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Florianópolis, Brazil
Victor T. Grinchenko
Kiev, Ukraine
Colin H. Hansen
Adelaide, Australia
Hanno Heller
Braunschweig, Germany
Hugh Hunt
Cambridge, England
Finn Jacobsen
Lyngby, Denmark
Dan Marghitu
Auburn, USA
Manohar Lal Munjal
Bangalore, India
David E. Newland
Cambridge, England
Kazuhide Ohta
Fukuoka, Japan
Goran Pavic
Villeurbanne, France
Subhash Sinha
Auburn, USA

ARTICLES
A Comparison Study of Foam versus Custom Silicone Earplugs
Used as Part of an Intelligent Electronic Hearing Protector System
Olav Kvaløy, Tone Berg and Viggo Henriksen . . . . . . . . . . 151
Modelling Speech Intelligibility in the Noisy Workplace for
Normal-hearing and Hearing-impaired Listeners Using Hearing
Protectors

Christian Giguère, Chantal Laroche, Véronique Vaillancourt
and Sigfrid D. Soli . . . . . . . . . . . . . . . . . . . . . . . . 156

Powered Electronic Augmentations in Hearing Protection
Technology Circa 2010 including Active Noise Reduction,
Electronically-Modulated Sound Transmission, and Tactical
Communications Devices: Review of Design, Testing, and Research
John G. Casali . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Passive Augmentations in Hearing Protection Technology Circa
2010 including Flat-Attenuation, Passive Level-Dependent, Passive
Wave Resonance, Passive Adjustable Attenuation, and AdjustableFit Devices: Review of Design, Testing, and Research
John G. Casali . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Intra-Subject Fit Variability for Field Microphone-In-Real-Ear
Attenuation Measurement for Custom Molded Earplugs
Jérémie Voix and Cécile Le Cocq . . . . . . . . . . . . . . . . . 196
About the Authors . . . . . . . . . . . . . . . . . . . . . . . . . 201

INFORMATION
Book Reviews . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Editor's Space
Hearing Protector Issue of the IJAV

In many situations, it is neither
practical nor economical to reduce
noise at its source. Thus, the use of personal hearing protection devices (HPDs) is a common solution. Limited advances
have been made to address problems related to performance
measures, selection, use, care, and maintenance of HPDs. One
especially important consideration for HPDs is creating a new
standard to evaluate real-world noise attenuation in laboratories. Also, the advances in electronic HPDs need to be followed up with more sophisticated measurements andstandardization.
In spite of the hearing protector being the only short-term
solution against permanent hearing loss for workers in noisy
environments, it does not receive much high-level technological attention from the engineering point of view. For example,
sophisticated technological tools, such as numerical modeling
and neural modeling for the optimization of HPD projects, are
rarely used. Additionally, most of the work related to comfort
is based on total headband force measurement and subjective
assessments; little work on physical contact pressure distribution measurements is done. HPDs are complicated systems,
especially when it comes to comfort and fitting. Therefore,
this special issue of IJAV is devoted to hearing protectors.
Most hearing conservation programs rely on HPDs to reduce
workers’ exposure to hazardous noise to prevent noise-induced
hearing loss (NIHL). Other methods of reducing noise exposure, such as engineering and administrative controls, are used
less due to enforcement policies that allow hearing protectors
to be used as a substitute for noise controls and because of concerns about their effectiveness and feasibility in the workplace.
In many developing countries and some developed countries, HPDs are used simply to satisfy legislation requirements.
Therefore low-cost devices are commonly used and little guidance is provided on how to use and how to fit HPDs. Usually
earmuffs are easy to fit, but it is more difficult to fit earplugs.
Small changes in fitting earplugs may result in large differences in the noise attenuation that is obtained. New electronic
devices look promising from a noise attenuation perspective,
but they are costly and cannot be used for all types of workers.
Further innovation for intelligent HPDs is necessary to
achieve several important goals. HPDs must be simple to fit,
and they must be comfortable while offering sufficient protection. They must also be usable for more than just one day,
and they must satisfy the need to communicate effectively in
high-noise environments.

determining compliance with the permissible exposure limit
(PEL) and when engineering controls are being implemented
or are not feasible, usually does not reflect actual experiences.
Thus, a pressing need exists for the development of a laboratory method that estimates the noise attenuation obtained with
HPDs worn in the field. Field research is needed to validate
the new laboratory subject-fit method with onsite fit-testing
methods. Research should also look into the development
of HPDs that eliminate troublesome barriers by providing increased comfort to wearers as well as improved speech intelligibility and audibility of warning signals. In addition, as
new technologies such as active-level dependency and active
noise reduction are introduced into personal hearing protection, methods must be developed to describe the effectiveness
of these methods alone and when built into passive hearing
protectors.
In the U.S., a revision to the current EPA regulation has been
proposed to reflect changes in HPDs. The proposed changes
would provide manufacturers with newly developed testing
methodologies. These methodologies would allow manufacturers to determine the performance of new technology hearing
protection products, and thus properly label them with their effectiveness rating (NRR) for legal entry into U.S. commerce.
The proposed revisions would result in the availability of a new
generation of significantly improved HPDs that have been precluded from entering the marketplace as “hearing protectors”
by the requirements of the current regulation that was adopted
in 1979. The proposed revisions would provide more accurate, uniform and user-friendly information to all potential purchasers, users, and hearing conservation professionals so they
can make informed comparisons of product performance and
potential levels of hearing protection in a broad range of noise
environments such as, manufacturing operations, construction,
aviation activities, and rock music bands. .
This issue includes two excellent articles by John Casali,
which review passive and electronic hearing protectors.
Jeremie Voix presents a paper on intra-subject fit variability for field microphone-in-real-ear attenuation measurement for custom-moulded earplugs. Olav Kvaløy
presents a comparison study of foam versus custom silicone earplugs. Finally, Christian Giguere presents a paper
related to speech intelligibility in noise with hearing protectors for normal and hearing-impaired listeners.

The noise attenuation of HPDs as they are worn in the occupational environment is usually quite different from that realized in the laboratory. The manufacturer’s labeled noise reduction rating (NRR), which is currently used by OSHA in

Samir N. Y. Gerges
Guest Editor
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A Comparison Study of Foam versus Custom
Silicone Earplugs Used as Part of an Intelligent
Electronic Hearing Protector System
Olav Kvaløy, Tone Berg and Viggo Henriksen
SINTEF ICT, Acoustics, N-7465 Trondheim, Norway
(Received 30 December 2009; accepted 19 April 2010)
During the development of an intelligent hearing protection and communication system the attenuation of two
different earplugs were measured. Both earplugs were measured separately and in combination with earmuffs.
Foam earplugs and custom-moulded silicone earplugs were both used. The hearing protection system in question
is able to measure the ear canal with respect to leaks. If a leak is detected, the system will warn the user.
The measurements show that the foam plug gives higher attenuation than the silicone plug at all frequencies,
but particularly at frequencies below 2 kHz. It has a steadily increasing attenuation from 30 dB – 43 dB over the
frequency range 125 Hz – 8 kHz. The silicone plug attenuates around 26 dB, from 125 Hz – 1 kHz. Above this
range, the attenuation increases to approximately 40 dB. With extra earmuffs added, the attenuation is 40 dB or
better at all frequencies except 125 Hz, and the two plugs offer nearly identical protection.
The results show that the mean and standard deviation of the attenuation for the foam earplug is as good as for
an optimally fitted earplug. In the case of the silicone earplug, the mean attenuation is comparable to a typical
custom earplug, but the standard deviation is better than comparable earplug. This finding is a result of the leakage
control acting as a ’supervisor’ in the fitting of the earplugs.

1. INTRODUCTION
During the development of the hearing protector system now
called QuietPror (produced by Nacre),1 SINTEF investigated
its attenuation. The system is generally delivered with a foam
earplug to be inserted deep into the ear canal. It is also possibile to produce custom moulded silicone earplugs that can be
used instead of the foam earplugs. The custom-moulded alternative was sometimes asked for by users. Custom-moulded
earplugs are believed to improve user comfort. The protection
level can vary, however, depending on the details of the design.
The attenuation of the specific design of the custom-moulded
silicone earplugs should therefore be investigated. In addition
to the attenuation based on the specific design, the attenuation
of the earplugs when worn in combination with an earmuff was
also measured. Therefore, this study contains results from 4
states of protection: a foam earplug, a custom-moulded silicone earplug, and the same two types of earplugs when used
in combination with an earmuff.

imenter is restricted to minimal interference with the subjects.
It is believed that Method B gives a more realistic estimate of
real world performance of a HPD.
Our test did not follow either of the two methods. We imitated Nacre’s introductory course of the system to their customers in order to be as realistic as possible. This course is a
short presentation of the system and its functionality, followed
by some practical training guided by a supervisor. One unique
feature with the system is that it employs a leakage test that is
automatically performed at system power up. If the earplug is
badly fitted and/or has a leak, the system will warn the user
with a sound. The user is then expected to refit his or her
earplug and power up again. The purpose is to ensure that
the plugs are worn correctly and that the user is well protected.
In this way the user is trained by the system and will learn how
the device is to be inserted to get good protection. The leakage
control was used throughout the experiment.
As a result, the test used in this experiment is something
in between Method A and Method B. In addition the leakage
control was used to warn the user of bad fittings.

2. THE TEST CONDITIONS
The American standard of 1997 for measuring a hearing
protector device (HPD) defines two types of measurements:
”Method A: Experimenter-supervised fit” and ”Method B:
Subject fit.”2 These methods were the available standards at the
time of the measurements. This standard was revised in 2008.
The ISO standards have similar methods defined in ISO48691and ISO4869-5, respectively.3, 4 In these experimental definitions, the main difference is the interaction between the experimenter and the test subject. In the Method A experiment,
the supervisor is allowed to train the subject as much as is required, and the supervisor may also inspect the insertion of
the HPD. In the Method B experiment, the subject will not be
instructed on how to use the hearing protectors, and the experInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

2.1. The earplugs
The two earplugs are shown in Figure 1 and Figure 2. The
earplugs are connected to a transducer housing at the outer end.
There is a stem containing channels through the earplug. The
channels connect the transducers acoustically to the ear canal.
The transducers are used by the hearing protection system for
sound throughput, communication, and other functions during
normal operation, but they remain passive during the attenuation measurements. The foam earplugs were available in three
sizes, approximately 12 mm - 14 mm in diameter.
The silicone plug is a custom-moulded earplug. In the design maximum obtainable attenuation was the main criteria.
This was done by making the impressions and moulds as deep
(pp. 151 155)
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Figure 1. An example of the foam earplug used in the test.

by NACRE. The introduction was followed by some practical
training, including teaching the subject how to use the leak test
to give a warning if a leak was detected. The supervisor participated during this part of the session. The real tests started after
a break, and at this stage the supervisor did not interfere with
the subjects. They had to insert the earplugs themselves without any external help. However, the leakage test of the system
was conducted. If the fitting was approved by the system, then
the threshold tests started. Otherwise the subject would try to
refit the earplug and perform the leakage test again. If a test
subject did not pass the leakage test after several attempts, the
subject was still measured, but the data was not included in the
dataset constituting the basis of the statistics.
After the third session, the participants were asked about
their comfort when wearing the plugs, and how difficult/easy
it was to insert them. These results were recorded in a questionnaire.

2.3. Test subjects
The experiment consisted of 11 female and 10 male subjects. They were screened to have hearing equal to or better
than 15 dB at the frequencies 125 Hz, 250 Hz, 500 Hz, 1000 Hz
and 2000 Hz, and equal or better than 25 dB at 2 kHz, 4 kHz
and 8 kHz.

2.4. Threshold measurements

Figure 2. An example of the silicone-moulded earplug used in the test.

as practically possible. The moulds are made of a standard silicone moulding material, but silicone with a lower viscosity is
used in the tip region (25 Shore). The tip has one extra layer
of silicone lacquer to increase the size, thereby sealing the ear
canal better.
The extra earmuff used was PELTOR H10A.

2.2. Test agenda
Three sessions were conducted with each test subject. At the
start of the first session a short introduction was given about the
experiment, and the test subject’s hearing was screened with
pure tone audiometry. After the screening, an ear canal impression was made for the silicone earplug. At the next two
sessions Real Ear Attenuation at Threshold (REAT) measurements were performed. Both of these sessions had the same
agenda. First the unoccluded threshold was measured, then
the occluded threshold with one of the earplugs was inserted,
and finally the occluded threshold with an earmuff was added.
The insertion of the earplug was not changed when the extra
earmuff was added since we wanted to be able to evaluate the
added attenuation by comparing the two results directly. This
procedure was repeated, resulting in two separate datasets for
each person and state of protection.
Before starting the first threshold measurements, a short introduction was given on how to insert the earplugs. This introduction was given to imitate the course given to new users
152

The threshold measurements in the experiment were conducted manually with a Madsen OB822 audiometer. Pink
noise filtered through 1/3octave bands with centre frequencies
in accordance with IEC225 were used as test signals, and they
were presented as 1.5 second pulses. The testing was done
manually. A diffuse sound field was achieved by using four
loudspeakers positioned almost in the corners of the room.
The sound field was measured to comply with the specification given in ISO4869-1. To comply with the high demands of
the ISO standard with respect to background noise, the threshold measurements were conducted outside ordinary working
hours with ventilation completely off. The background sound
pressure level was 23 dB rel 20 µPa at 125 Hz, which is 3 dB
more than permitted by the standard at this frequency. The
American standard (ANSI S12.6) permits levels up to 28 dB at
125 Hz.2 If the background noise were too high it would mask
the unclouded part of the tests. The measurement result would
then show a lower attenuation than the actual at the frequency
in question. Examinations of the results indicate that this is not
the case. We therefore believe the results to be valid.

3. RESULTS
At each measurement session two REAT measurements
were conducted with the same HPD. In the data plots the results from both measurements are shown. Two female and one
male participant did not pass the leakage control for either of
the two measurement series when inserting the foam plugs.
This resulted in a total of 36 data sets for the foam plug. In
the case of the silicone plug, two of the female participants did
not pass one of the two tests, and one did not pass either of the
two tests. This resulted in 38 data sets for the silicone plug.
When a leak was detected the participants were still measured,
but the data sets were not included in the statistics.
International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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Figure 3. Attenuation of the foam earplug. The dots are data points and
the lower line represents the mean of the data. The cross-marked line is the
standard deviation of the data. Rejected insertions are shown with circles.

Figure 5. Attenuation of the foam earplug with the extra earmuff. The dots
are data points and the lower line represents the mean of the data. The crossmarked line is the standard deviation of the data.

Figure 4. Attenuation of the silicone earplug. The dots are data points and
the lower line represents the mean of the data. The cross-marked line is the
standard deviation of the data. Rejected insertions are shown with circles.

Figure 6. Attenuation of the silicone earplug with the extra earmuff. The
dots are data points and the lower line represents the mean of the data. The
cross-marked line is the standard deviation of the data.

The results are shown in Figs. 3 through 6. The mean value
and standard deviation of the attenuation across all test subjects
at each frequency (tabulated in Table 1Table 1) are the main
results of the experiment and are discussed in the following
section. Figs. 3 and 4 show the attenuation for the foam and
the silicone earplugs, respectively, and Figs. 5 and 6 show the
attenuation with the earmuff added.

6 dB for the silicone plug and around 3 dB - 4 dB for the
foam, except at frequencies of 500 Hz and 1000 Hz. At these
frequencies the standard deviation for the foam plug increases
to approximately 6 dB. In the data with an added earmuff the
standard deviation varies between 3 dB and 5 dB.

3.1. Attenuation
The results showed that the foam earplug has a steadily increasing attenuation from approximately 31 dB at 125 Hz to
44 dB at 8 kHz. The silicone plug attenuates 26 dB at the
lower frequencies up to 1 kHz. Above 1 kHz the mean attenuation increases to approximately 40 dB at 4 kHz and 8 kHz.
Thus the foam plug has 5 dB - 12 dB higher attenuation than
the silicone plug up to 1 kHz. This difference diminishes at
4 kHz and 8 kHz.
When the earplugs are measured in combination with an earmuff, the differences between the results are less than 2 dB
at all measured frequencies. The attenuation increases from
31 dB at 125 Hz to 43 dB at 500 Hz, and decreases slightly
to around 41 dB at 2 kHz, before finally increasing to 50 dB
and 45 dB at 4 kHz and 8 kHz respectively. This is shown in
Figs. 5 and 6.

3.3. Rejected results
Some test subjects did not manage to pass the leakage test,
even after several attempts of reinserting the plug. These subjects were nonetheless measured, and the results are shown as
circles in the figures. The attenuation is, as expected, much
lower in the low-frequency range (125 Hz - 500 Hz) relative the
attenuation achieved with accepted leakage tests. This finding
applies to both foam and silicone earplugs. As stated earlier
these results are not included in the calculation of the mean
and the standard deviation.

3.4. Evaluation of
friendliness

comfort

and

user-

The variability is represented by the standard deviation at
each frequency, and it is shown as the upper line in Figs. 3
through 6. The standard deviation varies between 4 dB and

Table 2 shows the results of the questionnaire. Ten of the
participants thought it was easy to insert the foam plugs, while
eight thought it was difficult. Five felt pain while inserting
them. For the silicone plugs 19 of the 21 test persons thought
they were easy to insert, while two felt it was unpleasant to
insert them (not painful). Eleven of the participants claimed
they could wear the foam plugs over a long time, while 19
claimed the same for the silicone plugs.

International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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Table 1. Tabulated results of attenuation.

Foam plug
Silicone plug
Foam + Earmuff
Silicone + Earmuff

Mean
St.dev
Mean
St.dev
Mean
St.dev
Mean
St.dev

n
36
36
38
38
36
36
38
38

125 Hz
31.0
3.8
26.4
5.8
31.3
4.6
31.1
4.5

250 Hz
32.1
4.2
26.3
4.8
37.2
5.3
36.5
4.6

500 Hz
37.3
6.3
25.8
5.3
44.8
4.1
43.3
4.8

1000 Hz
38.1
6.1
26.1
4.0
43.5
3.6
40.9
3.3

2000 Hz
36.4
3.7
32.6
5.6
40.1
4.5
40.9
5.2

4000 Hz
40.2
3.4
40.7
5.0
49.9
4.2
50.9
3.6

8000 Hz
43.8
3.1
38.0
5.0
46.7
4.4
45.6
4.4

Table 2. Statistics on user friendliness and comfort.

