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a b s t r a c t
The noise exposure of a given individual is commonly assessed using conventional measurement tools
such as sound level meters or personal noise dosimeters. While generally effective, the underlying techniques only provide information about the ambient noise levels, and fail to account for the attenuation
provided by potential hearing protectors being worn. Assuming that the risk of hearing loss is directly
related to the sound pressure levels (SPLs) at the eardrum, in-ear noise dosimetry (IEND) is a promising
approach to continuously monitor an individual’s noise exposure inside the ear and better predict the
energy that ultimately reaches the inner ear. Current IENDs, however, do not allow direct measurement
of eardrum SPLs, as the in-ear microphone is typically located at a certain distance from the tympanic
membrane. Furthermore, because of the inter-individual variability in the earcanal’s size and geometry,
the correction to convert such distant measured values to the eardrum may be significantly different
between two individuals wearing the same IEND. This paper proposes a personal in situ calibration procedure to identify the appropriate acoustical corrections for IEND measurements that aim to assess an
individual’s noise exposure at the eardrum. A computational method, together with prototypes, were
developed using data collected on human test-subjects and simulation tools. Preliminary results obtained
with the developed instrumentation suggest that the proposed method can effectively be used in open
(unprotected) ears, ears occluded by earplugs, or ears covered with earmuffs.
Ó 2019 Elsevier Ltd. All rights reserved.

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 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 of appropriate hearing protection
devices (HPDs), or administrative controls like the introduction
Abbreviations: IEND, In-ear noise dosimetry; MEC, Microphone-to-eardrum
correction; MM, Measurement microphone; RM, Reference microphone; ECE,
Earcanal entrance.
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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 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 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
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it difficult to establish the effective attenuation 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 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 [7–9]. Not only are
these 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
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 Section 2,
while Section 3 presents the method and prototypes developed
to conduct improved IEND measurements in the open or occluded
ear. The results are presented in Section 4 and followed by a broad
discussion about the suggested method and its application with
regards to current noise standards (Section 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 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, 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 Sections 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 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 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. For validation, predictions from the
model were compared to measurements (more details about the
measurement procedure with human participants are given in Section 2.1.2) performed in a real earcanal of known dimensions (further referred 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
and measurements. The ECE refers to the more formally called
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Fig. 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].
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Fig. 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.

‘‘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 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 quarterwavelength minimum occurs right at the ECE, it also represents
the natural resonance of the earcanal. Fig. 2 demonstrates good
agreement between the model predictions and real-ear measurements up to the second resonance of the earcanal.
For in-ear dosimetry measurements, a microphone (or probemicrophone) 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 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 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
f peak ), 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 to establish, and the earcanal
geometry of an individual is usually unknown. However, because
the frequency f peak 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 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 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 location of probe-microphones relative to the eardrum [18–20]. Fig. 4 shows the convention used 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 f peak . By subtracting LpR and LpM
from each other, a clear maximum (or minimum, if the difference
LpM LpR is computed) appears at the same frequency (f peak ) 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
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

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 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 earcanal acoustics
and help define a frame of reference for the individual calibration
of IENDs.

Fig. 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.

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 should preferably be at least

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 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 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 the subjects’ earcanal until they felt the
light contact with the eardrum. After measuring the sound
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Fig. 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.

Fig. 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.

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 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 ear decreases as a function of frequency, which causes the
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Fig. 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.

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. However, Fig. 8 shows that the amplitude
of the standing-wave minimum remains quite constant as a 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 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 remains the frequency at which
the standing-wave minimum occurs (f peak ). 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. 8–10). To further verify the model prediction findings, the two differences LpR LpM and
LpE LpM were compared with the LpR measured at the ECE and the
LpM measured at various locations along the earcanal, 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 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 f peak 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
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

Fig. 8. Average over 10 human participants of the maximum amplitude observed at the frequency f peak 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.
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Fig. 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.

Fig. 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 (P 3 dB) when the ratio between f and f peak is greater than 1.8, and the corresponding f peak values are found from 4.8 to 8.5 kHz (5.8 kHz is the
average). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

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 peaks.

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 [7–9]. When such a
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Fig. 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.

‘‘dosimetric earplug” is used, the impedance seen at the measuring
position in the direction of the 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 [19,22], 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 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 essentially formed by the
standing-wave minimum presented in Section 2.1, at least up to
10 kHz. This aspect is further discussed in Section 4.2.
The previous section showed that the f peak 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 variance on the results,
the reader should refer to Section 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 (f peak ), hence leading to
the expected estimate of LpE LpM . Such a calibration procedure is
further detailed in Section 3. When earplugs are worn, this calibration procedure can become impracticable because of issues related
to measurement precision, HPD attenuation, or comfort. These
issues are discussed in Sections 2.2.1–2.2.3.
2.2.1. Measurements in the open ear
When trying to identify the f peak 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 earplug, the dual-microphone procedure described in Section 2.1 can also be used to gather information on 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 f peak
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 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 f peak values. These two reasons combined make the reliable use of this
method impractical, in particular for a typical workplace setting.
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 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, the LpR LpM spectrum will show a clear peak, as described
in Section 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 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,
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Fig. 12. Measurement setups proposed to estimate the frequency f peak 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 difference LpR LpM would become independent of the earplug’s 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.
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.
2.3. Earcanal closed by a vented earplug
The principle of venting, which has been widely used in
hearing-aid technologies, consists in having 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 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 Section 3.2.
Considering the setup of Fig. 12.c, and assuming the vent to be
the only sound path through the earplug, acoustic transmission
from LpR to LpE can be simulated as a single horn of variable

Fig. 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.
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Fig. 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.

