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NOISE CONTROL FOR A BETTER ENVIRONMENT

A simple low-invasive method to assess sound pressure levels
at the eardrum using dual-microphone measurements in the
open or occluded ear
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ABSTRACT
The assessment of the noise exposure for a given individual is commonly
performed using measurement techniques such as sound level meters (SLM)
combined with estimated of exposure time or the use of portable noise dosimeters
(PND). SLM and PND-based approaches only provide information about the
ambient noise levels and fail to account for wearer’s placement effects and inter-
individual differences in the wearers’ morphologies (e.g. head and ear geometries).
While the damage risk criteria of existing noise standards refer to free-field
measurements, it is commonly accepted that the risk of hearing loss is more
directly related to the levels at the tympanic membrane. In-ear noise dosimetry
(IEND) is a promising approach that provides continuous monitoring of an
individual's noise exposure directly inside the ear. However, current IEND systems
do not allow direct collection of eardrum data, as their featuring in-ear
microphone is typically maintained at a certain distance from the membrane. This
paper presents a simple method aimed at converting the measured SPLs to the
eardrum, thus forming the basis for individual in-situ calibration of IEND. The
method, based on a dual-microphone approach, and prototypes developed to
conduct improved IEND measurements in the open or occluded ear are presented.
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1. INTRODUCTION

The evaluation of noise exposure is a vital component of a comprehensive hearing
conservation program. Indeed, a reliable method to measure noise exposure levels in the
workplace is essential to properly identify, propose and evaluate corrective solutions
and to support prevention efforts. Moreover, such method is needed to help in the
selection and fitting of appropriate hearing protection devices (HPDs) to protect the
hearing of overexposed workers. Personal noise exposure measurements aim to assess
the noise exposure of a given individual, usually a worker, to ensure compliance with
the occupational exposure limits of a particular legislation. The conventional way of
monitoring noise exposure of individuals (eg. Lexgn) IS to use either sound-level meters
(SLM) or personal noise dosimeters (PND), the latter being more interesting when the
acoustical environment varies significantly over time as they can can track sound
exposure near the ears of the individual (they are typically worn on the shoulder). When
hearing protection devices (HPDs) are worn, things become more complicated as an
estimate of the attenuation provided by the protector is needed. In such a case, the
effective noise exposure of the worker, that is the exposure levels “under” the protector,
are estimated using a combination of the noise exposure levels Lecgn and the
attenuation provided by the HPD using calculation procedures found in standards or
guidelines[1]. Yet, while the Lexgn is only an estimation of the actual daily ambient
noise exposure, it is well known that HPD attenuation values in the workplace not only
regularly differ from laboratory-derived data, but may also fluctuate considerably over
an individual’s workshift [2].

Recent efforts have been put into developing systems that can measure noise exposure
directly inside the ear (see for example [3-8]) using earpieces instrumented with
miniature microphones. Thanks to their design, these systems can automatically account
for HPD attenuation as well as for the wearer's positioning and to the individual shape
of each individual's ears. One particular drawback of current in-ear noise dosimeters
(IENDs) is that the in-ear microphone used for monitoring is typically maintained at a
certain distance from the tympanic membrane for obvious comfort and safety reasons.
Therefore, the sound pressure levels (SPLs) measured with this microphone need to be
converted into eardrum SPLs using correction factors. Although group average
correction factors or experimental values measured on a manikin [7] can be used,
individual correction factors should prove to be more accurate as a wide variety of
earcanal shapes and geometries are found in practice. The present paper proposes a
simple, non-invasive method that aims at assessing the SPLs at the eardrum using dual-
microphone measurements in the open or occluded earcanal. First, the acoustics of the
earcanal is briefly described in order to define the target correction factors. Second, the
method and prototypes developed to conduct IEND measurements are presented.
Finally, results are presented to illustrate the importance of the individual correction
factors on in-ear noise exposure measurements.