Easy to insert (#
of persons)
Foam
Silicone

10
19

USER FRIENDLINESS
Difficult to insert Painful/Unpleasant
(# of persons)
to insert (# of
persons)
8
5
2
0

4. DISCUSSIONS
4.1. Comfort
One of the reasons for including a silicone-moulded earplug
in the study was because many assume that it will be easier and more comfortable to wear (relative to a foam plug).
This assumption was confirmed by the answers regarding userfriendliness and comfort. Almost twice as many subjects say
they would be able to wear the silicone plug relative to a foam
plug over a long time. This opinion is mainly because the test
persons did not feel as much pressure in the ear canal with the
silicone plug as they did with the foam plug. This pressure was
the main explanation for the pain many felt while inserting and
using the foam plug.

4.2. Attenuation
The foam earplug offers up to 10 dB better mean attenuation
than its silicone counterpart, particularly at the mid frequencies. This can have several explanations.
• A custom-moulded earplug might ’anchor’ further out in
the ear canal than a foam earplug. The more compliant
tissue in the outer part of the ear canal will thus make
it easier for this earplug to vibrate and thereby transmit
sound. This will result in a relative flat attenuation at
the low frequencies up to approximately 1 kHz. Our data
complies with this model.
• The foam will form itself to the ear canal during use. The
silicone will only fit if inserted exactly as during moulding, and if it is fitted any other way it will leak badly. Just
a slight turn of the silicone plug might give a large leak.
This is probably the reason for the low attenuation values
at the low frequencies for some of the test subjects with
the silicone plug inserted. They reported that the silicone
plug was twisted somewhat, possibly from stretching the
wire to the transducer housing.
• The silicone material itself has low internal damping. The
foam has high internal damping. Sound transmission
through the earplug itself is one of the known transmission paths, so the material’s internal damping will therefore be important for the resulting attenuation.
154

COMFORT
Could wear a
Unpleasant to use
long time (# of
(# of persons)
persons)
11
10
20
1

• A custom-moulded silicone plug will not fit properly if
the ear has changed since the moulding took place (not
applicable to our test situation).
We have compared our results for the foam earplug with data
from a study by Murphy et al. testing the EAR Classic foam
earplug.6 This study includes data from both Method A and
Method B for the EAR Classic. The comparison shows that
the mean attenuation for our foam earplug is as good or better than the results achieved with Method A protocol and far
better than results achieved with Method B. This comparison
indicates that the leakage test does the job of the supervisor
in the Method A situation. It ensures that the subject inserts
the foam earplug deep enough in the ear canal to achieve high
attenuation.
The data show that an extra earmuff has a moderate benefit
over single protection when the earplug itself has a very high
attenuation, which is the case for the foam plug. This situation can be explained by the fact that the total attenuation of
the foam plug is approaching what is called the bone conduction (BC) limit, particularly at 2 kHz.5 The BC limit is a term
describing all pathways from an external source to the cochlea
except through the ear canal. The BC represents a limit to
achievable attenuation obtainable by sealing off the ear canal.
At 125 Hz the extra attenuation is merely 0.3 dB when an
extra earmuff is placed over the foam earplug. One could expect a better gain for the extra protection, and the explanation
might be the connection wire between the control unit and the
transducer housing connected to the earplug. This wire might
produce a leak in between the earmuff padding and the skin.
A small leak like this one would be inductive and lower the
attenuation at the lowest frequencies only.
It is interesting to see how double protection shows almost
identical attenuation despite the difference of the two earplugs
alone. From this phenomenon, one can draw the conclusion
that if high attenuation is needed in all frequency bands, then
either of the two earplugs can be used in addition to an earmuff.
The extra protection of the earmuff havs the obvious advantage
in that even the less efficient silicone earplug will succeed in
reaching high attenuating figures. This could enable the use
of potentially more comfortable earplugs. The foam earplug
will, on the other hand, attenuate very efficiently alone if worn
correctly. It will in most cases not need the additional protecInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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tion offered by extra earmuffs. In low to moderate noise levels
the silicone earplug will possibly suffice alone, in addition to
being the most comfortable solution.
The leakage test for the silicone earplug identified three individuals with attenuation lower than 12 dB at the lower frequencies. In these instances the test warned the users of less
favourable fittings, which is exactly what the test is designed
to do. For the foam earplug, on the other hand, the picture
is slightly more confusing. Two of the fittings rejected by the
leakage test have fairly good attenuation. The explanation for
this particular result may be that the ’leakage test’ has several
functions. One is to control the functionality of the transducers. Detailed investigations of the data for the two fittings in
question indicate that the rejection was due to the blocking of
the transducer tubing against the ear canal wall, and not a leak.
The report from the leakage control does not discriminate between a real leakage and this kind of situation. It simply identifies it as an error.

4.3. Variability
The standard deviation for the foam plug is around 4 dB
for all frequencies except the two mid frequencies 500 Hz and
1000 Hz. It is worth noting though that this high variability
partly comes from a series of very high attenuating fittings at
these frequencies, exceeding 45 dB! These high attenuation
outliers are therefore positive with respect to protection even
though they produce higher variability.
As mentioned, many of the test subjects complained about
the silicone plug because they felt that it easily moved out of
position during the test. Small movements might cause large
leakages, which might at least partially explain the somewhat
higher standard deviation and lower attenuation results for the
silicone plug.
When the earplugs are badly fitted, the dominant sound
transmission paths are different for the foam and silicone
earplugs. The silicone-moulded earplug is either correctly inserted, causing attenuation as a typical custom-moulded silicone earplug, or it is misplaced, leading to a severe lowfrequency leak. These bad fittings produce outliers with very
low attenuation. These outliers will not lead to large changes
in the mean attenuation, but they will increase the standard deviation. In our test these outliers were mostly detected and corrected by the leakage test. When comparing our results from
the silicone earplug with the data reported by Murphy et al.
we can see this [case] clearly.6 The result for the product ’dB
Blocker’ is shown in Table 5. It is a product similar to our
moulded plug. Our results for the mean attenuation is almost
identical to the results reported there. Our results for the standard deviation, on the other hand, are better than the results reported in this article when Method A protocol was used. This
observation indicates that the leakage test has reduced bad fittings in our tests by acting as a supervisor, ensuring proper
insertion of the silicone plug.

5. CONCLUSION
The results of the testing show that the attenuation of the
foam earplug is very good. Its silicone counterpart had 8 dB
-10 dB lower attenuation at the mid frequencies, but it also had
fairly good attenuation at all frequencies. Moreover, by comparing the data from our study with other studies we can see
International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

that the leakage test of the system works as intended.5, 6 The
leakage test warns the user if the earplug is not optimally fitted
or has a leak, and it works as a supervisor of the fitting process. Thus, the leakage test lowers the mean attenuation of the
resulting data for the foam earplug and lowers the variability
of the resulting attenuation for the silicone earplug.
When an earplug is used in conjunction with an earmuff the
resulting attenuation does not rely as much on the attenuation
of the specific earplug itself. This finding shows that the less
efficient silicone earplug can be used beneath an earmuff and
result in very good attenuation.
It is important to notice that the end result in protection is
dependent upon the hearing conservation program (HCP) and
the actions taken when leakage is detected. If one is to take
full advantage of the leakage control functionality of the system, a ’no work’ if warned is mandatory. If one is to take full
advantage of the leakage control functionality of the system,
a warning that the earplug is not working properly must be
heeded. In a future situation it might be possible to program
the system to check the fit during work hours and not only at
power up. This capability might be able to increase safety and
protect the user in situations where the earplugs slide out or are
misplaced during work
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A speech intelligibility model was developed and validated for use in workplace environments with hazardous
noise levels that require the use of hearing protection devices (HPDs). Two speech perception studies were carried
out in laboratory simulations of eight workplace noise environments. The first experiment (n = 32 normal-hearing
individuals) was used to develop a general model for speech intelligibility that can be tuned to the specific characteristics of the noise. The second experiment (n = 35) was used to validate the general model for use with listeners
covering a wide range of hearing profiles (up to severe hearing loss) and wearing HPDs (earplugs or earmuffs).
The model took into account the characteristics of the noise, the signal-to-noise ratio (SNR), the attenuation of
the hearing protector, and the hearing status of the listener. Good prediction of speech intelligibility scores in
noise with HPDs required the use of correction factors to deal with both audibility (threshold) and distortion (supra
threshold) effects arising from hearing loss. Correction factors due to audibility effects were computed from the
Speech Intelligibility Index and the pure-tone audiogram. Correction factors due to distortion effects were based
on the Hearing-in-Noise Test.

1. INTRODUCTION
Workplace noise is a major problem for many industrial and
military work environments. In addition to permanent hearing loss, high noise levels can cause temporary loss of hearing
and can compromise speech communication, sound localization, and warning sound detection, all of which can jeopardize
worker and public safety.1 Although the preferred method to
minimize the adverse effects of workplace noise is through the
use of engineering noise control and abatement measures, there
are many instances where this is not technically possible, practical or economical, or does not reduce noise to safe levels.1–3
Hearing protection devices (HPDs) have therefore played an
important role in hearing conservation programs and are likely
to continue into the foreseeable future.
The proper selection, fit and use of hearing protectors have
been extensively studied3 and are the object of national and international standards.4–7 The attenuation provided by hearing
protectors must be such that the resulting exposure is below
the regulatory limit, typically an A-weighted level of 85 dB in
most jurisdictions. Overprotection is not recommended, however, since workers may feel isolated from the surrounding environment, and it can deter proper communication, which is
crucial for job efficiency and safety in the workplace. Accordingly, hearing protector standards, such as CSA Z94.2-024 and
EN 458:2004,5 recommend that the attenuation provided by
HPDs be such that the protected noise level falls 5–10 dB below the regulatory limit for optimal device selection, taking
into account hearing health and general communication needs.
The broad HPD selection guidelines above do not directly
take into account the exact hearing status of the worker or the
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specific communication situation and auditory task at hand.
Moreover, while current standards provide guidelines on the
target protected noise level, it is well known that speech recognition depends on the spectral and temporal characteristics of
the noise,8–10 independently of global level. Giguere et al.,9 for
example, have found a range of 7 dB in the signal-to-noise ratio
(SNR) required for normal-hearing subjects to reach 50% word
intelligibility over a set of representative workplace noises
from the Department of Fisheries and Oceans Canada. Rhebergen et al.10 have found a range of 15 dB in the SNR required for 50% sentence intelligibility in normal-hearing subjects over a set of real-world steady and fluctuating background
noises. Larger differences are expected for hearing-impaired
individuals and when HPDs are worn. Hence, it remains difficult to ensure proper selection of hearing protectors in practice. Such difficulties are recognized in some standards. For
example, EN 458:2004 recommends that tests be performed in
the actual workplace in various noise conditions over a typical
working day or week to verify proper audibility of signals and
adequate ability to communicate by the individuals wearing
the selected HPDs.5
The effects of HPDs on signal detection and speech perception depend on the complex interaction among several factors including attenuation, hearing loss, and the level, spectral and temporal characteristics of the noise and target signal. HPDs do not generally affect the perception of warning
signals or speech, and they can even improve it for normalhearing individuals in high-noise environments due to a release from perceptual distortion at loud speech and noise levels.3 On the other hand, hearing protectors can compromise
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the audibility of warning signals and speech communication
in some individuals, especially for workers with occupational
hearing loss.1, 3, 11–14 In these individuals, the combined effects of hearing loss and attenuation may be such that high
frequency components are no longer audible. Abel et al.,11
for example, have found significantly lower word recognition
scores by 10% to 50% in subjects with high-frequency or flat
hearing losses when wearing earmuffs and earplugs in quiet
and in noisy backgrounds at an A-weighted sound pressure
level of 85 dB. No significant effects of HPDs have been noted
for normal-hearing subjects. Lindeman has measured the effects of earmuffs on word recognition in a noise background at
an A-weighted sound pressure level of 90 dB as a function of
the degree of hearing loss for a population of industrial workers.14 About half of subjects with normal hearing or mild hearing loss showed no evidence of improvements or decrements
when wearing earmuffs, while about 35% of subjects showed
an improvement and 15% showed a deterioration. This trend
reversed as the degree of hearing loss increased; only 17%–
22% of subjects with moderate to severe hearing loss showed
an improvement in word recognition, while 50%–65% showed
a deterioration.
In trying to characterize the hearing status of listeners for
speech intelligibility predictions, the two-component conceptualization of hearing loss from Plomp is most useful.15 According to this concept, the consequences of hearing loss on
speech understanding can be interpreted as a combination of
two distinct components: an audibility or attenuation component (class A) that is related to absolute hearing thresholds and
characterized by a reduction of the level of all sounds reaching
the ear, and a distortion component (class D) that affects the
processing of supra threshold sounds in the ear. It is important
to point out that the “distortion” component discussed here is
not in the physical or electroacoustic domain, but is perceptual in nature and is related to sub-optimal auditory processing
(e.g., loss in spectral or temporal resolution) or other individual factors such as age and cognitive issues affecting speech
understanding.16
The degree of hearing loss, as derived from the pure-tone
audiogram and expressed in decibels of hearing level (dB HL)
from mild (25–40 dB HL) to profound (≥90 dB HL), is a
direct measure of the audibility (absolute threshold) component of hearing loss. On the other hand, speech perception in
noise tests are typically used to quantify the distortion (supra
threshold) component. The latter is expressed by the generally greater signal-to-noise ratio (SNR) required by individuals
with hearing loss to reach performances similar to those with
normal hearing (also commonly referred to as the SNR loss).
In analyzing different data sets relating SNR loss to audiometric data, Killion and Niquette report a spread of 15 dB to 20 dB
in SNR loss among individuals with similar pure-tone hearing
threshold averages, highlighting the need to consider both the
audibility and distortion components of hearing loss for speech
intelligibility predictions.17 In their meta analysis of previous
studies, Vermiglio and Soli show that weak correlations are
obtained between hearing thresholds and speech recognition
in noise once audibility of the test stimuli is fully accounted
for, results again consistent with the two-component concept
of hearing loss.18
The Articulation Index19 and its later revision, the Speech
Intelligibility Index (SII),20 have previously been used to ac-

count for the audibility component of hearing loss and as predictors of speech recognition performance with and without
HPDs.21, 22 The SII takes into account the level and spectrum
of the background noise, the level and spectrum of the speech
signal, as well as the hearing threshold levels of the listener to
compute a measure or index that is highly correlated to speech
intelligibility under a variety of adverse listening conditions.
The main idea behind the SII is that, within a certain range
from about –15 dB to +15 dB, a higher SNR increases speech
intelligibility, but the various frequency components do not
contribute equally to intelligibility. The outcome of the SII
calculation is a value between 0 to 1 that is interpreted as the
proportion of speech cues available to the listener, given the
background noise, the speech signal and the hearing thresholds
of the listener.
On the other hand, the Hearing-in-Noise Test (HINT),23
an adaptive measurement of the speech reception threshold
(SRT), has been used to account for the distortion component of hearing loss and to predict speech recognition performance at supra threshold levels for a wide range of workplace
noise characteristics and individuals.9 Using 20-sentence lists,
a HINT SRT (level or SNR required for 50% sentence intelligibility) is measured in quiet and in three spatial configurations
of speech-spectrum noise at an A-weighted level of 65 dB: (1)
noise from the front (NF), (2) noise from the right (NR), and
(3) noise from the left (NL) with speech stimuli presented from
the front. A noise composite (NC) score can also be computed
[(2 × N F + N R + N L)/4] to represent overall functional
ability for speech perception in noise. The HINT is performed
under binaural listening conditions, in the sound field or using
headphones. A higher-than-normal SRT indicates that the individual requires a more favourable (higher) presentation level or
SNR than the average individual with normal hearing to reach
the same speech recognition performance. The deviation from
the normative data indicates the SNR loss in dB.
The aims of this paper are (1) to quantify the effects of
the main variables affecting speech intelligibility for normalhearing individuals and those with hearing loss and/or wearing hearing protectors; and (2) to develop a predictive model
of speech perception in noise that can account for the hearing
status of the listener (audibility and distortion components),
the characteristics of the noise, and the attenuation of hearing
protectors. The latter is an extension of the model in Giguere
et al. for listeners wearing hearing protectors and where both
components of the hearing loss are considered in the predictive model.9 This work is carried out in two phases: model
development with normal-hearing subjects in open-ear listening (section 2), and validation with subjects with a wide range
of hearing profiles with or without wearing HPDs (section 3).
Potential applications of the model relevant to the military and
industrial workplace environments are discussed in section 4.
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2. MODEL DEVELOPMENT (PHASE I)
The purpose of Phase I was to develop a general statistical
model of speech perception for listeners with normal hearing
in open-ear conditions (without any type of HPD), that is applicable over a range of workplace noise environments. Experimental and modelling procedures followed those described in
a previous project.9 The generalized model developed in this
phase provided a baseline to predict the effects of hearing loss
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Figure 1. One-third octave band spectra for the eight environmental noises over the entire duration of recordings.

and use of HPDs on speech intelligibility in noise, as described
in Phase II (section 3).