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 Section 2.1.1, the difference LpR LpM can be
computed for various earcanal and 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 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 resonances.
The purpose of the setup shown in Fig. 12.c is to make possible
the identification of the frequency f peak of the standing-wave minimum measured by the MM. Fig. 13 shows the influence of vent

Fig. 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.
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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 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 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 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 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 ‘‘sealed” position, which should
also be avoided.
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.
Insertion depth (mm)
Max vent length (mm)

6
18

8
16

10
14

12
11

11

3. Method and prototypes
Section 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 (Section 3.1) and
occluded ear (Section 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 measurements
at approximately 8 mm past the ECE. The reference microphone
(RM) takes measurements 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 Section 2.1, the spectrum difference between the two microphones
can be used to identify the frequency f peak 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), 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 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).

Fig. 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.
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Fig. 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 probe-microphones 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.

Fig. 18. Approximate filter to estimate the average MEC shape in 1/12th octave band frequencies, obtained by averaging all 30 curves in Fig. 10.

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).
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 .
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, 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 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
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Fig. 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.

4 mm, it would have significantly complicated the prototype’s
design and development. The impact of such a distance on the
results is discussed in Section 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 inear 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).
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.

Fig. 20. Dosimetric earplug, as worn with the vent in open (left) or sealed (right) conditions.
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4. Results
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
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 Section 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 Section 3. This result was then compared to the 1/12th octave
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 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 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 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 Section 4.2.
4.2. Results using the developed prototypes
For the 10 participants, the difference LpR LpM was measured
with both prototypes (dosimetric 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 20 in both ears. The dosimetric
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.
Diffuse field

x° incidence

White noise is played on the four
loudspeakers simultaneously,
creating an approximate diffuse
field around the participant

White noise is played on one
loudspeaker forming an angle of
incidence of x° with the participant’s
ear in the azimuthal plane

Fig. 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. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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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 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 dosimetric earplug (in ‘‘sealed” position) in both ears. The realear 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 curves obtained with the dosimetric earpiece and the dosimetric earplug are presented in
Sections 4.2.1 and 4.2.2.
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 pseudodiffuse 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 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 mm, even though precautions were taken in 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 Section 4.1).
With the dosimetric earpiece, the angle of incidence was found
to have a negligible effect on the shape of the LpR LpM function
and the frequency at which the maximum occurs, confirming that
the calibration procedure described in Section 3.1 can be run
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regardless of the acoustic field used. At most, a difference of one
1/12th octave band was found for f peak 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 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 Section 2.2).
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 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 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.
Already aware of this problem, it was no surprise to the authors
that the acoustic field conditions significantly affected the

Fig. 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.

16

F. Bonnet et al. / Applied Acoustics 157 (2020) 107015

Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 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.

response curves of the dosimetric earplug for some of the participants, as 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 detected occurs
at the frequency f peak 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-s measurement (a
pivoting chair was used). 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
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Fig. 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.

acceptable error of one 1/12th octave band) as under the pseudodiffuse field configuration.
5. Discussion
A method and some prototypes were presented to perform the
individual in situ calibration of in-ear noise dosimeters (IENDs). As
shown by the results presented in Section 3.1, the proposed
method yields good estimates of the sound pressure received at
the eardrum up to 10 kHz. However, because the microphone-toeardrum 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) 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 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 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 fluctuating as a function of time. To circumvent this problem,
it is suggested that the method described in Section 3.1 be implemented using the occupational noise surrounding the individual as
the external 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 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 and the vent’s
inlet in the dosimetric earplug, as explained in Section 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
Section 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 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 damage-risk criterion level, which represents the maximum equivalent continuous SPL (Leq,8h) a worker
can receive over an 8-h work shift. This level is usually expressed
in dBA, and is based on free-field 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 sources close to the ears [28,29],
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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].
Frequency (Hz)

125

250

500

1000

2000

4000

8000

Mean (dB)
STD (dB)
Max (dB)
BC limit (dB)

20.3
5.2
30.0
50

22.9
5.0
34.8
57

27.0
4.9
39.4
61

26.8
4.1
38.8
49

31.7
3.2
37.8
41

38.2
3.5
44.5
50

41.1
5.3
47.2
50

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 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 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 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 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 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 frequencydependent noise damage risk criteria referenced at the eardrum.
6. Conclusions
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 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 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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