2. BASIC ACOUSTICS OF THE EARCANAL

The proposed approach relies on a basic understanding of the acoustics of the earcanal.
The key physical concepts are presented by using acoustic simulations and experimental
data collected on human subjects. These data are used to illustrate the main principles
behind the proposed method.



2.1 Open earcanal

Figure 1 illustrates the open ear, marked with three positions in the earcanal for sound
pressure level (L,) measurements or calculations: at the eardrum (L,,); at some distance
in the earcanal (L,,); near the earcanal entrance (L,,), also noted as a reference
location. The main idea is to derive correction factors to convert measurements in the
earcanal (L, ) to the eardrum (L,.) while avoiding the practical and safety issues
inherent to eardrum measurements
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Figure 1: Locations for SPL measurements/calculations. The MEC (Microphone-to-Eardrum

Correction) is the correction factor used to convert LpM to LpE .

2.1.1 Analytical model

A simple analytical model of the open earcanal was developed using the transfer matrix
method (TMM)[9]. The horn represented by the earcanal was modelled as a series of
conical transmission —line dissipative elements, where the matrices of each element are
given by Mapes-Riordan[10]. The lumped-parameter model of Shaw and Stinson[11]
was used to model the tympanic membrane as the earcanal’s terminating impedance.
The model was validated using experimental data obtained in a real earcanal, as
explained in the next section. Precise dimensions of the earcanal of a human subject
(hereafter referred to as “reference subject”) were obtained from magnetic resonance
imaging (MRI) and the reconstructed geometry[12]. The approach proposed by Stinson
and Lawton[13] was then used to derive the cross-sectional profile of the reference
subject’s earcanal to be fed to the analytical model. Example of validation results are
presented later in the paper.

2.1.2 Open-ear measurements on human subjects

Open-ear measurements were performed in a reverberant room equipped with four
loudspeakers (one loudspeaker in every room corner). Ten human participants were
instrumented using a miniature microphone connected to an ER-7C probe tube
(Etymotic Research, EIk Grove Village, IL). The tests were supervised by a Canadian-
registered audiologist and the protocol was approved by the Comité d’éthique pour la
recherche, ETS’s internal review board. White noise was generated through the four
loudspeakers and the acoustic pressure was measured at approximately every 2~mm
from eardrum to earcanal entrance (ECE) in each subject’s left ear. Thus, for each
participant, a number of measurements were made along the earcanal, which also gave
an estimate of the length of the canal tested (e.g. 12 measurements correspond to an
earcanal length of 22~mm). The lengths of the 10 earcanals tested were found to range
from 22 to 28~mm.



2.1.2 Comparison between model and measurements

Figure 2 and figure 3 show two comparisons between results obtained with the analytical
model and from real-ear measurements. The two figures show that the model is able to
capture correctly the main physical aspects of the system. Firstly, the first two natural
resonances of the earcanal are clearly seen in figure 2 (at ~3-4 kHz and ~10 kHz).
Secondly, when the measurement microphone is further inserted inside the earcanal
(figure 3), a standing-wave due to the wave reflected by the eardrum is formed. It
results in a maximum in the response that can be seen higher in frequency as the
distance from the tympanic membrane decreases. The frequency at which this maximum
occurs is noted fyeax in figure 3.
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Figure 2: Sound pressure level transformation from earcanl entrance to eardrum for the reference
subject.
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Figure 3: SPL differences L,,, — L,, and L,, — L, for the reference subject. The left panel shows

the analytical model’s results while the right panel shows the test results. The measurement
microphone M was located at 20 mm from the eardrum and was 9 mm away from the ECE microphone
(R). The frequency fpe, is associated with the standing-wave minimum.

2.1.2 Identifying the individual correction factor MEC
One recalls that the objective here is to estimate the correction factors to convert SPL
measurements in the earcanal (L,,,) to the eardrum (L,,) without actually measuring
directly at the eardrum. Such correction factors are noted MEC as:

MEC = L, — Ly, @
One key result of figure 3 is that fpeax may be identified from either L, — Ly, or Ly, —
Lp,,- Therefore, performing measurements directly at the eardrum is not required to
determine fpeak.