2.1. Noise Environments
A set of eight noise environments relevant to the Canadian
Forces (CF) and Canadian Coast Guard (CCG) settings was
selected, covering land, air and sea operations and equipment
as summarized in Table 1. The LAVIII (Noise 1) and Bison
(Noise 2) are light-armoured troop carrier and combat wheel
vehicles, and the M113 (Noises 3 and 4) is an armoured and
158

mechanized combat support vehicle on caterpillar tracks. The
Hercules (Noise 5) is a fixed-wing transport plane used for
airlifting troops, equipment and cargo, as well as in search
and rescue and air-to-air refueling operations. The Griffon
(Noise 6) is a multi-use tactical support helicopter. The remaining two environments were aboard CCG vessels in various mechanical rooms and compartments (Noise 7) or in the
engine room (Noise 8). Table 1 provides additional information on the operating conditions, the total duration of calibrated recordings available, and the acoustical characteristics
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Table 1. Recording conditions and acoustical characteristics of the eight noise environments.
Noise Environment
Noise 1 (LAVIII)

Type
Land

Noise 2 (BISON)

Land

Noise 3 (M113)

Land

Noise 4 (M113)

Land

Noise 5 (HERCULES)

Air

Noise 6 (GRIFFON)

Air

Noise 7 (3 CCG VESSELS)

Sea

Noise 8 (1 CCG VESSEL)

Sea

Recording Conditions
Driver and crew commander positions
over rough terrain and highway
Driver and crew commander positions,
vehicle idle
Driver and operator positions
moving at 5 mph
Driver and operator positions,
vehicle idle
Flight engineer position
during takeoff and climb
Low hover doors open,
several landings
Shaft room, steering compartment,
lower propulsion room,
machine rooms and workshops
Engine room

of the noises. The A-weighted equivalent sound pressure level
in the eight noise environments (Leq ) ranges from 87.2 dB to
97.3 dB. The fluctuation in sound level (L10–L90) was calculated over 4-second intervals (the approximate duration of
a short verbal exchange) and ranges from 2.3 dB to 14.6 dB
across noises. The one-third octave noise spectra are shown
in Fig. 1. From these spectra, the average spectral slope was
calculated: it ranges from –1.1 dB/oct to –4.1 dB/oct across
noises.

Dur. (min)
13

LAeq (dB)
95.3

L10 -L90 (dB)
14.6

Slope (dB/oct)
-4.1

8

89.5

4.2

-2.6

9

97.3

5.7

-3.0

9

95.5

4.8

-1.1

5

98.7

6.3

-2.8

5

95.6

2.3

-3.2

215

87.2

14.2

-2.2

29

94.6

2.5

-1.1

The screening assessment of hearing was performed in a
double-walled audiometric room, whereas speech listening

tests in the workplace noises were carried out in a noise simulation room. The inner dimensions of this room are 4.29 m
× 3.65 m × 2.42 m (length × width × height). A total of 35
wall and ceiling panels (4 inches thick) can be changed from
sound reflective to sound absorbent to modify the reverberation
characteristics and sound field in the room.
In view of the reflective surfaces and enclosed spaces aboard
military vehicles, air carriers, and ship mechanical rooms in
which the noises were recorded (Table 1), a diffuse sound field
presentation of the noise was targeted for the laboratory simulations, while a quasi-free frontal sound field was targeted
for the speech signal. A computer generated the noise and
speech signals through the two channels (left and right) of a
stereo soundcard. The two computer output signals (noise and
speech) were spectrally equalized to compensate for the room
response via a programmable multiprocessor. The equalized
noise signal was then split into separate channels and fed to
a power amplifier. Four tower loudspeakers (S1–S4), a bookshelf speaker on a stand (S5) and a subwoofer (S6) were used
to generate the noise within the simulation room. An additional loudspeaker (S7) was used to present the equalized
speech signals. The listener was seated near the middle of the
loudspeaker array, facing the loudspeaker (S7) generating the
speech signal at a distance of 1 meter (Fig. 2).
Extensive testing, which was based on the sound field qualification procedures in ANSI S12.6-1997 (R2002)26 for a diffuse sound field and ANSI S3.6-1996 (R2004)27 for a quasifree sound field, were carried out to search for an optimal location of the loudspeakers and configuration of the reflective and
absorptive wall panels. Over 15 different configurations were
tested. The final room configuration comprised 22 sound absorptive and 13 sound reflective panels distributed fairly evenly
over the walls and ceiling (Fig. 2). The floor was covered with
a thin carpet over one layer of 0.625 inch plywood and two
layers of 0.375 inch rubber mats.
Uniformity of the diffuse sound field generated by the noise
loudspeakers (S1–S6) in the final configuration was tested by
measuring the range in octave-band levels over the reference
listening point (subject and chair absent) and six positions offcentered by 15 cm in the left-right, up-down, and front-back
axes, using pink noise stimuli and an omnidirectional microphone (Brüel & Kjaer type 4189). Left-right differences were
1.9 dB or less in each octave band, and the range over the
seven positions was 3.7 dB or less. Directionality of the diffuse sound field was also tested using a cardioid microphone
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2.2. Participants and Procedures
Thirty-two English-speaking adults (15 males and 17 females) between 20 and 56 years of age participated in this
phase. In addition to having normal hearing, participants also
had negative otologic history and normal middle ear function. The experimental protocol included the following screening procedures: (1) audiometric and tympanometric measurements in each ear, and (2) binaural SRT measurements for
sentences using the American English HINT test in one quiet
and in three noisy conditions (NF, NR and NL) under headphones.24, 25 Measured hearing thresholds were used to confirm normal hearing sensitivity, defined as air conduction detection thresholds for pure tones no greater than 25 dB HL between 250 Hz and 8000 Hz in each ear. HINT scores were
used to calculate for each subject the difference between the
measured SRT thresholds and the normative data for sentences
in the three noisy listening conditions (NF: –2.6 dB SNR; NR
and NL: –10.1 dB SNR) and the computed noise composite
(NC: –6.4 dB SNR).23, 25
Speech listening tests were then conducted in laboratory
sound field simulations of the eight workplace noise environments described in Table 1. Each subject was tested in four of
the eight noises. In each noise, two lists of 20 HINT sentences
were presented at two different fixed SNRs. The exact SNRs
depended on the noise environment and subject. They were adjusted to target a percent correct score between 20% and 80%
to provide a good coverage of the psychometric function in
each noise across the pool of subjects. Subject responses were
scored as percent word intelligibility calculated over the approximately 100 keywords in each HINT list.

2.3. Experimental Setup for Listening Tests
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pling procedure was repeated independently for each subject
and noise environment to use as much of the available noise
data as possible. A software interface controlled the SNR that
was selected for each HINT list and the stimulus presentation
sequence. Noise began 0.5 second before each sentence and
typically lasted 1.0 second or more after the sentence ended.

2.4. Data Analysis and Results

Figure 2. Layout of the simulation room and loudspeaker configuration.
Sound absorptive and reflective panels are represented by hatched and unfilled surfaces, respectively. S1–S6: Loudspeakers used to generate noise. S7:
Loudspeaker used for speech signals.

(Sennheiser ME64), with front-to-back rejection greater than
25 dB, rotated in three orthogonal planes at the reference point.
The range in octave-band levels was 6.2 dB or less in each
plane and octave band, except at 2000 Hz in two planes where
the range reached 8.2 dB due to a lower sound level coming directly above. Finally, uniformity of the quasi-free sound field
from the speech loudspeaker (S7) was tested. Left-right differences were 0.5 dB or less in each octave band, and the range
over the seven positions was 4 dB or less. The speech transmission index measured between the speech loudspeaker and
the reference point was 0.97 (no noise present), indicating that
speech perception would be unaffected by the stimulus delivery system and room characteristics.28
During the listening tests in the simulated environments, the
20 sentences in each HINT list were individually presented
with a different 4-second long noise segment. A sampling procedure was devised to extract a subset of 4-second noise segments from each environment that closely matched the underlying acoustical characteristics of the entire recordings from
that environment (Table 1). Typically, the A-weighted equivalent sound pressure level of the noise subset was within 0.2 dB
of the level of the entire noise data from the environment, and
the spectral slope was within 0.1 dB/oct. This strategy ensured that the extracted subset of 4-second noise segments was
a good representation of the environment so that the speech
listening results would reflect the characteristics of the entire
environment, not just one typical noise segment. The sam160

The intelligibility data were analyzed to develop a generalized model of speech perception in the selected noise environments. The steps leading to this generalized model are found
in Fig. 3.
The data (percent word intelligibility versus SNR) across the
32 subjects were pooled to derive psychometric functions in
each of the eight noise environments. Prior to pooling, the data
were first normalized using the HINT results for each individual. For example, if a subject’s HINT SRT score was 1.5 dB
worse than the norm, 1.5 dB was subtracted from the SNRs
used to test that subject in each noise environment and vice
versa. The adjusted data are referred to as HINT-normalized
scores. By normalizing the data in this way, individual differences in intelligibility or supra threshold performance among
normal-hearing subjects were compensated in the pooled data
to better reflect the characteristics of each noise environment.
Individual differences in hearing thresholds did not require
compensation since the screening level of 25 dB HL was sufficiently low to prevent audibility effects, given the high noise
levels in the selected environments.
The HINT-normalized percent intelligibility data were then
transformed into intelligibility z-scores to linearize their relationship to SNR. These transformed scores were plotted as
a function of SNR, and linear regressions were calculated
for each noise environment. The SNR corresponding to a ztransformed score of 0.00 (i.e., 50% intelligibility) was defined as the noise “offset intercept” (Table 2). Across noise
types, 50% intelligibility offsets ranged from –13.5 dB SNR to
–8.0 dB SNR. The slope of the linearized psychometric functions were found to be similar across noises (Table 2).
Using the noise-specific offsets found in Table 2, the intelligibility data across the various noises were further normalized
to obtain a generalized model for speech perception in noise
(Fig. 4). For this purpose, the offset intercepts were used to
shift the midpoint of the intelligibility function in each environment to a normalized SNR of 0 dB, yielding a single data set
relating HINT- and environment-normalized SNRs to intelligibility for normal-hearing individuals. Essentially, the generalized model found in Fig. 4 represents the relationship between
SNR and intelligibility for normal-hearing subjects in open-ear
conditions after the variability due to differences in noise environments and individual subjects has been removed. Along
with noise-specific offsets (Table 2), the generalized model can
be used to predict intelligibility in different noises based on the
individual’s HINT score under conditions where audibility is
not a factor.

3. MODEL VALIDATION (PHASE II)
The model developed in the previous phase was validated
for use in predicting speech intelligibility for subjects with
possible hearing loss and/or use of hearing protectors. First,
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Figure 3. Procedures used to derive the SNR offset intercepts and the generalized model of speech perception in the noise environments (Phase I).
Table 2. Parameters of the linear regressions relating the z-transformed intelligibility scores to the SNR in the eight noise environments for normal-hearing
individuals in open-ear conditions (Phase I). SNR data normalized based on
the HINT Noise Front.
Noise
Environment
Noise 1
(LAVIII)
Noise 2
(BISON)
Noise 3
(M113)
Noise 4
(M113)
Noise 5
(HERCULES)
Noise 6
(GRIFFON)
Noise 7
(3 CCG VESSELS)
Noise 8
(1 CCG VESSEL)

Type

Offset Intercept

Slope

Land

(dB SNR)
-10.6

(z units/dB)
0.24

0.80

Land

-13.5

0.22

0.79

Land

-8.2

0.25

0.64

Land

-10.7

0.21

0.66

Air

-8.3

0.24

0.60

Air

-8.0

0.22

0.57

Sea

-10.3

0.21

0.74

Sea

-8.7

0.17

0.61

r2

speech perception data was collected with subjects covering a
wide range of hearing profiles, with and without use of hearing
protectors, to provide a large test dataset (sections 3.1–3.3).
Secondly, the model developed in Phase I was refined to include the effects of the audibility component of hearing loss
and use of HPDs and was tested against the perceptual data
(section 3.4).

Figure 4. Generalized model of speech perception in the noise environments
for normal-hearing individuals in open-ear listening conditions (Phase I). The
intelligibility data on the vertical axis is expressed in z-transformed scores (top
panel) and percent word correct (bottom panel). The SNR is normalized along
the horizontal axis using the subject-specific HINT Noise Front threshold and
the noise-specific offset intercepts. The lower and upper dashed curves on the
bottom panel are 5th and 95th percentile performance bounds.

3.2. Participants and Procedures

Only four of the original eight simulated noises (Noises 1,
2, 4, and 6) were selected for this phase to ensure adequate
coverage of each noise, given the limited number of HINT sentence lists. The four noises chosen cover the range of acoustical (Table 1) and psychometric characteristics (Table 2) of the
eight original noises. Noise 1 is highly fluctuating (L10–L90
= 14.6 dB) and possesses a steep downward spectral slope (–
4.1 dB/oct). Noise 2 has a low A-weighted equivalent level
(LAeq = 89.5 dB) and a low noise-offset intercept (–13.5 dB
SNR). Noise 4 has a shallow spectral slope (–1.1 dB/oct) with
a concentration of energy in the mid-frequencies. Noise 6 is
the least fluctuating (L10–L90 = 2.3 dB) and has the highest
noise-offset intercept (–8.0 dB SNR).

Thirty-five additional English-speaking adults (20 males and
15 females), between 19 and 84 years of age, with hearing profiles ranging from normal hearing to severe hearing losses took
part in this Phase II. No restriction was placed on whether the
hearing loss was of conductive, sensorineural, or mixed origin.
The experimental protocol included the same screening procedures (audiometry, tympanometry, four HINT conditions) as
in Phase I (section 2.2) to document audibility and distortion
components of the hearing loss, if any. To ensure proper measurement of the distortion component,18 the HINT noise was
increased to an A-weighted sound pressure level of 70 dB or
75 dB in four subjects with highly elevated hearing thresholds
to deliver the masking noise at least 20 dB over their HINT
threshold in quiet (HINT Pro 7.0 User’s and Service Manual,
Bio-logic Systems Corp.).
Speech listening tests and HPD attenuation measurements
were then carried out in the simulation room described in section 2.3. Two hearing protectors were selected for these mea-
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3.1. Noise Environments
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Figure 5. Hearing threshold data for subjects in Phase II.

Figure 6. Distribution of HINT thresholds in noise front and noise composite
for subjects in Phase II. Vertical dash lines indicate the normative score in each
condition. Data to the right of normative boundary indicate elevated speech
reception thresholds.

surements (Peltor H10A earmuff and AOSafety Indoor Range
E-A-R Plug). Each subject was tested using one of the two
HPDs due to constraints on the number of available HINT
lists. Subjects were naive users of hearing protectors. They
fitted their own hearing protectors under experimenter supervision following verbal instructions and demonstration. Subjects
were asked to refit if a good fit could not be ascertained by the
experimenter; however, no subject was dismissed if a good fit
could not be achieved after repeated trials.

3.3. Experimental Results

For the speech listening tests, each subject was tested in two
noise environments at two different fixed SNRs, with and without HPD, using 20-sentence HINT lists. The exact SNRs were
dependent on the noise environment and subject, and they were
adjusted so as to achieve a percent correct score between 20%
and 80% based on the HINT composite score for each subject. Speech (loudspeaker S7) and noise (loudspeakers S1–S6)
stimulus delivery was as in Phase I.
The HPD attenuation measurements were conducted at five
one-third octave pink noise bands (250 Hz, 500 Hz, 1000 Hz,
2000 Hz, and 4000 Hz) using a real-ear at threshold method.
Owing to a possible difference in attenuation of the speech
and noise stimuli during the listening tests with HPDs, attenuation measurements were carried out in both the quasi-free
sound field from loudspeaker S7 and the diffuse sound field
from loudspeakers S1–S6. An automatic audiometric procedure meeting the requirements in section 7.5 in ANSI S12.61997 (R2002)26 was used for all unprotected and protected
threshold measurements.
162

3.3.1. Hearing Thresholds and HINT Screening
The hearing thresholds of the 35 subjects are plotted in
Fig. 5, and it is apparent that they cover hearing profiles that
range from normal hearing to severe losses. Seven individuals
had normal hearing sensitivity defined as air conduction detection thresholds for pure tones no greater than 25 dB HL between 250 Hz and 4000 Hz in both ears, twenty-four had sensorineural hearing losses, one had a conductive loss, and three
had mixed hearing losses. Twenty-five subjects had symmetrical hearing and ten had asymmetrical hearing losses defined as
interaural threshold differences ≥ 10 dB at three frequencies
or ≥ 15 dB at two frequencies or ≥ 20 dB at one frequency.
The distribution of HINT performance was tallied over the
35 subjects in the three experimental noise conditions (NF,
NR, NL) and the computed noise composite (NC). The distributions for NF and NC are shown in Fig. 6. All distributions are skewed towards elevated HINT thresholds compared
to the normative data (vertical dashed lines in Fig. 6), indicating supra threshold distortion deficits for this subject sample.
SNR losses extend up to 6.1 dB in the noise front condition
and up to 8.9 dB for the noise composite.
3.3.2. Hearing Protector Attenuation
HPD attenuation was calculated for each subject as the difference between protected and unprotected detection thresholds in each noise band. The attenuation data pooled across
subjects are summarized in Fig. 7 for quasi-free field and diffuse noise field conditions and the two selected HPDs. Mean
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Figure 7. Mean hearing protector attenuation values for the AOSafety Indoor
earplugs (n = 18) and Peltor H10A earmuffs (n = 17) in the quasi-free
and diffuse field measurement conditions in Phase II. Error bars represent ±1
standard deviation.

attenuation is very similar (± 2 dB) in both noise fields for
both HPDs. For Peltor H10A earmuffs, measured attenuation closely mirrored the manufacturer’s data, whereas large
discrepancies were noted for the AOSafety earplugs. More
complex fitting procedures and individual differences in ear
canal shapes and sizes may partially account for these differences. A few subjects achieved nearly no attenuation with the
AOSafety earplugs. For both HPD types, the standard deviation for measured attenuation (AOSafety = 9.2 dB to 12.5 dB;
Peltor = 3.2 dB to 5.4 dB) was about twice the values reported
in the manufacturer’s data (AOSafety = 4.1 dB to 6.5 dB; Peltor = 1.8 dB to 2.5 dB). Larger standard deviations could be
attributable to differences in methodology (experimenter fit
of the protector for the manufacturer’s data versus supervised
subject-fit in this study).

profiles (Normal = hearing thresholds ≤ 25 dB HL at all frequencies; Slight/Mild = PTA ≤ 25 dB HL with of one or more
threshold above 25 dB HL; Mild/Moderate = PTA between 26
and 40 dB HL; Moderate/Severe = PTA ≥ 41 dB HL). Figure 8 shows scatter plots of protected (vertical) against unprotected (horizontal) paired percent correct scores under the
same conditions of noise environment and SNR, separately for
each hearing category. The data points that are located directly along the diagonal indicate identical performance with
and without HPD, while points above or below the diagonal
indicate better performance with or without HPD, respectively.
Figure 9 shows the mean difference in speech intelligibility
between protected and unprotected scores by hearing category
and HPD.
Hearing protectors did not seem to significantly hinder
speech intelligibility for subjects in the Normal category.
Speech intelligibility even improved in many cases (Fig. 8),
especially when using the AOSafety earplug, which yielded a
mean improvement of 7.7% in speech intelligibility (Fig. 9)
over the unprotected condition. For the Peltor H10A, wearing the device was essentially neutral in terms of speech intelligibility (mean decrease of 0.8%). When hearing loss
was present, both HPDs generally reduced speech intelligibility, an effect that increased rapidly with the degree of hearing loss from Slight/Mild to Moderate/Severe profiles (Figs. 8
and 9). The Peltor earmuffs yielded significantly larger deficits
in speech intelligibility than the AOSafety earplugs for subjects with hearing loss. For the two most severe hearing categories, intelligibility dropped to zero or near-zero values for
all subjects wearing the earmuffs, while some speech intelligibility remained with the earplugs (Fig. 8). In the most severe
category, speech intelligibility decreased by a mean score of
21.6% with the earplugs and 55.6% with the earmuffs (Fig. 9).
The findings above should not be interpreted as meaning that
the AOSafety earplugs are inherently superior to the Peltor earmuffs. More likely, the difference in speech intelligibility performance across the two protectors is due to the higher attenuation achieved by the Peltor earmuffs in our study (Fig. 7),
which, combined to the hearing loss, rendered speech cues less
audible than when wearing the AOSafery earplugs. Altogether,
the data illustrate the problem of overprotection in some cases
if hearing loss is present. In the context of this study, the intelligibility data provide a very extensive range of performance
scores and audibility conditions for model validation.

