hyg. Assoc. J., 2019, in press.
[6] C. J. Smalt, J. Lacirignola, S. K. Davis, P. T. Calamia, P. P. Collins, Noise dosimetry for tactical
environments, Hear Res. 349 (2017) 42–54. doi:10.1016/j.heares.2016.11.008.
[7] R. Bessette, K. Michael, Measure and Intervene: An In-Ear Dosimetry Method that can Change

555

an OSHA Violation - and Internal Attitudes, Hearing Review 19 (4) (2012) 46–51.
[8] M. A. Theis, H. L. Gallagher, R. L. McKinley, V. S. Bjorn, Hearing protection with integrated
in-ear dosimetry: a noise dose study, in: Proc. of the Internoise 2012/ASME NCAD meeting,
August 19-22, New York, 2012.
[9] K. Mazur, J. Voix, Development of an Individual Dosimetric Hearing Protection Device, in:

560

Inter-Noise 2012 : The 41st International Congress and Exposition on Noise Control Engineering,
New York, N.Y, 2012.
[10] F. Bonnet, H. Nélisse, J. Voix, Acoustical corrections to be used for improved in-ear noise dosimetry
measurements, J. Acoust. Soc. Am. 143 (3) (2018) 1910–1910. doi:10.1121/1.5036222.
32

[11] B. Ballachanda (Ed.), The Human Ear Canal, 2nd Edition, Plural Publishing, 2013.
565

[12] S. Benacchio, O. Doutres, A. Le Troter, A. Varoquaux, E. Wagnac, V. Callot, F. Sgard, Estimation
of the ear canal displacement field due to in-ear device insertion using a registration method on a
human-like artificial ear, Hear Res. 365 (2018) 16–27. doi:10.1016/j.heares.2018.05.019.
[13] M. R. Stinson, B. W. Lawton, Specification of the geometry of the human ear canal for the
prediction of soundpressure level distribution, J. Acoust. Soc. Am. 85 (6) (1989) 2492–2503.

570

doi:10.1121/1.397744.
[14] M. L. Munjal, Acoustics of Ducts and Mufflers, 2nd Edition, John Wiley & Sons Inc, New York,
N.Y, 2014.
[15] D. Mapes-Riordan, Horn modeling with conical and cylindrical transmission line elements, in:
Audio Engineering Society Convention 91, Audio Engineering Society, 1991.

575

URL www.aes.org/e-lib/browse.cfm?elib=5522
[16] E. a. G. Shaw, M. R. Stinson, The Human External and Middle Ear: Models and Concepts, in:
E. d. Boer, M. A. Viergever (Eds.), Mechanics of Hearing, Springer Netherlands, 1983.
URL link.springer.com/chapter/10.1007/978-94-009-6911-7_1
[17] L. L. Beranek, Acoustics, Rev Sub Edition, American Institute of Physics, New York, N.Y, 1986.

580

[18] L. Storey, H. Dillon, Estimating the Location of Probe Microphones Relative to the Tympanic
Membrane, J Am Acad Audiol 12 (3) (2001) 5.
[19] J. C. K. Chan, C. D. Geisler, Estimation of eardrum acoustic pressure and of ear canal length from
remote points in the canal, J. Acoust. Soc. Am. 87 (3) (1990) 1237–1247. doi:10.1121/1.398799.
[20] D. D. Dirks, J. B. Ahlstromt, L. S. Eisenbergt, Comparison of Probe Insertion Methods on

585

Estimates of Ear Canal SPL, J Am Acad Audiol 7 (1) (1996) 8.
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