The MECs measured on the 10 subjects at 8, 10 and 12 mm from the ECE are shown in
figure 4, where the associated curves were rearranged so that all maxima coincide. The
results show that most MECs exhibit a very similar shape. Consequently, an
approximate MEC shape was built as the average of all 30 curves shown in figure 4. The
resulting curve curve, further referred to as “MEC filter”, is shown in figure 5. If the
frequency foeak IS known individually, the curve in figure 5 can be used to obtain an
estimate MEC for each individual. As shown earlier, the identification of fea can be

done relatively easily using the measured SPL difference L, , — L,
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Figure 4: MEC measured on the 10 participants at 8, 10 and 12 mm from the ECE. The black dotted
lin indicates the standard deviation (N=30)

15

MEC (dB

0 L L L L RS R |
0,1 f 1

fpeak

Figure 5: MEC filter obtained by averaing the 30 curves presented in figure 4.

The analytical model was used to assess the working range of the identification process
(earcanal length, exact location of the measurement microphone in the earcanal, etc.).
These aspects are discussed by Bonnet et al[14]. Results from real-ear measurements
also showed that a frequency resolution of at least one twelth octave band was required
for accurate detection of fyeax.

To examine the precision and working frequency range of the proposed method, the
results from probe-microphone measurements made in the open ear were used. For each
subject, the SPL measured at 8 mm past the ECE (L,,,) was subtracted from the SPL
collected near the ECE (L,.). The resulting spectrum difference was used to convert
L,,, to the eardrum using the proposed MEC filter and the pre-established frequency
fpeak. This result was then compared to the spectrum directly measured close to the
tympanic membrane. For 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 for one participant is shown in figure 6. As
can be seen on the figure, large differences are obtained between the eardrum and
earcanal measurements, especially above 1 kHz. The proposed approach showed to be
able to accurately correct for these differences. The approach was also successfully
tested for earmuff-covered ears.
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Figure 6: SPL spectra on one subject: measured at 8 mm past the ECE (red line); measured close to
the eardrum (blue line); estimated at the eardrum using the proposed approach (dotted line).

2.2 Earcanal occluded by an earplug

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. When
such a “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 is the same as in the open earcanal case[15,16]
provided that sound arrives primarily through the HPD and that bone conduction (BC)
can be neglected. Therefore, the approach presented in the previous sections can be used
to estimate the MEC in the case of earplugs, that is by measuring the difference
Ly, — Lyp,, to identify fpea and using the MEC filter. Four options can be used for the
measurements of the spectrum L, — L, in presence of an earplug. One is to perform
the measurements in the open ear, as explained before, and to apply the MEC to the case
of the earplug, as long as the exact same measurement locations are used. This approach
is unrealistic in practice as it would require separate sets of measurement (open ear and
occluded ear) and would be greatly sensitive to microphone placement. The three other
options are illustrated in figure 7. In option (a), L,, is measured at the earplug’s outer
end. This option is also seen unpractical as the identification of fyax Would be
considerably “polluted” by the complex attenuation response of the earplug. A clean
peak detection would then be improbable. Option (b) is rather promising in theory, but
is very difficult to implement in practice, as it requires the use of two microphones
separated by a certain distance under the earplug, without creating any pain of
discomfort. Option (c) was chosen here as it allows using an external microphone and
easily bypassing the attenuation via a controllable leakage path, in the form of a small
cylindrical tube. The analytical model presented earlier was used to investigate the
effect of this controllable leak, whose the effect combined with that of the residual part
of the earcanal may be assimilated to a Helmoltz resonator. It allowed showing under



which conditions (tube dimensions, insertion depth, etc.) such arrangement is valid to
correctly identify foeax and, by extension, the MEC to be determined [14]. Results from
such acoustic simulations also confirmed the independence of fpea With regards to the
tube’s dimensions (length and diameter), as illustrated in figure 8. The decrease in
amplitude visible between 200 and 400 Hz corresponds to the natural resonance of the
Helmholtz resonator.
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Figure 7: Measurement options for the estimation of fea under an earplug. (a) LpRis measured at the
earplug’s outer end; (b) LpR is measuresd at the earplug’s inner end; (c) LpR is measured at the
earplug’s outer end but a controlable leak (tube) is used to bypass the attenuation of the earplug.
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Figure 8: SPL difference LpR — LpM for two tube lengths (12 mm and 22 mm) using option C. The
reference subject’s earcanal dimensions were used in the calculations. The measurement microphone
is located 8 mm away from the ECE and the tube’s inner diameter is 1 mm.