3.4. Predictive Model

Over all subjects and noise types, 138 pairs of data points
were obtained in the same noise at the same SNR, with and
without HPDs. The effect of wearing a HPD in this sample
set ranged widely across conditions and subjects, from an improvement in speech intelligibility of 32% to a deterioration of
76%. A mean decrease of 15.6% (SD: 23.9%) was found over
all paired conditions.
The effect of HPD was clearly dependent on a user’s hearing profile. To illustrate this effect, the five-frequency (500 Hz,
1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz) pure-tone average
(PTA) in the best ear was used to classify subjects into four

The generalized model of Phase I was extended to predict
the speech intelligibility data for the 35 subjects with various
hearing profiles under protected and unprotected conditions.
Figure 10 depicts the main steps. Essentially, the model combines the method previously developed by the authors to use
the HINT test to account for the effects of supra threshold distortion deficits in speech perception,9 together with the use of
the SII and audiogram to account for possible audibility effects
when HPDs are worn.21, 22 The predictions were based on the
individual’s audiogram (Fig. 5), HINT threshold (Fig. 6) and
hearing protector attenuation, the noise spectrum (Fig. 1) and
SNR used during listening tests, and the parameters of the psychometric function for each noise environment (Fig. 4 and Table 2).
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Figure 8. Unprotected versus protected speech intelligibility scores (% correct) in each noise environment by SNR condition for all subjects grouped into four
hearing categories ( AOSafety N Peltor).

Audibility corrections were calculated using SII procedures20 by matching the proportion of speech cues reaching
the listener under test (with and without HPD) to that of the
reference case (0 dB HL, open ear) assumed in the development of the generalized model of Phase I. For example, if elevated hearing thresholds and/or hearing protector attenuation
led to a decrease in SII value compared to a normal-hearing
unprotected listener, a compensatory dB increase in SNR was
calculated to overcome loss of audibility of speech cues. This
was done separately for each subject in each experimental condition. For the SII computations, the average hearing thresholds over the left and right ear was used for subjects with symmetrical hearing, and the best ear was used for subjects with
asymmetrical hearing losses. The HPD attenuation averaged
over the quasi-free and diffuse sound fields was used for each
subject. A mean audibility correction of 0.9 dB (range: 0.0 dB
to 6.4 dB) was obtained over all unprotected conditions, and
a mean correction of 3.8 dB (range: –1.3 dB to 28 dB) was
found over all protected conditions.
Distortion corrections, expressing the SNR loss of the individual, were derived once for each subject as the difference
between the measured HINT threshold in noise and the HINT
normative value. Across subjects, mean distortion effects of
1.8 dB (range: –0.6 dB to 6.1 dB) were obtained using the
HINT noise front test, and mean distortion effects of 3.0 dB
(range: –0.9 dB to 8.9 dB) were obtained using the HINT composite score (Fig. 6).
As shown in Fig. 10, the noise-specific offsets (Table 2) are
first used to shift the generalized psychometric function from
Phase I (Fig. 4) along the SNR dimension to reflect the characteristics of the noise environment. Then, the audibility and distortion corrections are added to obtain a subject-specific offset
that is used to further shift the psychometric function. The re164

Figure 9. Overall effect of hearing protectors on speech intelligibility in all
noise conditions as a function of hearing category (protected minus unprotected score). Error bars represent ±1 standard deviation.

sulting function applies to the specific noise, subject and HPD
(if used) under test. This procedure was used to predict the
speech intelligibility score in each condition, which was then
compared to measured performance. This yielded a total of
293 pairs of predicted versus measured percent word intelligibility data points.
Mean prediction errors are summarized in Table 3 for four
implementations of the subject correction factors into the predictive model: (1) no subject correction, (2) audibility correction only, (3) distortion correction only, and (4) both audibility and distortion corrections. Across all conditions (unprotected and protected), the addition of audibility and distortion corrections significantly improved the predictive ability of
the model, from a mean prediction error of 25.7% (no subject
correction factors) down to 15.8% (audibility correction only),
International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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4. DISCUSSION AND CONCLUSIONS

Figure 10. General method (top panel) to predict speech intelligibility scores
(% correct) for individual subjects using hearing protectors (Phase II). Example of shifting the generalized psychometric function along the SNR axis to
account for the noise-specific and subject-specific offsets (bottom panel).

14.2% (distortion correction only) to –0.1% (both corrections).
The standard deviation of the prediction error was also smallest
when both correction factors were used. The predictive accuracy is nearly similar in unprotected (mean error: –2.0%, SD:
13.3%) and protected (mean error: 1.7%, SD: 15.5%) conditions.
When attempting to predict unprotected speech intelligibility, the addition of an audibility correction did not significantly
decrease the prediction error when the model had already been
corrected for distortion (Table 3). However, when HPDs were
used, audibility issues were critical and needed to be taken into
consideration in the generalized model, in addition to distortion effects. Thus, superior performance was noted over all
conditions (unprotected and protected) when both audibility
and distortion correction factors were used with the generalized model.
Table 3. Mean prediction error (%) and standard deviation for four implementations of the speech intelligibility model.
Listening

All conditions
(N = 293)
Unprotected
(N = 140)
Protected
(N = 153)

Audibility
and
distortion
correction
-0.1
(SD=14.6)
-2.0
(SD =13.3)
1.7
(SD=15.5)

Distortion
correction

Audibility
correction

14.2
(SD=23.5)
5.2
(SD=11.9)
22.4
(SD=28.1)

15.8
(SD=17.8)
13.5
(SD=13.9)
18.0
(SD=20.6)

No
correction
(original
model)
25.7
(SD=24.0)
18.4
(SD=15.5)
32.4
(SD = 28.1)
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A predictive model of speech intelligibility was developed
and validated for use in workplace environments that are characterized by hazardous noise levels and require the use of
HPDs (A-weighted level ≥ 85 dB). The model is an extension of previous predictive tools applicable in less noisy workplace settings (A-weighted levels in the range 75 dB to 85 dB),
where HPDs are not typically used.9 Loss of audibility due
to elevated hearing thresholds is generally not a primary issue in the latter settings, and good prediction of intelligibility
in different workplace environments can be achieved through
knowledge of the characteristics of the noise and the SNR, and
the supra threshold deficits (distortion component) of the listener as measured by a standard clinical speech test like the
HINT.
In contrast, in environments where HPDs are required, the
combined effects of the listener’s hearing loss and HPD attenuation are such that speech cues can become inaudible, especially at high frequencies.1, 3, 12, 14 Extensive speech listening
tests were carried out in this study with subjects covering a
very wide range of hearing configurations under protected and
unprotected conditions in simulated workplace noise environments from the Canadian Forces and Canadian Coast Guard.
No adverse effects of HPDs were found for subjects with normal hearing thresholds (≤ 25 dB HL) compared to unprotected
listening. In contrast, sizeable decrements in speech intelligibility (sometimes down to 0% correct) were often observed for
listeners with hearing loss. The decrease in intelligibility generally progressed with the degree of hearing loss and amount
of HPD attenuation. These observations are in agreement with
previous studies.12, 14
Four implementations of the predictive model were evaluated to analyze the relative impact of the audibility and distortion components of hearing loss upon the accuracy of the
model to predict the speech intelligibility measurements. Results showed that predictions based solely on distortion corrections yielded good accuracy in unprotected ear conditions and
that audibility corrections provided relatively little added benefits, a finding consistent with previous work.9 However, in
protected conditions, both audibility and distortion corrections
were essential to minimize the mean and variable errors. The
mean error is less than 2% in protected and unprotected conditions with the full implementation of the model (Table 3),
indicating that no bias is introduced in the predictions. The remaining variable error is in the order of 13% to 16%. This error
is likely related to the accuracy in estimating the input parameters of the model. The standard deviation of within-subject repeated measurements with the HINT is about 1 dB in the noise
conditions, and the slope relating percent word intelligibility
to SNR is about 10%/dB for this test.23–25 The uncertainty in
measuring the distortion component of the hearing loss thus
introduces an error of about 10% in the predictive model, independently of the experimental condition. The uncertainty in
measuring hearing thresholds is typically about 5 dB, and this
uncertainty affected the accuracy of the audiogram and hearing
protector attenuation for each subject. It also introduced an additional predictive error in experimental conditions where audibility was the controlling factor for speech intelligibility (the
most severe hearing losses and/or when large attenuation was
achieved).
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Wilde and Humes have also developed and tested a predictive model for use with HPDs.21 Their method is based on the
AI (articulation index),19 a precursor to the SII,20 to account
for audibility effects. A prediction error of about 10% to 11%
in word recognition was found for normal-hearing and hearingimpaired listeners wearing earmuffs and earplugs, a somewhat
lower error than in the current study. However, the audiometric configuration of the hearing-impaired listeners was constrained to pure-tone thresholds no greater than 25 dB HL from
250 Hz–2000 Hz in their study with hearing loss present only
above 2000 Hz. In contrast, the current study comprised a
much wider range of hearing configurations, including hearing loss in the lower frequencies. Moreover, the fact that the
function relating AI to percent intelligibility was essentially
identical for normal-hearing and hearing-impaired listeners in
their study indicates that their subject sample did not seem to
include individuals with SNR loss. Wilde and Humes also carried out their study in only two steady-state noises (flat and
speech spectrum), whereas the current study was conducted
in simulated real-workplace noises and included the natural
spectral and level fluctuations of the sound recordings in the
word recognition task.21 These methodological choices likely
increased variability in the experimental measurements in our
study and presented a more challenging data set for the predictive model.
The research methods and predictive model of speech intelligibility developed here could be applied in the context of two
important applications of direct relevance to industrial and military environments, namely: (1) the optimal selection of hearing protectors, and (2) the establishment of functionally-based
hearing standards for the personnel.
Selecting the most appropriate HPD for a given listener and
task situation must take into account the requirements to both
reduce noise exposure to acceptable limits and to communicate
effectively with other individuals. Acoustical standards are
available to predict the effective protected sound level while
wearing HPDs. However, tools are currently lacking to make
detailed predictions of speech intelligibility in the workplace,
and overprotection situations can be difficult to identify. The
proposed model provides quantitative predictions of speech
intelligibility in noise to allow making more informed decisions regarding HPD selection in specific situations. While
developed with eight representative noises, the model can be
extended to a wider variety of noises by computing noisespecific model parameters (e.g., offset intercepts) using objective procedures such as described elsewhere.10 Ideally, the
prediction procedures would be integrated to the existing noise
databases describing the different operational settings and to
current HPD attenuation databases (e.g., NIOSH) to form a
comprehensive and practical tool for HPD selection and speech
communication assessment.
The second application addresses the issue of determining
the minimum functional hearing abilities necessary to ensure
safe and effective operations in noisy workplaces.29 Often, employers use a set of hearing categories based on hearing thresholds to grade hearing abilities and set minimum criteria for selected job trades, such as in the military or law-enforcement
sector. However, the relationship between hearing categories
and functional performance is uncertain, and likely depends on
the specific situation. As shown in the current study, hearing
threshold levels, which address the audibility component of a

hearing loss, can be highly relevant to predict speech intelligibility when wearing hearing protector devices. However, the
distortion component of a hearing loss is also required for accurate prediction of speech intelligibility when wearing HPDs,
and it is an essential component to consider under unprotected
conditions.
The predictive model can be applied to analyze communication situations critical to various military trades upon specification of the noise field, use of HPDs, distance between talker
and listener, vocal effort of the talker, and the required minimum speech intelligibility performance by the personnel. Such
analyses could provide objective information about the minimum level of functional hearing abilities needed by the personnel, as defined by hearing threshold levels and/or speech
reception thresholds in a reference noise. Here, the personnel
is screened simply using current clinical technology (e.g., audiogram, HINT test), yet the results can be empirically related
to actual communication situations. This general approach has
been successfully implemented for the officers of the Department of Fisheries and Oceans Canada.9
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Augmented or enhanced hearing protection devices (HPDs), as contrasted with conventional HPDs, which attenuate noise strictly through static, passive means, have proliferated in the past decade. These advancements in HPDs
are generally delineated into passive (non-powered) and active (powered electronic) designs. While passive augmentations are reviewed in a parallel paper elsewhere in this issue,1 active augmentations include various analog
and digital circuits for achieving electronic phase cancellation of noise; electronic modulated sound transmission
circuits, which amplify a passband of ambient sound and transmit it through the HPD (ceasing to amplify at a predetermined noise level); and tactical communications and protection systems (TCAPS), which may include any of
the aforementioned electronic elements plus microphone/receiver communications elements. The intended benefits
of electronic augmented HPDs, some of which are realized in practice and others not, include more natural hearing
for the user, improved speech communications and signal detection, reduced noise-induced annoyance, improved
military tactics, stealth and gunfire protection, and provision of protection that is somewhat tailored for the user’s
needs, noise exposure, and/or job requirements. This paper provides a technical overview of active augmented
HPDs that were available or have been prototyped circa early-2010. In some cases, no empirical research on the
augmentations and their performance was available in the research literature; in these cases, this review relied on
patents, corporate literature, and/or the author’s experience. For other technologies, a limited amount of empirical,
operational performance research was available and it is covered herein. Finally, in view that at the juncture of
this article the United States (U.S.) Environmental Protection Agency (EPA) was in the process of promulgating a
comprehensive new federal law to govern the testing and labeling of hearing protectors of various types, those elements of the proposed law pertaining to specific augmentation technologies are mentioned herein,2 along with that
proposed law’s cited ANSI standards, as well as ISO standards that address hearing protector attenuation testing.

1. INTRODUCTION
In 1996, Casali and Berger published an overview of the
state of the technology of hearing protection devices (HPDs).3
As that article is now outdated, the purposes of this article on
active (electronic) augmentations and its parallel article (also
in this journal issue)1 on passive augmentations, are: (1) primarily to update the earlier article with more comprehensive
coverage of new technologies, though not intended to be exhaustive as to all manufacturers and models; (2) to briefly
present the results of relevant research conducted in the intervening period on augmented HPDs; and (3) to briefly address
the issue of testing and labeling augmented HPDs as to their
attenuation and other performance characteristics under a recently proposed U.S. EPA regulation2 that is intended to ultimately supersede the current federal regulation4 , which does
not accommodate most electronic augmentation technologies.5
The testing issue was not addressed in the 1996 article,3 but it
is becoming increasingly important as consumers and safety
professionals attempt to select from a variety of augmented
168
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HPDs that are purported to offer certain hearing and protective
advantages, but which could not be comprehensively tested
and properly labeled under the current EPA regulation.4 The
discussion of relevant HPD testing standards in this paper concentrates on American National Standards Institute (ANSI)
standards because most of these standards have been recently
and extensively revised, and they are cited by the EPA in the
proposed new regulation.2 It is important to note, however,
that for completeness, this paper also references International
Organization for Standards (ISO) standards, which are used by
various countries.

1.1. Definitions Applied
In this paper and its parallel one,1 the terms “augmentation” and “augmented hearing protector” are intended to refer to any device that does not consist solely of a static passive attenuator, but that includes features involving electronics
or dynamic/adjustable passive acoustical impedance elements.
Also, the term “active” hearing protector is operationally deInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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fined as one that incorporates powered electronics of any type,
which are typically powered from a battery source. Herein,
the term “active” does not refer exclusively to devices of the
active noise reduction type, or of the active sound transmission/restoration type, but instead it encompasses both of these
varieties since they include powered electronics design features.

2. CONVENTIONAL PASSIVE
PROTECTION DEVICES

HEARING

So-called conventional hearing protection devices (HPDs)
constitute the vast majority of HPDs and generally consist of
earplugs that seal the ear canal by insertion into it, ear canal
caps that seal the canal at or near its rim, earmuffs that encircle
the outer ear, and, for very special cases, helmets that enclose
the cranium and the mandible.6 These devices achieve attenuation of noise strictly by passive means without the use of dynamic mechanical elements or electronic circuitry. When they
are properly selected for the situation and user and when they
are correctly worn, conventional HPDs yield adequate protection in nearly all industrial and recreational environments and
in most military and other very severe exposures. However;
due to the very nature of the attenuation that they provide,
concomitant deleterious effects on hearing quality and auditory performance sometimes arise.
It is important to recognize that conventional HPDs reduce
noise at the ear solely by passive means, and the attenuation
provided is the same regardless of incident sound level; that
is, the devices are level-independent or amplitude-insensitive.
Conventional HPDs are, at the time of this writing under the
prevailing EPA regulation,4 tested for spectral attenuation at
the threshold of hearing using a real-ear attenuation at threshold (REAT) standard (ANSI S3.19-1974; Experimenter-Fit
Method7 ); this standard is soon to be replaced by ANSI S12.620088 in the EPA’s newly proposed rule2 . The newer standard
incorporates changes in test subject qualifications, test frequencies and trials, and certain other aspects of calibration and
human subjects protocols over the now-defunct ANSI S3.191974 standard.7 For conventional HPDs, even though they are
currently and will continue to be tested using these thresholdseeking techniques, the attenuation achieved at threshold remains the same (or linear) throughout most of the dynamic
range of noises normally encountered in industry and other settings. Exceptions include extremely high levels of noise that
may excite the HPD on the human head, an example being the
separation of an earmuff cushion from the side of the head as
an explosion’s blast wave passes it. It is also noteworthy that
most conventional HPDs have spectral attenuation curves that
increase (i.e., more attenuation) nonlinearly as a function of
sound frequency, as is clearly depicted for three typical devices
in Fig. 1, and this imbalance of attenuation across the spectrum
creates an unnatural imbalance in perceiving sound pitch.3, 6
A major impetus for the development of augmented HPDs
has been the sometimes negative influence that conventional
HPDs have on the hearing ability of users. They have often
been implicated in compromised auditory perception, reduced
speech communication abilities, and degraded signal detection, recognition, and/or localization.9 Depending upon situational demands, these effects can create hazards for the wearer,
International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

Figure 1. 1/3-octave band mean spectral attenuation obtained with REAT procedures for three different styles of conventional HPDs, all exhibiting attenuation which generally increases with frequency. [Plotted by the author from
actual data.]

or at the very least, the wearer may resist using them. However,
HPDs are necessary and even mandated in many situations as
a countermeasure against the permanent injury to hearing that
can be induced by noise exposures. In the U.S., a major factor
in the proliferation of HPD use in workplaces was the promulgation in 1971 of the OSHA Noise Standard10 and in 1983
of the OSHA Hearing Conservation Amendment.11 Occupational laws requiring HPDs have also been legislated in many
other countries. Likewise, HPDs have been a staple piece of
personal protection equipment in the military for at least six
decades.9 Recently, there is evidence that HPDs are becoming
more popular among the general public; for example, for reduction of noise annoyance and improved audio signal fidelity
on airplanes and for engaging in loud recreational activities
such as target shooting, power tool operation, and noisy spectator events.9

2.1. Conventional HPD Effects on Hearing of
Speech and Signals with Design Implications
A user may reject hearing protection if it compromises
his/her hearing to the extent that sounds no longer appear natural, signals cannot be detected or localized, and/or speech cannot be understood. In some cases, too much attenuation may
be provided by an HPD for a particular noise situation, with
the concomitant effect that the user’s hearing is unnecessarily
degraded. In lay terms, this is commonly referred to as “overprotection”.3, 9
Overall, the research evidence on normal hearers generally suggests that conventional passive HPDs have little or
no degrading effect on the wearer’s understanding of external speech and signals in ambient A-weighted noise levels above about 80 dB, and may even yield some improvements with a crossover between disadvantage to advantage
between A-weighted noise levels of 80 and 90 dB, but the
actual results are situation– and user–specific.3, 9, 12–15 However, HPDs often cause increased misunderstanding and poorer
detection (as compared to unprotected conditions) in lower
sound levels where HPDs are not typically needed for hearing defense anyway, but they may be applied for the reduction of annoyance. In intermittent noise, HPDs may be worn
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during quiet periods so that when a loud noise occurs, the
wearer will be protected. However, during those quiet periods, conventional passive HPDs typically reduce hearing acuity.9 In situations where noisy and quiet periods are intermixed
(such as on a firing range), the HPD augmentation categories
of passive level-dependent (also called amplitude-sensitive1 )
and electronically-modulated sound transmission (also called
sound restoration) designs may be applicable. Respectively,
these devices provide minimal attenuation or more amplification of external sounds during quiet periods, but then as noise
levels increase beyond a certain point (which depends upon
the design of the HPD), increased attenuation, or less amplification, is provided.9

sound transmission HPDs and tactical communications and
protection systems (TCAPS) have been developed in an effort
to restore the cues for signal detection and localization that are
compromised by occluding the ears with a conventional HPD;
these will be discussed later.

2.2. Typical User Complaints and Other
Problems with Conventional HPDs

Since some of the high-frequency binaural cues (especially
above about 4000 Hz) that depend on the pinnae are altered
by HPDs, judgments of sound direction and distance may be
compromised. Earmuffs, which completely obscure the pinnae, radically interfere with localization in the vertical plane
and also tend to cause horizontal plane errors in both contralateral (left-right) and ipsilateral (front-back) judgments.15
Earplugs have been implicated in ipsilateral judgment errors,
but may cause fewer localization problems than muffs,15 although this has not been borne out in some studies which have
indicated that certain earplugs influence localization in similar magnitude to muffs.16, 17 Certain electronically-modulated

The safety professional often faces a dilemma in selecting
HPDs for the workforce. They must provide adequate attenuation for the noise threat at hand, but they may not provide
so much attenuation that the worker cannot hear important signals and/or speech communications. This is the dilemma of
underprotection versus overprotection. To emphasize the magnitude of this dilemma in a legal sense, the view of the injured
worker, acting as a worker’s compensation or civil tort plaintiff, is sometimes as follows: “The hearing protector provided
inadequate noise attenuation for defending my ears against the
damaging effects of noise, so I lost my hearing over time; or,
the hearing protector provided more attenuation than needed
for the noise that I was exposed to at work, and therefore
was the proximate cause of the accident when I was prevented
from hearing the forklift’s backup alarm and was run over”.
While these are extreme statements, they may indeed have
some validity in certain circumstances if the HPD is not properly matched to a worker’s needs, the noise exposure, and any
hearing critical requirements inherent in a job. In civil court,
these arguments potentially give rise to theories on which a legal foundation for recovery of damages may be based. From a
product liability approach, these claimed “failings” of the HPD
would typically fall under one or more of the premises of implied/express warranty, defective design, and/or known availability of alternative (ostensibly “better”) design features. The
latter point largely comprises the subject of this article. This
potential threat of litigation is becoming more of a concern for
both HPD manufacturers as well as employers who purchase
and prescribe the devices for workers.
To reduce worker complaints, and to some extent mitigate
the aforementioned dilemma of underprotection versus overprotection, certain features have been developed and integrated
into HPDs. By this point, it should be obvious that these
advancements are collectively termed augmentations, hence
the term augmented HPDs. For example, through the use of
electronic networks, the “attenuation” provided by these devices can be tailored to prevailing ambient noise levels, job demands, and/or user hearing abilities. Band-pass filters can be
incorporated to aid speech communication and/or signal detection. Uniform-attenuation devices allow more natural hearing,
which is an important consideration for some users, such as
musicians. By reducing excessive low-frequency noise, ANR
devices can reduce noise annoyance and sometimes alleviate
the masking of speech, even in objectionable noise situations
where hearing protection may not be required for prevention
of noise-induced hearing loss. The goal of all these features
is to foster the use of hearing protection by producing devices
that are more acceptable to the user population and amenable
to the working environment, as well as to afford better hearing under a protected state, which in some cases may result
in safer workers or military personnel. However, while these
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Noise– and age–induced hearing losses generally occur in
the high-frequency regions first, and for those so impaired, the
effects of HPDs on speech perception are not clear cut. Due
to their already elevated thresholds for mid-to-high frequency
speech sounds that are further raised by the protector, hearingimpaired individuals’ sensitivities are usually disadvantaged
by conventional HPDs.3, 9 Though there is no consensus across
studies, one particularly comprehensive review concluded that
sufficiently hearing-impaired individuals will usually experience additional reductions in communications abilities with
conventional HPDs worn in noise.15 For such individuals,
the augmentation that is sometimes purported (but largely unproven) to be beneficial is an HPD with an electronic hearingassistive circuit, termed herein as an electronically modulated
sound transmission or sound restoration HPD.3, 9
It is important to recognize that conventional passive HPDs
cannot differentiate and selectively pass speech or nonverbal
signal (or speech) energy versus noise energy at a given frequency. Therefore, conventional HPDs do not improve the
speech/noise ratio in a given frequency band, and this factor is
the most important one for achieving reliable detection or intelligibility.9 As a general trend, and especially so for earmuffs,
conventional HPDs attenuate high-frequency sound more than
low-frequency sound (see Fig. 1), thereby reducing the power
of consonant sounds that are important for word discrimination
and which lie in the higher frequency range.9 It is also true that
conventional HPDs also typically allow more low-frequency
noise through (as compared to high-frequency), thus enabling
an associated upward spread of masking into the speech bandwidth to occur if the penetrating noise levels are high enough.9
To bolster the low-frequency attenuation of conventional HPDs
(or to provide only low-frequency attenuation if the offending
noise warrants it), the electronic augmentation category of Active Noise Reduction (ANR) is available.
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goals are laudable, they are not always realized in practice. Relying upon empirical research evidence where available, herein
the operational performance for each electronic HPD augmentation technology will be discussed along with the basic design
features and approaches for each individual technology.
But first, prior to addressing each augmentation technology
on an individual basis, a brief overview of the measurement
techniques that are now used, or anticipated to be used for obtaining an HPD’s attenuation performance, and the consequent
product labeling, is presented. This background information is
prerequisite to understanding how the proposed new EPA product noise labeling regulation for hearing protection devices will
accommodate the testing for each augmentation technology.2

3. HEARING PROTECTION DEVICE
ATTENUATION MEASUREMENT
METHODS AND RELATED ANSI AND
ISO STANDARDS
3.1. Insertion Loss (IL) versus Noise
Reduction (NR)

Figure 2. Microphone locations for noise reduction (NR) and insertion loss
(IL) measurements on HPDs. [Illustration by the author.]

To understand how HPDs are tested and rated, it is first necessary to gain an appreciation for the basic laboratory attenuation measurement techniques. While almost all measurement techniques, including those which are human listenerbased (sometimes called ’subjective’) and those which are
measurement instrumentation-based (sometimes called ’objective’), are applicable to conventional, passive HPDs, some of
these techniques are amenable to certain augmented HPDs but
not to others. When HPD attenuation performance is quantified using microphone-based (i.e., physical) measurements,
two approaches are commonly used. In both cases, two distinct measurements are needed to quantify the performance of
the HPD: one to indicate the noise level to which the wearer
would be exposed if the HPD were not worn, and the other
to indicate the noise level to which the wearer would be exposed if the HPD were worn. The two approaches differ in
the number of microphones used to perform the measurements,
the locations of the microphones, and the time sequence of the
measurements.18, 19
The first of these methods is referred to as the insertion loss
(IL), wherein a single stationary microphone is used and two
measurements are performed, one with the HPD in place and
one without the HPD present.5 The IL is referred to in this
paper as the attenuation of the HPD. In Fig. 2, the attenuation
would be represented by the difference in the levels measured
at A and A0 (IL=A − A0 ). The microphone can be located
in an acoustical test fixture or in the concha or ear canal of a
human test subject or acoustical manikin. (As discussed below,
because real-ear threshold, i.e., listener-based, test procedures
also represent two distinct threshold measurements performed
at different times with and without an HPD in place, they are
also referred to as insertion loss measurements).5, 18
Noise reduction (NR), on the other hand, utilizes two microphones with the measurements made simultaneously on the
interior and exterior of the HPD. NR would be represented by
the difference in the levels measured at locations A0 and C0
in Figure 2 (NR = C0 − A0 ). As with insertion loss, NR

Most HPD attenuation data, at least for conventional HPDs
as earlier defined, are obtained using human subjects in a binaural threshold shift methodology referred to as Real-Ear Attenuation at Threshold (REAT). (Because this procedure relies on humans as the “transducers”, this procedure is often
referred to as a subjective procedure, but a more appropriate
term is psychophysical procedure.) As implemented in the old
ANSI HPD test standard (ANSI S3.19-19747 ) that is currently
required by the EPA,4 and in the recently proposed EPA rule2
that specifies ANSI S12.6-2008,8 subjects track their thresholds for 1/3-octave bands of noise with and without a hearing protector in place. (For S12.6-2008,8 these include bands
with center frequencies of at least 125 Hz, 250 Hz, 500 Hz,
1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz.) The difference
between the two thresholds (i.e., the threshold shift due to the
presence of the HPD) at each 1/3-octave band represents the
insertion loss of the hearing protector. The mean attenuation
and standard deviations for each 1/3-octave band are then used
for computation of a spectrally-composite, single-number rating to estimate the hearing protector’s attenuation for a certain percentage of the user population — in the current EPA
rule,4 this estimate, which is called the Noise Reduction Rating (NRR), is for the protection achievable by 98% of the population, but at this juncture it is expected that this will likely
change to a two-number NRR-like rating to provide a range of
percentiles in the EPA’s newly proposed rule.2 For simplicity
in the remainder of this article, the composite attenuation number rating will simply be referred to as the NRR, and therefore
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measurements may be made using test fixtures, manikins, or
human subjects. If human subjects are used, the measurements
obtained at C’ must be corrected for the transfer function of the
open ear (TFOE)5, 18 in the event that one wishes to calculate
IL from the NR data.

3.2. Real-Ear
(REAT)

Attenuation

at

Threshold
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this term should be taken to encompass any final rating scheme
that the EPA’s newly proposed rule1 will ultimately entail.
The REAT methodology, as just described, is recognized as
the most accurate method available in that it can account for
individual differences in the fit of the devices across the subject sample as well as the human bone/tissue conduction effect, which, as a flanking path, constitutes the ultimate limiting factor in HPD attenuation.5, 6 However, there are also
disadvantages associated with REAT, including: overestimation of the low-frequency attenuation of devices due to physiological noise (due to the fact that the HPD enhances low frequency bone conduction, resulting in inflated occluded thresholds); inter- and intra-subject variability; and the need for extremely quiet test environments.18 REAT cannot be used to
assess certain augmented HPD technologies comprehensively
(e.g., level-dependent attenuation, impulsive response attenuation, the active electronic component of ANR-based attenuation, etc.), thus the EPA has included other standardized testing techniques in its newly proposed rule,2 and these will be
covered in conjunction with each augmentation technology. It
is important to note, however, that in the EPA’s recently proposed rule,2 the EPA requires a REAT test per ANSI S12.620088 as a basis for labeling the passive attenuation of the device for all types of HPDs. Then, depending upon the particular augmentation involved, other microphone-based tests
using real ears or acoustical test fixture (ATF) tests are also
required for other components of attenuation. Internationally,
the ISO standard that is closest to Method A (i.e., testing HPDs
as near-optimally fit by trained subjects) of ANSI S12.6-2008,8
and which also relies on the REAT procedure, is ISO 4869-1:
199020 , which is designed to produce attenuation results that
are close to the maximum not normally achieved under in-field
conditions. However, ISO 4869-1: 199020 differs from Method
A of ANSI S12.6-20088 in the manner in which subjects are selected and fitted. Also, Method B (i.e., testing HPDs with inexperienced subjects) of ANSI S12.6-20088 , corresponds more
closely (but not exactly) to ISO 4869-5: 2006.21

devices, but is difficult to implement reliably with earplugs or
semi-insert HPDs due to the need for wires running underneath
or through the HPD, which can break the HPD’s seal or compromise its structure, respectively. However, ANSI S12.42201022 enables the MIRE procedure’s use for certain earplugs
per Annex E, but only for those of the ANR, deep insert variety; in these instances, the microphone wire lead is run through
the body of the earplug, which is typically custom-molded for
the user.22 The advantages of MIRE testing are: the results are
not contaminated by physiological noise as REAT results are;
the process is much quicker than REAT testing; and there is
no requirement for extremely quiet ambient noise conditions
since the measurements are performed at elevated noise levels.18 Also, because human heads are used as test fixtures,
MIRE measurements can account for individual differences in
the fit of the devices across the subject sample just as REAT
measurements do. However, MIRE measurements cannot account for bone conduction (and thus may overestimate attenuation at mid-to-high frequencies) and they also require special
equipment (e.g., miniature microphones, microphone power
supplies, spectrum analyzer, etc.)18, 19

3.4. Acoustical Test Fixtures (ATFs) and
Manikins/Head and Torso Simulators
(HATS)

The microphone-based counterpart to REAT is Microphone
in Real-Ear (MIRE). This methodology is standardized as one
major portion of ANSI S12.42-201022 (newly revised from
ANSI S12.42-1995) and in an older and more limited military standard, MIL-STD-912.23 MIRE is referred to as an
objective or physical measurement technique since the measurements are microphone-based. As the name implies, small
microphones (connected to a spectrum analyzer) are placed in
human subjects’ ears (at or near the opening of the ear canal
and typically mounted on an earplug for earmuff testing, unless
testing is performed in special cases (which will be described
later) for earplugs, where the microphone is in the canal under the plug) and insertion loss measurements are performed
using relatively high levels of a continuous broadband noise
stimulus (i.e., an approximately pink noise, flat by 1/3-octaves
between 100 Hz and 10,000 Hz). The pink noise levels are
85 dB or greater in each 1/3-octave band (105 dB overall) for
active HPD testing, and 70 dB or greater in each 1/3-octave
band (90 dB overall) for passive HPDs.22 This MIRE procedure is easily implemented with earmuffs and some supra-aural

Another objective method of measuring the attenuation of
HPDs is the use of acoustical test fixtures (such as that
specified in ANSI S12.42-201022 ) or manikins and HATS
(ANSI S3.36-1996)24 , such as the KEMAR manufactured by
G.R.A.S. or similar devices from Brüel & Kjær, HEAD Acoustics, or the French German Research Institute de Saint Louis
(ISL), all of which are referenced in the EPA proposed rule.2
While the new ANSI S12.42-201022 standard provides guidance for testing both earmuff and insert-type HPDs using ATF
techniques, the closest ISO analogue standard is ISO 4869-3:
200725 , which is limited to the testing of earmuffs. In any case,
the selection of the manikin is critical due to a number of influential factors, the most important of which is that the manikin’s
or HATS’s own attenuation, termed “self insertion loss”, must
well exceed that of the HPD under test. For testing a majority of HPDs with medium-to-high attenuation, the KEMAR
manikin’s (or similar devices’) self-insertion loss is generally
insufficient,2, 5, 18 and, as such, an ATF as specified in ANSI
S12.42-201022 is necessary for testing in compliance with the
new EPA proposed rule.2 The ATF’s self-insertion loss needed
to satisfy the requirements of ANSI S12.42-201022 is 60 dB
from 80 Hz–12,500 Hz.22 Furthermore, the ATF or manikin
must have human-representative artificial pinnae, pinnae flesh
surrounds, conchae, and ear canals, although the latter is often
the weakest part of the simulation. For example, specification for flesh simulations are a Shore 00 durometer “hardness”
of between 30 and 60 on the Shore 00 scale when measured
in a specified temperature range.22 As in the MIRE method,
the ATF method is microphone-based, with the measurement
microphones situated at the end of an artificial ear canal and
mounted within an ear canal coupler, as described in ANSI
S12.42-2010.22 In ANSI S12.42-2010,22 the coupler is specified as per ANSI S3.25-2009.26 For the EPA proposed rule,2
the coupler is specified in IEC 60711(1981),27 and when ap-
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plied for high-intensity impulse noise testing, the coupler must
be modified to incorporate a 6.35 mm (0.25 in) pressure microphone so that a dynamic range of 130 dB–170 dB is provided.