3. MEASURING DEVICES

Two prototypes based on the principles exposed in the previous sections were
developed and tested on human subjects. These two prototypes are presented in the next
section, followed by results obtained with such instrumentation on human test-subjects.

3.1 Prototypes presentation
3.1.1 Dosimetric earpiece
A dosimetric earpiece designed for usage in an unoccluded ear (unprotected ear or ear

under an earmuff) is presented in figure 9. This earpiece was designed to be almost
acoustically transparent.



Figure 9: lllustration of the dosimetric earpiece. Left panel: 3D model showing the 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. The RM’s location is intended for
measurements near the ECE. The earpiece was designed to allow a maximum insertion depth of
approximately 8~mm. Right panel: picture showing the earpiece worn in the ear.

3.1.2 Dosimetric earplug

A dosimetric earplug, featuring also two microphones, is presented in figure 10. This
earplug was designed so that the measurement microphone (MM) be located at
approximately 8~mm past the ECE (at the inner end of the earplug). The reference
microphone (RM) is located near the vent's inlet, and is used to perform the
identification procedure described before. The system features a vent, in the form of a
tube 13.8~mm long and 0.8~mm in diameter, and a manually operable lever to close the
vent at the end of the identification procedure and recover the earplug's nominal
attenuation. In the up position, the lever keeps the vent open, while pushing the lever
down allows sealing the vent. This prototype can support various types of eartips, and is
shown as worn inside the ear by figure 11.
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Figure 10: Illustration of the dosimetric earplug. Similar to the dosimetric earpiece, the earplug was
designed to allow an insertion depth (distance between earplug's inner end and ECE) of approximately
8~mm, when properly fitted.



Figure 11: Dosimetric earplug, as worn with theveﬁt in open (I/e-ft) or sealed (right) conditions.

3.2 Prototypes: measurement on human subjects

Tests on 10 participants were performed in a 10 m? double-wall audiometric sound
booth (Eckel, Morrisburg, ON, Canada). For each test, approximate pseudo-diffuse
sound field was created around the participant using white noise played through four
loudspeakers. The participants were asked to wear both the dosimetric earpiece and the
dosimetric earplug alternatively. The dosimetric earplug was equipped with the high
insulation Comply™ Isolation T-400 eartip (Hearing Components, Inc., St Paul, MN),
illustrated in figure 11. TheSPL difference L, — Ly, obtained on the ten participants
with both prototypes is shown in figure 12. Results show that the fuea may be more
easily identifiable with the dosimetric earpiece than with the earplug, as the curves in
the right figure panel are not as smooth as the ones in the left figure panel. The authors
found that the earplug was in fact more sensitive to the acoustic field used due to the
distance between the reference microphone and the the vent inlet. Because of design
constraints, the RM is indeed slightly off the vent inlet (by approximately 7 mm), as
shown in Fig. 10, making the SPL difference between the RM and the MM more
sensitive to the acoustic field, resulting in acoustical artefacts in the response. It is
believed that a better and more compact design would help reducing these effects, as
discussed by Bonnet et al[14]. Nevertheless, the data showed in figure 12 were proved
reliable enough to obtain good estimates of fyeax, and thus MEC.
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Figure 12: Sound pressure level difference L,, — L, for the 10 participans wearing the dosimetric
earpiece (left panel) or the dosimetric earplug (right panel)