4. OVERVIEW OF ACTIVE (POWERED ELECTRONIC) HPDS: DESIGN, TESTING, AND
RESEARCH

Also as in MIRE, ATF-based tests utilize continuous broadband (i.e., pink) noise as the test stimulus in order to measure
insertion loss as a function of frequency. In addition, because
ATFs are not susceptible to the hazards posed by high intensity
noise as is the human ear, they are also employed to measure
the peak insertion loss of HPDs, utilizing pre-specified impulsive noise stimuli. For these impulsive test applications, ANSI
S12.42-201022 specifies a noise-reduction procedure that, in
response to an impulsive test stimulus, captures simultaneous
signals from two microphones, one located inside the ATF’s
ear canal couplers and one external to the HPD. Then the external signal is transformed using a calibration procedure to
estimate the equivalent open-ear peak levels.22 ATFs readily lend themselves to measuring the performance of earmuffs
(e.g., as per ISO 4869-325 ); however, there are challenges in
testing earplugs, especially custom-molded plugs, due to the
lack of simulated ear canals having accurate anthropometry
and compliance that mimics that of flesh and subdermal cartilage and bone within the human ear canal. Nonetheless, the
ATF offers a major advantage over MIRE for earplug testing
in that it does not require wires or probe tubes to be placed
into the interface between an earplug and the ear canal walls,
which poses a threat to the earplug’s protective seal. Per ANSI
S12.42-2010,22 the ATF instrumentation is applicable to tests
of ANR and level-dependent earplugs in continuous noise, as
well as for high-intensity impulsive tests for passive and electronic earmuffs, earplugs, and helmets.2

4.1. A New Classification Scheme

The EPA proposed rule2 does require impulsive response
testing on an ATF to be performed on any HPD sold on the
basis of providing protection in impulsive noise greater than
130 dB peak sound pressure level. These impulsive tests are
to be conducted using an ATF as described earlier, under the
protocol of ANSI S12.6-2010.22 Essentially, the EPA’s protocol will result in a measure of the peak sound reduction provided by an HPD, with excitation impulses required in three
ranges of dB peak levels: 130 dB–134 dB, 148 dB–152 dB,
and 166 dB–170 dB.2

In 1996, Casali and Berger3 proposed a simple classification scheme for categorizing augmented hearing protectors
into a dichotomy of passive (non-electronic) and active (powered electronic) devices, with augmentation categories under
each. Due to advances and innovations in hearing protection
in the 15 years since the original classification, a new augmentation classification is now needed, and it is depicted in Table
1. As noted above, all forms of passive augmentations are reviewed in a sister article to this one by Casali.1 Next, each
electronic HPD augmentation category will be addressed separately. At present, all of these so-called “active” devices are
battery-powered and rely on analog circuitry, digital processing, or a combination of both.9

4.2. Active Noise Reduction (ANR) Devices
Active noise reduction (ANR) relies on the principle of destructive interference of equal amplitude, but 180 degree outof-phase sound waves at a given point in space; in the case of
hearing protectors, the cancellation is established at the outer
ear or in the ear canal. Although the first ANR headset appeared as a working model in 1957,28 it has only been in the
past two decades that major advances in miniature semiconductor technology and high speed signal processing have enabled ANR-based earmuffs, music headphones, and communications headsets to become viable products.3, 5, 9 More recently,
ANR has been successfully integrated into earplug designs.30
4.2.1. ANR Earmuffs and Supra-aural Headphones
ANR has been incorporated into two types of on- or overthe-ear systems: (1) those designed solely for hearing protection, and (2) those designed for one- or two-way communications. Both types are further dichotomized into open-back (or
Table 1.
A Classification of Augmented Hearing Protection Device
Technologies.
Passive (Non-Electronic) HPDs∗

Validity issues are the major drawback of ATFs, and it must
be kept in mind that the ATF results are intended only as an
inference of the peak insertion loss of all types of HPDs, or
as an estimate of the continuous noise insertion loss of ANR
and level-dependent earplugs. This is due fact that the ATF is
only a partial simulation of much more acoustically complex
anatomical structures (i.e., the human ear and head). Much
more research is needed to develop the ATF-to-human transfer functions so that ATF data can be mathematically corrected
to predict human ear results. Furthermore, the aforementioned
acoustic self insertion loss22 of some ATFs, and especially of
the skull and torso configurations of HATS, is inadequate without extensive modification, and therefore these devices should
not be applied in their standard form for the testing of HPD
attenuation.5 Finally, unlike MIRE performed on the human
head, ATFs and HATS do not account for individual differences in the fit of the devices across a selection of subjects.
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• Uniform (flat) Attenuation Devices
• Passive Amplitude-Sensitive (Level-Dependent) Devices
• Passive Wave Resonance Ducted Devices
• Passive Adjustable-Attenuation Devices
• Dynamically Adjustable-Fit Devices
Active (Electronic) HPDs
• Active Noise Reduction (ANR) Devices
• Electronically-Modulated Sound Transmission Devices
(Also called Sound Restoration or Electronic AmplitudeSensitive Devices)
• Electronic Tactical Communications and Protection Systems
(TCAPS)
• Verifiable Attenuation Devices and Under-HPD Dosimetry Systems
∗

Subject of a separate review in Casali (2010).1
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supra-aural headphone) and closed-back (or circumaural earmuff) variations. In the former, a lightweight headband connects ANR microphone/earphone assemblies which are surrounded by foam pads that rest on the pinnae.29 There are
many commercially-available examples of ANR supra-aural
devices, and considering that there are no earmuff cups to afford passive protection, these open-back devices provide only
active noise reduction. Therefore, they are typically only recommended for reduction of noise annoyance, such as in an
aircraft cabin area, rather than as bonafide hearing protectors;
however, in a few cases, their spectral attenuation has been
specifically matched for application to a particular offensive
noise, such as that from a siren29 or inside certain military vehicles.31 Obviously, if there is an electronic failure, no protection is provided by an open-back ANR device. Closed-back
devices, which represent most ANR-based HPDs, are typically
based on a passive noise-attenuating earmuff which houses the
ANR transducers, and, in most cases, the ANR signal processing electronics. If backup attenuation is needed from an ANR
HPD in the event of an electronic failure of the ANR circuit,
the closed-back HPD is advantageous due to the passive attenuation established by its earcup. According to the EPA’s review
of the market, there are at present about 52 ANR earmuffs and
headsets available in the U.S.2
As will be discussed in more detail later, the new EPA proposed rule2 involves attenuation testing of ANR devices using
both REAT and MIRE protocols. However, testing laboratories
such as those at Virginia Tech have applied these standardized
techniques to ANR devices for over two decades, and a typical set of measurements for a closed-back circumaural ANR
earmuff is shown in Fig. 3.32 Readily apparent in the figure
is the higher passive REAT attenuation than the passive MIRE
at 125 Hz and 250 Hz, due to the physiological noise masking that occurs in REAT but not MIRE, as discussed earlier.18
More importantly, the contribution of the ANR circuit is particularly pronounced for this example device from 63 Hz–250 Hz,
where the active component of attenuation (i.e., the arithmetic
difference between the passive-plus-active MIRE and the passive MIRE curves) increments the passive attenuation by up to
20 dB in the low frequencies. Also evident in Fig. 3 is that
the benefit of ANR ends (at least for this device, which is not
atypical) at about 500 Hz, and that there is a slight reduction
in total attenuation (also not atypical for circumaural ANR devices) at 1000 Hz and 2000 Hz when the ANR circuit is turned
on.32

Figure 3. Typical attenuation data obtained via REAT and MIRE of a circumaural closed-back ANR headset (Model NCT PA-3000).32

Total (MIRE) attenuation of an ANR circumaural earmuff
(NCT PA-3000) and an ANR circumaural communications
headset (Bose Aviation X) are compared to the passive (REAT)
attenuation of a double passive configuration (foam earplug
under earmuff) in Fig. 4.3 As can be seen, even well-designed
ANR muff-based systems, one of which (NCT PA-3000) has
a large entrapped air volume for additional passive attenuation benefit, offer less attenuation across the full spectrum than
the combination of a deeply-fitted (and less expensive) foam
earplug under an earmuff. At least as shown by this one example, ANR HPDs must distinguish themselves for characteristics other than simply attenuation, and double passive hearing
protection may be a better choice depending upon the total protection needed for an exposure and cost considerations.
4.2.2. ANR Earplugs and Multi-Component
HPD Systems

Due to the phase shifts that can be attributed to transducer
(i.e., microphone, earphone) location differences, as well as
the possibility of throughput and other delays in signal transduction, transmission, and processing, establishing the correct phase relationship of the cancellation signal and noise becomes more difficult as the bandwidth of the noise increases;
therefore, ANR has typically been most effective against lowfrequency noise.29 For example, with the better ANR earmuffstyle devices, maximal ANR attenuation of up to about 25 dB
are typically found to be in a range from about 100 Hz–
250 Hz, dropping to essentially no attenuation above about
1000 Hz.18, 33 Noise enhancement (typically less than 6 dB,
but in some cases more) most typically occurs in the midrange
frequencies (about 1000 Hz–3000 Hz).18, 33

Within the past decade, active noise cancellation technology has been integrated into a variety of ear insert systems,
including earphones for attachment to personal listening devices (e.g., Casali et al.34 ), and earplugs for hearing protection
(e.g., Vaudrey et al.30 ). In regard to the latter hearing protection applications, incorporation of ANR into earplugs has been
motivated by the need for very high attenuation in extremely
noise-severe environments which well exceed the theoretical
limits of hearing protector attenuation, that is, the bone/tissue
conduction threshold, since the noise flanks the hearing protector and enters the cochlea via conduction through head structures.6, 9 One of the most severe of these environments is the
aforementioned aircraft carrier deck during flight operations,
where McKinley35 has reported carrier-based tactical jet aircraft sound pressure levels, including after-burner operation,
to span a range of A-weighted noise levels between 135 dB–
153 dB in the vicinity of flight deck personnel. As reported by
Urquhart and Casali,36 other environments with high severity
include the interior of battle tanks, such as the Bradley fighting
vehicle at A-weighted noise levels between 110 dB–115 dB.
In such highly specialized applications, multi-component HPD
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Figure 5. Schematic functional diagram of an analog electronics ANR earmuff
of the feedback type.3 [Illustration by the author.]

Figure 4. Comparison of the MIRE total (active-plus-passive) attenuation of
a circumaural ANR earmuff (NCT PA-3000) and a circumaural ANR communications headset (Bose Aviation X) with REAT attenuation of double passive
HPDs (earmuff over deeply-fitted foam earplug). [Adapted from Casali and
Berger (1996),3 with modifications.]

systems have been tested for use in noise environments which
greatly exceed the attenuation capabilities of even double protection, or earmuffs worn over earplugs. According to the
EPA’s review of the market, there are at present only two ANR
earplugs available in the U.S., not including earphones for music rendition.2

inside, all worn over deeply-fitted passive earplugs without
earplug-housed ANR.35
ANR devices rely on feedback or feed-forward control systems, or combinations of the two (termed hybrid systems) that
either microphone-capture or synthesize an offensive noise and
reinject it into the controlled space under the HPD, 180 degrees out-of-phase with the original noise but at the same amplitude, to effect cancellation. Feedback systems rely on a microphone inside the controlled space to sample the penetrating
noise, which is fed back into control loop. Thus, the cancellation signal is based upon the signal from this error correction
microphone. Feed-forward systems usually use a microphone
located external to the HPD’s occluded volume (i.e., controlled
space) to sample the incoming noise and feed a cancellation
signal forward into the controlled space. An error correction
microphone inside the controlled space then is used to provide
a signal that is reflective of the effectiveness of the cancellation, and to modify the cancellation signal if necessary.

In response to these extreme threats to hearing, highlyspecialized earplugs incorporating ANR in the under-earplug
occluded space in the ear canal have been developed. McKinley35 depicts these as being incorporated in a multi-component
HPD system which not only provides high passive attenuation
through very deep-insertion, custom-molded earplugs, but also
via a well-fit earmuff with special cushion seals. Other research (non-production) examples of these multi-component
systems include custom-fitted, full-head-coverage helmets
with circumaural earmuffs inside. ATI and AegisoundTM have
developed and are now producing ANR earplugs that are integrated into multi-component systems, with military noise as
the targeted objective. Vaudrey et al.30 reported that double passive hearing protection (i.e., an earmuff worn over a
custom-molded earplug) was significantly improved in attenuation by incorporating optimized ANR in the earplug (ATI
QuietComm), by increments ranging from a maximum of
about 12 dB at 500 Hz to about 5 dB at 1000 Hz, and crossing
over in the range of 2000 Hz–3000 Hz (data as obtained from
their graphs). These attenuation increments of ANR are a significant benefit to the already high passive attenuation provided
by the muff over the earplug. Since that time, the ANR earplug
systems have been further developed as AegisoundTM DANR
technology and are produced for specifically targeted naval applications. For the aforementioned severe military noise applications, in addition to ANR earplugs worn under muffs, other
separate development efforts have applied full-head-coverage
helmets with circumaural, active noise cancellation earcups

With advances in the speed, power, reliability, and miniaturization of digital signal processing components, digital technology has demonstrated promise for improving the capabilities of ANR-based HPDs. This is particularly true in regard to
precise tuning of the control system via software for optimizing the cancellation of specific sound frequencies.29 Advantages with the use of digital technology, as generally compared
to analog technology, reside largely in its capability to perform
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4.2.3. Analog ANR Devices
ANR HPDs can be based on analog or digital circuitry, or a
combination of the two (i.e., hybrid). A generic block diagram
of an older design, depicting the typical components of an analog electronics, muff-based ANR HPD appears in Fig. 5.3 The
example shown is a closed-loop, feedback system which receives input from a sensing microphone that detects the noise
which has penetrated the passive barrier posed by the earmuff.
The signal is then fed back through a phase compensation filter which reverses the phase, to an amplifier which provides
the necessary gain, and finally is output, as an anti-noise signal
through an earphone loudspeaker to effect cancellation inside
the earcup. In contrast to the earliest designs which were ANR
analog closed-loop feedback configurations, open-loop, feedforward systems are also available, and some of these are of
the lightweight headset (i.e., open-back) variety.
4.2.4. Digital ANR Devices
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Figure 6. Schematic functional diagram of a digital electronics supra-aural
(open-back) ANR HPD.37

complex computations with high precision, in that digital electronic components are less affected by temperature variations
and remain more stable, and in the fact that performance tolerances can be held very tightly. Some ANR-based HPDs incorporate hybrid analog/digital designs.
A block diagram of the major components of a digital ANR
system, showing one earphone of an open-back design, appears in Fig. 6.37 A residual (error) microphone transduces the
noise at the ear, providing the input to the digital controller,
which allows it to continuously create an anti-noise signal that
is presented via the headset speaker to minimize the noise at
that ear. The internal operation of the controller can be best described starting at the output of the adaptive filter. The adaptive
filter generates the anti-noise signal that is passed through an
equalizing filter (designed to match the acoustics of the headset), creating a signal that approximates the acoustical antinoise as would be heard by the residual microphone. Subtracting this signal from the residual noise signal then recreates an
approximation of the original noise that would be at the ear
if the ANR were turned off. The regenerated reference signal
is then input to a classical Least Mean Square adaptive filter,
which compares the regenerated reference signal to the residual signal to continuously determine needed updates to its internal parameters so as to minimize the energy in the residual
signal.29, 37 While analog devices generally work best against
steady-state, low-frequency noise, digital devices have been
designed to reduce noise at specific tonal frequencies as high
as 2000 Hz–3000 Hz and can be tuned to partially cancel repeating cyclical noises in addition to steady-state noises, for
example, as in an emergency vehicle siren.29

A-weighted level difference of 9 dB) spectral conditions, a
Bose Aviation XTM headset produced lower masked thresholds
(i.e., better detection) for a vehicle backup alarm than a conventional Peltor H9A passive earmuff which had weaker lowfrequency attenuation (Fig. 7, upper panel).38 However, an
E·A·R Noise FilterTM foam earplug yielded lower thresholds
than both muffs. There were no differences among the three
HPDs in regard to masked thresholds in A-weighted noise levels of 85 dB, however (Fig. 7, upper panel).38 In analyzing
alarm detectability in low-frequency biased “red” noise alone,
averaged across the two A-weighted noise levels of 85 and
100 dB, the ANR headset and the foam earplug both demonstrated a signal detection advantage over the conventional earmuff, which again, had weak low frequency attenuation (Fig. 7,
right lower). However, in pink noise, there were no differences
due to HPD type. The bottom line is that for low frequency
noises of high levels, ANR may provide a signal detection
advantage over certain conventional protectors which do not
have sufficient low-frequency attenuation to prevent the upward spread of noise masking into the warning signal’s bandwidth.38 However, this advantage is very situation-specific and
HPD-specific, and it may also depend upon the user’s hearing characteristics, though the latter was not addressed in the
Casali et al.38 research, which was limited to normal hearing
subjects.

4.2.5. Research on ANR Devices

Another recent applied experiment compared multiple metrics of flight performance, speech intelligibility to air traffic
control (ATC) communications, pilot workload ratings, and
protected exposure levels (PELs) with four circumaural communications headsets, three of the ANR variety (Bose Aviation
X, Sennheiser HMEC 300, LightSPEED Thirty 3G) and one
passive device (David Clark H10-13S).39 Eight instrumentrated pilots flew with one headset on each of four matched
workload flights of 3.5 hours each in an Federal Aviation Administration (FAA)-certified iGATETM flight simulator. The
simulator incorporated realistic low-frequency-biased Cessna
172 cockpit A-weighted noise levels at 95 dB, and the long
flight task was designed to be taxing on the pilots and have a
strong auditory communications component to force their use
of the communications headsets. With 15 total dependent measures in this experiment,39 space does not allow for coverage of
all data in this article. However, several of the most important
performance differences between ANR and passive headsets
will be mentioned.

Most experiments on ANR devices have been nothing more
than tests of their attenuation, and there are many references
containing examples of spectral attenuation data sets therefrom.29–34 However, with only a few exceptions, human factors experiments concerning the operational performance effectiveness of ANR-based HPDs or communications headsets
are sparse.
In certain types of noises, especially those characterized by
high overall levels and/or frequency content that is heavily
skewed toward frequencies of less than 1000 Hz, ANR-based
hearing protectors may offer some advantage in the detection
of certain auditory warning signals as compared to conventional passive HPDs. In this vein, Casali et al.35 demonstrated
using normal hearing subjects that in A-weighted noise levels of 100 dB, averaged across pink or red (C-weighted to

Speech intelligibility was measured with a realistic flightembedded metric consisting of the number of ATC transmission “readbacks” that the pilot required to respond accurately
to each verbal command or advisory. The results showed that
at a Speech Transmission Index (STI) value of 0.30, pilots
required almost 50% more readbacks when wearing the passive headset than when wearing any of the three ANR headsets, while at STI values of 0.50 and 0.70 there were no headset differences (Fig. 8).39 The PEL measures, obtained using
measurement microphones under the subjects’ headsets in the
cockpit noise and with earphone communications input averaged over a short, representative communications sample, indicated that the exposure level needed to attain 80% speech
intelligibility for the passive headset was 93.1 dB — a value
approximately 10 dB greater than the PEL for any of the three
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Figure 8. Mean number of readbacks needed by instrument-rated pilots for
each ATC communications as a function of communications headset. Obtained
in 3.5-hour flights in a simulator with an A-weighted noise level of 95 dB lowfrequency cockpit noise. (Mean values with 95% confidence limits shown;
Readback mean values with the same letter are not significantly different at
p < 0.05.)39

Figure 7. Masked thresholds of normal hearers’ listening to vehicular backup
alarms while using a passive foam earplug, passive earmuff, and ANR earmuff. Upper Panel: Effect of masking noise level. Lower Panel: Effect of
masking noise spectrum. (Mean values with 95% confidence limits shown;
HPD mean values with the same letter, or those with no letters, are not significantly different at p < 0.05).38 The levels in the figure are A-weighted noise
levels.
Figure 9. Mean deviations in instrument-rated pilots’ magnetic heading as a
function of communications headset. Obtained in 3.5-hour flights in a simulator with an A-weighted noise level of 95 dB low-frequency cockpit noise.
Horizontal line indicates maximum safe tolerance for heading deviation per
the FAA Practical Test Standards. (Mean values with 95% confidence limits
shown; Headset mean values with the same letter are not significantly different
at p < 0.05.)39

ANR headsets.39 Pilots’ subjective ratings of flight workload
were slightly but significantly lower under the ANR headsets
than the passive headset, though there were no differences
among the three ANR devices.39 Perhaps most importantly
from an operational performance or flight safety perspective,
three of four objective measures that reflected actual flight control performance favored one ANR headset as compared to the
other three devices. An example of the results for one of these
flight control measures, magnetic heading deviation (which reflects navigational control), is shown in Fig. 9. In the figure,
note for comparison purposes the FAA’s requirement for pilot
flight test control as a benchmark value. While the results of
this complex experiment were limited to only four headsets, it
does point to the conclusion that a case can be made that better headset design offers a number of measurement safety and
flight performance benefits during high workload flight. Those
benefits are ascribed to the ANR headsets, over the passive
device, in this particular sample of devices, and also certain
ANR headsets outperformed others on certain dependent measures.39 Clearly, these data demonstrate the need for further
analyses and experimental trials to isolate the specific headset
design parameters that are responsible for the significant performance effects found in the study.

This augmented category of HPDs is associated with the
most complex testing requirements, both in terms of technique
and instrumentation. Under the current EPA regulation,3 standardized attenuation data and NRR ratings are not available for
ANR hearing protectors. Some manufacturers of ANR-based
devices clearly design their products as hearing-protective devices and currently they are somewhat penalized by the lack
of EPA-promulgated test procedures and labeling guidelines
since it precludes them from selling their products, at least
in the U.S., as industrial or consumer devices for protecting
the ear against noise hazards, even though they may be used
for military exposures without an attenuation label. However,
in the case of other manufacturers of ANR-based headsets or
supra-aural earphones or insert earphones, based on the fact
that they target their sales to applications other than industrial
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markets (e.g., general aviation, music listeners, consumers for
noise annoyance reduction, etc.), they do not need an NRR
unless they are claiming hearing protective capabilities. However, an important question remains: In the absence of attenuation data, will the typical consumer really know not to use
the ANR device as a hearing protector? In any case, this is a
moot point because with the advent of the new EPA proposed
rule,2 there is a testing and labeling protocol that mandates that
ANR devices must be tested and labeled for their attenuation
performance if they are sold or offered for hearing protection
purposes. A brief overview of the basics of the new protocol
for testing ANR devices follows.
First, as with all types of HPDs, for only its REAT-passive
attenuation performance (i.e., with the ANR circuitry turned
off), each ANR-based device will be required to have a spectral attenuation label, plus an NRR or similar composite rating, with REAT testing per ANSI S12.6-2008.8 Also, earmuff
(or supra-aural) ANR devices must be tested using the MIRE
technique of ANSI S12.42-2010,22 in which a small microphone is inserted into the subject’s ear and the insertion loss
is obtained by taking the arithmetic difference at each specified frequency between measurements taken with and without
the HPD in place. Per ANSI S12.42-201022 the microphone
leads running under ear cushion are to be of no larger diameter
than 0.5 mm, so as to minimize leakage in the ear cushion-tohead seal, or, alternatively, wireless microphones may be used.
With ANR earplugs, instrumentation with wired or probe-tube
microphones becomes problematic in that (1) the earplug-toear canal seal is easily compromised by these leads, and (2)
the presence of a measurement microphone in the entrapped
ANR-controlled volume under the earplug may influence the
measurements in that volume. Therefore, for ANR earplugs,
the MIRE measurements are replaced by microphone-based
measurements using an ATF per ANSI S12.42-201022 with ear
canal couplers as per ANSI S3.25;26 or as for the EPA proposed rule2 the coupler is as specified in IEC 60711(1981),27
all as detailed earlier in this article. An unresolved issue for
ANR earplug testing is that “standardized” ear canals, validated to be representative of the human ear canal in shape,
durometer, etc., are still undeveloped. The issue of fitting the
ANR earplug to an artificial canal is even more complex with
semi-custom or full custom-molded ANR earplugs.
The MIRE (for ANR earmuffs) or ATF (for ANR earplugs)
measurements are required to be obtained in 105 dB continuous noise (with parameters per ANSI S12.42-201022 ) for the
HPD in two operating modes: (1) with the ANR electronics
off, to obtain the MIRE- or ATF-passive attenuation, and (2)
with the ANR electronics on, to obtain the MIRE- or ATF-total
(i.e., active plus passive) attenuation. For both ANR earplugs
and earmuffs, the active component of the attenuation is then
computed using Eq. (1), with each term measured in dB attenuation at a given test frequency, as obtained with time-integrated
1/3-octave band spectral measurements during the pink noise
excitation test stimulus:

of attenuation is then added to the REAT-passive attenuation
to estimate the NRR (or similar rating), according to ANSI
S12.68-2007.40 EPA-required labels for ANR devices will include a rating that reflects the REAT-passive attenuation performance alone and also a rating that reflects the combined
REAT-passive plus MIRE- or ATF-active attenuation performance.
Finally, ANR devices that include amplitude-sensitive performance features in addition to the ANR circuit, must undergo
additional attenuation tests, with resultant additional labeling,
as will be discussed under the next category of augmented
HPDs.2

4.3. Electronically-Modulated Sound
Transmission Devices
These hearing protectors, which have traditionally been
mostly earmuff-based but now also include inserts, incorporate a microphone mounted on or near the protector’s external surface, an output-limiting amplifier, and small loudspeakers mounted within the earcups of a muff, or internal
to an earplug’s body located within a sound port facing the
eardrum.3, 9 The “sound transmission” characteristic of this
family of products is achieved by electronics that are typically designed to pass through the HPD and boost only a certain frequency range of sounds, such as the critical speech
bandwidth, critical warning signal frequencies, or even animal
game-relevant sounds for hunting purposes; thus, the sound
transmission circuit overcomes the passive attenuation of the
muff or earplugs and transmits the external sounds to the user’s
ears. While there are some differences among device examples, typically the limiting amplifier maintains a predetermined (in most examples, user-adjustable) gain, often limiting the earphone output to A-weighted noise levels from about
82 dB–85 dB, until the ambient noise reaches a certain cutoff
A-weighted level (110 dB–120 dB), at which point the electronics cease to function.3, 43 At this point, the device essentially reverts to a passive HPD. This is illustrated in earmuff
configuration in Fig. 10, in which the “electronic amplitude
modulation” of the transmitted sound is evident as the sound
level underneath the protector is modulated by the electronics
in response to the incident sound level outside the protector.
4.3.1. Design Variables for Electronically-Modulated
Sound Transmission Devices

Then, per the EPA proposed rule,2 for ANR earmuffs or ANR
earplugs, respectively, the MIRE- or ATF-active component

It must be recognized that due to the plethora of
electronically-modulated sound transmission HPDs that are
currently available, it is impossible to provide a description
of design characteristics that apply to all of them; even so,
most of them have amplitude modulation characteristics as described above. There are, however, significant differences in
the amount of gain (amplification) for external sound passthrough, ranging from about 10 dB to as much as 50 dB according to limited empirical testing results41, 43 and claims in
manufacturers’ literature/websites. Obviously, with such powerful gain available in some devices, the sound transmission
circuit must have a very rapid attack time when the external
microphone is exposed to impulsive, high level external noises,
such as those from gunfire or abrupt release of air pressure.
If not, the amplifier can increase the wearer’s noise exposure
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nals.3, 5 Like their passive counterparts, some of these devices
are well suited for impulsive noise if their amplification attack/decay time is sufficiently short, but less so for sounds with
long on-durations, which can produce objectionable distortion
artifacts.3, 5
4.3.2. Examples of Electronically-Modulated Sound
Transmission Devices: Earmuff and Earplug
Designs

Figure 10.
Generalized example of operating characteristics of an
electronically-modulated sound transmission device, with level-dependent behavior; earmuff configuration shown. The example input and output levels in
the figure are A-weighted noise levels. [Illustration by the author.]

Many examples of earmuff-based, electronically modulated
sound transmission devices exist on today’s hearing protection
market, and it is not possible to provide an exhaustive listing
here. A few examples of the dichotic earmuff style devices
include the Elvex Impulse Com-655TM , the Bilsom/Howard
Leight ImpactTM by Sperian, Peltor TacticalTM , Jackson Safety
FalconTM , and a variety of products that are marketed toward
the game hunter, all comprising dichotic designs and some including four microphones, e.g., Walker Power MuffsTM , MSA
Extreme ProTM , Radians Hunters EarsTM (and others).
A few earplug-style electronically modulated, sound transmission devices also exist, and these include, but are not limited to the Variphone AEP-1TM , which is a custom-molded
earplug with a sound transmission/suppression circuit, the
Insta-Mold Quick-FitTM earplug, which includes a behindthe-ear sound receiver connected to an in-ear, premolded
flanged plug, the Etymotic Research, Inc. line of electronic BlastPLGsTM , which are insert devices that incorporate a selection of nonlinear gain/compression circuit profiles for use in environments with varying degrees of hearing protective requirements and gunfire exposures, and the
SensaphonicsTM line of custom-molded earplugs for musicians, some of which include electronically-modulated passthrough circuits for hearing of ambient on-stage sounds, in addition to their in-ear monitor capability to provide the musician
with selectable microphone feeds.

under the protector, and under no circumstances should the
user be expected to manually reduce the gain setting in anticipation of such exposures. In regard to this important performance issue, under current EPA regulations,4 there is no
requirement to specify the impulsive noise reduction of these
augmented HPDs, yet this will change with the EPA’s proposed
rule.2 Another design variable is whether the HPD is diotic,
that is, with only one microphone feeding each earphone loudspeaker, or dichotic, with two microphones, one located on
each side of the head and feeding each corresponding earphone
loudspeaker.3, 17 Obviously, the diotic design does not provide
for binaural signal cues, while the dichotic design retains the
stereo capability of the two ears which aids in localization and
distance judgments. Even within the dichotic designs, there are
large differences among devices; for instance, a few earmuff
styles incorporate two microphones on each earcup, one facing
forward and one facing rearward, with the intention of providing front/rear sound localization. These “quad-microphone”
products are primarily marketed to hunters of game animals,
but published research on their effectiveness is lacking.
Ideally, a level-dependent sound-transmission HPD should
exhibit flat frequency response and distortion-free amplification (without spurious electronic noise) across its passband, as
well as high signal-to-noise ratios (S/N) at levels below its predetermined cutoff level.3, 5 The dB threshold for cutoff level
itself should be safe (to ensure that transmitted sound does
not overexpose the wearer), should be responded to instantaneously, (i.e., with negligible delay), and should have a sharp
attenuation transition without audible transients or oscillations
in the pass-through circuitry. The passband of the electronics should be adequate to accommodate desired signals, but
not so wide as to pass unnecessary and undesirable noise to
the listener. The external microphone should be minimally affected by wind or normal movement of the head. Some soundtransmission HPDs have been purported as having potential for
improving the hearing of hearing-impaired listeners in quiet or
moderate noise levels, acting much like a hearing aid, but there
is little research evidence on this point.3, 5 However, normalhearing listeners may not realize similar benefits due to the
potential for the residual electronic noise to mask desired sig-

The under-earcup, or under-earplug (i.e., “protected”) exposure levels of electronically-modulated sound transmission HPDs are affected by both the electroacoustic filtering/amplification behavior of their pass-through circuits as
well as their passive attenuation performance. To ascertain these protected exposure levels in continuous noise (as
opposed to impulsive) for a variety of electronic soundtransmission earmuffs in response to different incident noise
levels, Casali and Lancaster43 performed ATF measurements
on various devices from Bilsom, Deben, and Peltor, instrumented per ANSI S12.42,22 within various A-weighted noise
levels of pink noise (75 dB–90 dB).43 The primary intent
was to determine if the sound transmission features led to increased noise exposure above incident A-weighted noise levels
of about 85 dB (the OSHA time-weighted action level11 ). The
steady-state noise level achieved under each HPD was obtained
at three sound transmission circuit amplifier settings: off (passive), half-gain, and full-gain (i.e., on with volume turned to
maximum). Results are shown in Fig. 11 for one example earmuff, the Peltor Tactical ProTM .43 While performance across
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(10 weapons, 8 handguns of various calibers and 2 12-gauge
shotguns) using an acoustically-isolated head and torso simulator (HATS). The devices were tested at three gain settings
(off, unity, and maximum gain). Briefly, the results were as follows: peak attenuation ranged from about 22 dB–34 dB across
devices, peak attenuation was only slightly dependent upon the
gain setting of the electronics, and peak attenuation differences
between maximum gain vs. gain off settings were within about
3 dB for most devices.44
Casali and Wright42 utilized a Peltor T7-SRTM sound transmission earmuff in a signal detection study wherein masked
thresholds were determined as subjects responded to a vehicle
backup alarm. With the earmuff’s gain set to a subjectivelypreferred level, subjects listened for the backup alarm in
continuous pink noise presented at A-weighted noise levels
of 75 dB, 85 dB, and 95 dB. After each test, the subjectselected gain control settings were determined using a KEMAR manikin. An analysis of variance was applied to
C-weighted noise levels and A-weighted noise levels and
1000 Hz noise measurements made under the earmuff, with
gain status (on or off) as an independent variable. The gain on
vs. gain off differences were largest (5 dB) at 1000 Hz, but
when projected over the course of a workday, the contribution
of the gain to the noise exposure, as measured by OSHA noise
dose,11 was negligible.42

electronic earmuffs will differ, this particular HPD demonstrates that in the lower incident A-weighted noise level of
75 dB, the full gain setting yields about 13 dB–15 dB of broad
spectrum gain compared to the level under the muff at the 0
gain setting, which is its passive response. However, in an Aweighted noise level of 90 dB, while the gain is obviously still
functioning at full setting, the levels under the muff are not
amplified to hazardous levels. Whether the amplifier gain will
automatically decrease and eventually shut-off at higher levels,
as it should per the schematic performance indicated in Fig. 10,
is not evident in these data.
Another laboratory experiment by Murphy and Franks44
investigated the attenuation response of six electronicallymodulated sound transmission earmuffs (Bilsom 707 Impact
IITM , Bilsom Targo ElectronicTM , Howard Leight ThunderTM ,
Howard Leight LeightningTM , Peltor Tactical 6STM , Peltor
Tactical 7TM ) and one assistive listening device (hearing aid)
against impulsive noise.44 The impulses consisted of gunfire