4. DISCUSSION

The proposed method showed, both for the unoccluded and for the ear occluded by an
earplug, that SPLs measured in the earcanal can be successfully transformed to the
eardrum using simple dual-microphone measurements. Such conversion being quite
sensitive to the distance that separates the measurement microphone from the eardrum,
the method relies on a good control of the positioning of the measuring device. An open
ear device would most probably tend to move in real field conditions, as it is designed
to be fairly acoustically transparent and does not occlude the earcanal. Such variations
could affect the precision and variability of the results. To palliate this problem when
continuously monitoring the noise exposure in real time, it is suggested that the
proposed method be repeated frequently using the surrounding noise as the exciting
sound source for the identification process. Such a task could be run automatically and
would allow accurate determination of the correction factors if the device moves
without any intervention from the wearer.

In the same way, the proposed approach with an earplug relies on the proper knowledge
of the HPD’s insertion depth. This implies that the fye identification process needs to
be ideally repeated whenever the earplug is removed and re-inserted. Additionally, the
MEC is not valid when the device is removed from the ear, a common situation as many
workers are sometimes tempted to remove their HPDs for various reasons[17]. Further
development is hence needed for a method that detects when the device is removed.
When the dosimetric earplug is correctly worn inside the ear, the MEC’s identification
is viable under two conditions: 1) the eartip should be fitted well enough so that the
vent, when open, is the primary transmission path towards the earcanal; 2) the
attenuation of the earplug, when the vent is closed, should not exceed the BC limit[18].
In the latter case, the proposed MEC would not be appropriate, as the BC path would
become significant and the eardrum SPL would not accurately represent all the sound
energy ultimately transmitted to the inner ear.

For the two configurations discussed in this paper (occluded and unoccluded ear), the
proposed method is based on an airborne external sound excitation, and is not valid for
noises emitted by the wearer (speech, internal noise, movements, etc.). Further work is
needed to investigate what would be the correction factors in the presence of such
internal noise disturbances.

The proposed approach may have important repercussions for hearing research and the
prevention of NIHL. Using the suggested individual correction factors, noise dosimetry
measurements may finally establish the actual SPLs and frequency contents received at
the eardrum by a given individual. It should enable the large collection of individual
datasets, thus improving our knowledge of noise-induced hearing loss in the workplace
especially if audiometric data are collected in parallel.

Besides in-ear dosimetry, the authors believed that the proposed approach and
prototypes could to be very useful for laboratory and research work for which in-ear
measurements at the tympanic membrane are needed (eg. hearing protection, occlusion
effect, hearing aids). Measuring directly at the eardrum using probe tubes can be a
laborious task, particularly due to the lack of visibility when inserting the probe and for
safety and comfort issues of the participants. Conduction such careful measurements
also require a good level of expertise. The proposed method and devices allow much



simpler and safer measurement procedures and lead to robust estimates of the SPL at
the tympanic membrane. The authors assumed that more research and development on
the proposed method would open up opportunities for in-ear measurements in various
fields.

5. CONCLUSION

A method based on dual-microphone measurements was presented to perform the
individual identification of correction factors for in-ear noise dosimeters. Using data
collected on human test-subjects, combined to simple modeling tools, a measurement
procedure was proposed, and preliminary results were presented using instrumentation
developed for this study. Results suggest that the proposed approach can be successfully
used to transform in-ear measurements to eardrum in open (unprotected) ears, ears
occluded with earplugs or earmuff-covered ears. The proposed method and prototypes
provide a simple and safe in-ear measurement procedure that laboratory and field
research activities could benefit. In the long term, it is believed that data collected using
the proposed method, combined with proper audiometric testing, could serve as a basis
to redefine current occupational noise exposure legislation and damage risk criteria.

6. ACKNOWLEDGEMENTS

This research was jointly funded by the Institut de recherche Robert-Sauveé en
santé et en sécurité 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 for the reference subject.

7. REFERENCES

1. Berger, E.H., Royster, L.H., and Driscoll, D.P., “The noise manual,” Revised Fifth
edition, AIHA Press, 2003.

2. Nelisse, H., Gaudreau, M.-A., Voix, J., and Laville, F., “Measurement of hearing
protection devices performance in the workplace during full-shift working
operations,” Ann. Occup. Hyg 56(2):221-232, 2012.

3. Williams, S.C. and Rabinowitz, P.M., “Usability of a Daily Noise Exposure
Monitoring Device for Industrial Workers,” Annals of Occupational Hygiene
56(8):925-933, 2012, doi:10.1093/annhyg/mes028.

4. Biabani, A., Aliabadi, M., Golmohammadi, R., and Farhadian, M., “Individual Fit
Testing of Hearing Protection Devices Based on Microphone in Real Ear,” Safety
and Health at Work, 2017, doi:10.1016/j.shaw.2017.03.005.

5. Eers Global Technologies, https://www.eers.ca/eers-home, Feb. 2019.

6. Theis, M.A., Hilary L. Gallagher, Richard L. McKinley, and Valerie S. Bjorn,
“Hearing protection with integrated in-ear dosimetry: a noise dose study,”
Proceedings of the Internoise 2012/ASME NCAD meeting August 19-22, 2012, New
York, 2012.



7. Mazur, K. and Voix, J., “Development of an Individual Dosimetric Hearing
Protection Device,” Inter-Noise 2012 : The 41th International Congress and
Exposition on Noise Control Engineering, 2012.

8. Bessette, R. and Michael, K., “Measure and Intervene: An In-Ear Dosimetry Method
That Can Change an OSHA Violation - and Internal Attitudes,” Hearing Review
19(4):46-51, 2012.

9. Munjal, M.L., “Acoustics of Ducts and Mufflers,” 2nd Edition, John Wiley & Sons
Inc, New York, ISBN 978-1-118-44312-5, 2014.

10. Mapes-Riordan, D., “Horn modeling with conical and cylindrical transmission
line elements,” Audio Engineering Society Convention 91, Audio Engineering
Society, 1991.

11.  Shaw, E. a. G. and Stinson, M.R., “The Human External and Middle Ear:
Models and Concepts,” in: Boer, E. de and Viergever, M. A., eds., Mechanics of
Hearing, Springer Netherlands, ISBN 978-94-009-6913-1: 3-10, 1983,
doi:10.1007/978-94-009-6911-7 1.

12.  Benacchio, S., Doutres, O., Le Troter, A., Varoquaux, A., Wagnac, E., Callot,
V., and Sgard, F., “Estimation of the ear canal displacement field due to in-ear device
insertion using a registration method on a human-like artificial ear,” Hearing
Research 365:16-27, 2018, doi:10.1016/j.heares.2018.05.019.

13.  Stinson, M.R. and Lawton, B.W., “Specification of the geometry of the human
ear canal for the prediction of sound-pressure level distribution,” The Journal of the
Acoustical Society of America 85(6):2492-2503, 1989, d0i:10.1121/1.397744.

14. Bonnet, F., Nélisse, H., and Voix, J., “Individual in-situ calibration of in-ear
noise dosimeters,” Submitted to Applied Acoustics, 2019.

15.  Gilman, S. and Dirks, D.D., “Acoustics of ear canal measurement of eardrum
SPL in simulators,” The Journal of the Acoustical Society of America 80(3):783-793,
1986, doi:10.1121/1.393953.

16.  Chan, J.C.K. and Geisler, C.D., “Estimation of eardrum acoustic pressure and of
ear canal length from remote points in the canal,” The Journal of the Acoustical
Society of America 87(3):1237-1247, 1990, doi:10.1121/1.398799.

17. Neitzel, R. and Seixas, N., “The Effectiveness of Hearing Protection Among
Construction Workers,” Journal of Occupational and Environmental Hygiene
2(4):227-238, 2005, doi:10.1080/15459620590932154.

18.  Elliott H. Berger and Jéremie Voix, “Hearing Protection Devices,” The Noise
Manual, 6th Edition (In press), American Industrial Hygiene Association, 2019.