Of compelling importance to the application of
electronically-modulated sound transmission earmuffs in
real-world occupational settings is their effectiveness (or
ineffectiveness) in regard to detection and localization of
warning sounds. Toward this end, the Alali and Casali (2011)
backup alarm localization experiment is highly relevant17
This laboratory experiment evaluated normal hearers’ abilities
to localize a vehicle reverse (backup) alarm, in 360-degrees
azimuth, comparing the subjects’ performance while they
wore each of the following HPDs: sound transmission earmuff (ImpactTM by Sperian) of dichotic design (two unique
microphones, one feeding each ear cup), sound transmission
earmuff (custom-made) of diotic design (single microphone
feeding both ear cups), uniform attenuation earplug (ER-20
Hi-FiTM by AEARO-3M), level-dependent earplug (ArcTM
by AEARO-3M), conventional premolded 3-flange earplug
(UltraFitTM by AEARO-3M), conventional foam earplug
(SparkPlugTM by Moldex), conventional passive earmuff
(LeightningTM by Sperian), and an unprotected ear condition.17 Subjects had to use an 360-degree azimuth computer
pointer to indicate the azimuthal direction of a backup alarm
that was simulated to be approaching them by increasing its
level as if the vehicle were reversing at 16 kph (10 mph).
The experiment was conducted in a hemi-anechoic sound
field and included a pink noise “quiet” condition of an Aweighted noise level of 60 dB and a pink noise “construction”
condition of an A-weighted noise level of 90 dB . Measures
of localization performance included (1) percentage correct
localization, (2) percentage left/right localization errors, (3)
percentage front/rear localization errors, and (4) absolute
deviation in degrees from the alarm’s location. Space does not
allow all four to be discussed here. A standard backup alarm
with dominant energy in the 1200 Hz–2500 Hz range was
compared against a spectrally-widened backup alarm, with
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Figure 11. Under-the-ear cup spectra and noise levels for the Peltor Tactical
ProTM electronically-modulated sound transmission earmuff in A-weighted
noise levels of 75 dB (Left) and 90 dB (Right) pink noise using an ATF.43
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Figure 12. Effect of hearing protection device type on the percentage of correct localization accuracy for vehicular backup alarms, normal hearing listeners in 90 dB A-weighted pink noise level. Localization was scored as correct
when the subject identified the alarm as coming from within a range of 22.5
degrees on either side of the alarm’s exact angle of approach. (Mean values
with 95% confidence limits shown; HPD means with the same letter are not
significantly different at p < 0.05.)17

Figure 13. Effect of hearing protection device type on the percentage of frontback errors for vehicular backup alarms, normal hearing listeners in an Aweighted pink noise level of 90 dB. An error occurred when an alarm that
emanated from within an angle of ± 45 degrees from directly in front of the
subject was judged as coming from the rear, and vice-versa. (Mean values
with 95% confidence limits shown; HPD means with the same letter are not
significantly different at p < 0.05.)17

peaks added at 400 Hz and 4000 Hz to exploit the benefits of
interaural phase and intensity cues, respectively.17

sive earplugs, possibly due to the fact that the pinnae cues are
largely lost due to the earmuff’s nondirectional cups.17
Finally, a brief look at the Alali and Casali17 data for a comparison of the effects of the sound transmission earmuffs versus passive earplugs on front-back alarm direction confusions
and right-left alarm direction confusions is in order.17 In regard
to right-left errors, there were no significant differences between the dichotic earmuff and any of the earplugs. However,
confusions of front-back alarm directions were significantly
greater for the dichotic earmuff than for either the UltraFitTM
or HiFiTM earplugs by 12% and 14%, respectively (Fig. 13).
This finding attests to the fact that the human pinnae configuration, which affords front-back acoustical cue discrimination, is
at least partially preserved with some earplugs, but is obscured
by earmuffs. Even the forward-facing, earcup-mounted microphones on the dichotic sound transmission earmuff under test
could not compensate for the removal of the pinnae-afforded
cues. Furthermore, in both front-back errors and right-left errors, the diotic muff design is contraindicated due to the large
number of errors associated with it.17

Specifically as to HPD effects, Alali and Casali17 found
that with neither backup alarm type was there a statisticallysignificant advantage on any of the four measures of localization accuracy with the ER-20 Hi-FiTM uniform attenuation earplug as compared to any of the other four passive
HPDs, with three exceptions. These exceptions, as depicted in
Fig. 12, were that in percent correct localization in A-weighted
pink noise level of 90 dB, the uniform earplug yielded significantly better accuracy than the polyurethane user-molded
foam earplug (Moldex SparkPlugTM ), the Bilsom ImpactTM
dichotic sound transmission earmuff, and the custom diotic
sound transmission earmuff. (However, there was no significant improvement of the uniform earplug over the standard
premolded earplug, UltraFitTM , which incorporates the exact
same flanged seal design as the uniform earplug.) Notably
though, in the high A-weighted noise level condition (90 dB)
none of the four passive earplugs showed any disadvantage
in localization accuracy when compared with the open ear either.17
In specific regard to the sound transmission earmuffs, as
shown in Fig. 12, subjects performed poorly, achieving less
than 17% correct localization of the vehicular backup alarms
when using the single microphone-based diotic earmuff, which
negates acoustical cues that the ear depends upon for localization due to the fact that it essentially replaces stereo hearing by feeding a common input signal to both ears simultaneously. Thus, the authors strongly recommended against diotic designs for sound transmission devices.17 Interestingly,
while the dichotic (two-microphone) earmuff provided 30%
better localization than the diotic muff (as expected), it did
not have any significant advantage over the localization performance achieved when the user wore a conventional passive
earmuff. Furthermore, the dichotic earmuff demonstrated up
to 17% poorer localization compared to several of the pasInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

4.3.4. Testing of Electronically-Modulated Sound
Transmission Devices
Testing HPDs of this category is more challenging than with
passive devices. REAT attenuation is valid only for a sound
transmission device’s performance with its electronics turned
off (otherwise, electronic hum and amplification would affect the subjects’ thresholds). Such attenuation data are valid
only when the HPD is functioning as a passive attenuator,
and this yields best-case attenuation, since the devices are
amplitude-sensitive. Thus, the EPA proposed rule2 dictates
that the REAT testing protocol of ANSI S12.6-20088 be applied to electronic sound transmission HPDs to obtain their
attenuation, but only for their “off” mode of operation (i.e.,
with the electronics switched off.) As for testing of their “active” or level-dependent mode of operation, wherein the pass181
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through circuit is activated, if electronic sound transmission
HPDs are offered or sold as providing protection in impulsive
noise greater than 130 dB peak sound pressure level, then they
must be subjected to the ATF-based tests for reduction of peak
impulsive noise as described earlier, and labeled with a label
that specifically addresses impulsive noise protection capabilities. That is, per the EPA proposed rule,2 the impulsive tests
are to be conducted using a specified ATF, under the protocol
of ANSI S12.42-201022 to yield a measure of the peak sound
reduction provided by the HPD with its electronics on, in the
presence of impulses from three ranges of peak dB levels: 130–
134, 148–152, and 166–170.2
A potentially important protocol that is missing from the required tests stipulated by the EPA proposed rule2 is a test of
the level-dependent response of the sound transmission hearing protector as specified in Section 9.4.6 of ANSI S12.422010,22 which is designed to quantify the insertion loss of
an active level-dependent HPD in pink noise levels ranging
from 75 to 105 dB. This type of testing is indeed important
for electronically-modulated sound transmission HPDs in the
same vein as that described above for the Casali and Lancaster study.43 It is aimed at determining the total attenuation afforded by the device, due to both its passive attenuation as well as the amplification attack and decay reactions of its active pass-through/amplification circuit, over a
range of levels of continuous (not impulsive) noise that reflects typical application environment levels. In this author’s
opinion, it is imperative that such test requirements, in accordance with ANSI S12.42-2010,22 be added to the EPA’s
proposed rule;2 otherwise, the full dynamic protective performance of electronically-modulated sound transmission HPDs
over the typical operational ranges of incident noise levels will
be largely unknown to the consumer. Finally, it is important
to note that under ISO, electronically-modulated protectors
are also addressed in ISO 4869-4: 1998, and termed “soundrestoration” earmuffs.45

4.4. Electronic Tactical Communications
and Protection Systems (TCAPS)
It is important to note that the category of electronic TCAPS
has substantial overlap with the just-discussed category of
electronically-modulated sound transmission HPDs. This is
due to the fact that the vast majority of TCAPS incorporate
electronic pass-through circuits for providing enhanced audibility of external sounds, while incorporating at least passive attenuation features, sometimes active noise reduction,
and, typically, provisions for two-way communications via radio. The name given to this category (i.e., TCAPS) is taken
from a program that spans the various forces of the U.S. military, and is led by the Army “to establish a series of qualified products to meet a range of tactical communications headsets with integrated hearing protection and ’talk through’ functionality.”46 The TCAPS program was first undertaken by the
Army in 2007.47 Therefore, innovations in TCAPS devices
are presently undergoing rapid development, and this should
be considered as an emerging, important technology in augmented hearing protection systems.
182

4.4.1. Design Variables for TCAPS Devices
Common to TCAPS devices, and a feature which sets
them apart from electronically-modulated sound transmission
HPDs, is the provision for connection of the TCAPS to a
radio communications system for receipt of communications
through earphones in the ear cups or earplug inserts, and provision of a microphone for transduction of the wearer’s voice.
The microphone may be located on an adjustable boom in front
of the wearer’s month, on a throat-mounted fixture, in the ear
canal itself, or within a bone-conduction pickup held against
the skull. Conventional communications headsets, such as
those for use in commercial and civilian aviation cockpits, can
be considered as a subset of TCAPS; however, these passiveor ANR-based headsets do not have pass-through sound transmission circuitry via which ambient sounds can be heard
through the ear cups. In a TCAPS, the intended benefit of the
level-dependent sound transmission circuit is to provide significant amplification of sounds in the user’s environment for
situational awareness needs, with a gain sufficient to overcome
the insertion loss provided by the earmuffs or canal inserts.
The muffs or inserts provide protection from gunfire and other
severe noises, while the TCAPS also incorporates, either in
the earpieces themselves or in other modules, receive/transmit
capabilities for two-way communications. At the juncture of
this writing, TCAPS devices are primarily employed in law
enforcement, security forces, and military personnel applications. The following is a brief overview of four example
TCAPS devices; these particular devices are reviewed because
they have widely differing, and, in some cases, unique design
characteristics, and because they are now widely employed in
the aforementioned specific applications in the U.S. It is noted
at the outset that the first two devices (Peltor Comtac IITM
and Communication Enhancement and Protection System), are
more exhaustively and critically reviewed, only because they
were earmarked for inclusion in a human factors field experiment with U.S. Army soldiers in the November 2006 timeframe (with a subset of the results published as Casali et al.41
The other two devices were either not available in that timeframe or were not selected for investigation for other reasons;
therefore, the overview presented below is more limited on
these two TCAPS.
4.4.2. Examples of TCAPS: Earmuff and Earplug
Designs
As described and field-investigated in Casali et al.41 the Peltor Comtac IITM (and similar Swatac IITM ) is a circumaural
TCAPS headset design that incorporates amplitude-sensitive
sound-transmission technology, a boom microphone, and lowprofile ear cups specifically designed to be worn under an
Army Advanced Combat helmet.49 All power supply and
other circuitry reside within the headset itself; that is, no attached modules are required. The passive-only design of the
ear cups provides attenuation against continuous noises as well
as impulsive noises, and, as per the current EPA regulation for
testing,4 the labeled passive NRR is 21 with the electronics
turned off. The Peltor device is a dichotic design, comprising two microphones (one on each ear cup) that face in front
of the user, providing binaural hearing via two separate microphone/earphone circuits. Volumes of the pass-through amInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010
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plifiers/earphones are controlled by a single gain control that
is set via an up/down rocker switch located on the bottom on
one of the ear cups. The dynamic range of gain provided by
the Peltor Comtac IITM was measured using an ATF by Casali
et al.41 and on a relative basis found to be narrow, providing
approximately 15 dB of gain at maximum setting.41 Furthermore, there are only four discrete gain settings, selected by a
rocker switch. So, the soldier can achieve a desired gain setting
quickly, if not precisely. The electronics, located inside the ear
cups, are designed to rapidly shut off the sound-amplification
during high-level noise, thus providing the amplitude-sensitive
quality, but no published tests are available in the open literature regarding the attack/decay time or the protection capabilities in impulsive noise that are afforded when the device’s
pass-through circuit is on. The Peltor Comtac IITM is one of
the more longstanding TCAPS available, and it can be interfaced with various communications options, including a boom
microphone that interfaces to the ear cups, waterproof radio
push-to-talk (PTT) adaptors, and connectors for vehicle and
aircraft communications.41
Another TCAPS that was also described and fieldinvestigated in Casali et al. (2009),41 is the Communication
Enhancement and Protection System (CEPS), manufactured
by Communications & Ear Protection, Inc.50 This is an insert
earphone-style TCAPS, designed to attenuate the noise that arrives at the ears via compressible ComplyTM foam eartips, to
provide the user with two-way radio communications ability,
and to afford hearing of external sounds via an electronicallymodulated sound-transmission system of dichotic design with
a microphone mounted on the distal end of each earphone.41
The insert earphones are connected via wire to two separate
gain control and power supply/radio control modules, both of
which are intended to be clipped to the wearer’s clothing. The
passive NRR of the CEPS is 29, per the current EPA regulation,4 when the electronics are turned off. The CEPS user is
able to simultaneously control the intensity (gain) of the passthrough signal that reaches both ears via micro-pushbutton
switches located on the separate gain control module. A boom
microphone is also provided for radio transmission, and it is
activated by a PTT switch on one of the modules.
According to ATF measurements by Casali et al.,41 the
CEPS has a wide dynamic range of user-set gain, reportedly
achieving approximately 36 dB of total gain from the lowest to the highest gain settings. With about 63 discrete gain
settings, each comprised of a single press of the gain micropushbuttons, the gain step size is very small, necessitating multiple button presses over a period of time to slew the volume
over the wide dynamic range. While having such large available gain is beneficial to signal detection, identification, etc.,
the gain manual control design results in a time-consuming
operation when the need for amplified hearing is a very critical, quick one. Also, it can be a disadvantage when the user
needs to decrease the at-ear levels quickly in the presence of
loud noises. The CEPS, considering it is a sound transmission device, appears to the listening experience of the author
to have an automatic, but lagging decrease in its amplification
of ambient sounds when their level is high, such as during gunfire, and this observation is consistent with the reports of actual
soldiers in simulated firefight experiments.41 However, in simInternational Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

ilar fashion to the Peltor Comtac IITM device discussed above,
no published tests were found in the literature regarding any
precise measurements of the CEPS’s attack/decay time or insertion loss in impulsive noise with the pass-through circuit
activated. Nonetheless, per the new EPA proposed rule,2 the
impulsive insertion loss of the CEPS will ultimately need to be
obtained.
The SilynxTM Communications Inc. C4OPS GenNextTM
headset,51 a next generation headset following upon their
QuietOpsTM headset, is a TCAPS that is available in either
earplug or earmuff configurations, and includes ANR and an
electronically-modulated sound transmission circuit, the latter
with a manufacturer’s claimed attack time to impulses of less
than 0.1 millisecond at a threshold of 95 dB, and a claimed
NRR for the earplug’s passive attenuation of 22 obtained per
the current EPA regulation.4 The digital electronics-based device offers custom software packages tailored for specific tactical operations, a Global Positioning System (GPS), a modular and water-immersible design, and automatic feedback to
the user regarding adequacy of earpiece fit. The C4OPSTM is
powered either from an attached radio or from its own control
box battery. More information on the device is available in a
short overview by Baddeley46 and on the SilynxTM website.
The Norwegian NACRE QuietPro+TM headset,52 a product
of Sperian, Inc., is a TCAPS that interfaces to the ear via a
disposable earplug of five sizes, and it provides both passive
attenuation as well as a digital ANR circuit.46, 48 A calibration
process checks the adequacy of fit of the ear tips and provides
feedback to the wearer to make adjustments as needed. Furthermore, it incorporates a sound-transmission circuit for situational awareness enhancement and voice pass-through. Instead of a boom or throat microphone, the QuietPro+TM relies
on a hidden ear canal-located microphone for transduction of
the wearer’s voice for radio communications in a “quiet” space
under the ear tip; this should yield improved an signal/noise ratio compared to external microphone transduction of the voice.
The QuietPro+TM is powered by either rechargeable or replaceable batteries housed in a small module. Technical performance specification for the QuietPro+TM , as provided by the
manufacturer’s website, include a passive NRR of 29 obtained
per the current EPA regulation,4 claims of “instantaneous compression” [manufacturer’s words] of impulsive sound, and an
immersible electronics module.
It is important to note that while there are few TCAPS on
the market compared to other categories of electronic HPDs
and related devices, the above-described four TCAPS are not
the only examples. While these devices have had minimal attention in technical journal publications, the interested reader
may wish to consult the brief trade review by Baddeley;46
this review also describes the following TCAPS devices: TEA
InvisioTM X50 Digital Ears,53 Racal Acoustics VIS-X, Frontier, and Raptor 25,54 and Selex In-the-Ear (ITE).55
4.4.3. Research on Electronic Tactical Communications and Protection Systems (TCAPS)
Compared to most other augmented HPD technologies discussed herein, TCAPS are relatively new and published research on them is minimal. One detailed in-field experiment
was done in conjunction with actual Army training exercises
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on a military base by Casali et al.41 In this experiment, actual soldiers wore either the level-dependent end of a Combat
ArmsTM earplug, a Peltor Comtac IITM earmuff-style TCAPS,
or a CEPS earplug-style TCAPS. The scouting and raid exercises of the experiment had heavy auditory listening components that required the soldiers to perform reconnaissance and
detect an enemy camp, wherein auditory-before-visual detection was critical to the mission. As such, among the many dependent measures of military operational performance, many
of which reflected mission success, the linear distance at which
auditory detection of the camp was achieved was considered
as most critical.41 As shown in Fig. 14, both of the TCAPS resulted in significantly longer (i.e., earlier) detection distances
than did the Combat ArmsTM earplug. The Peltor Comtac IITM ,
with its approximate maximum sound pass-through gain of
15 dB, resulted in auditory detection at 71 meters, as compared
to 46 meters for the Combat ArmsTM earplug, and 67 meters
for the open ear. The CEPS, with its approximate maximum
pass-through gain of 36 dB, resulted in the longest auditory detection distance of 122 meters, which equates to over an 80%
improvement compared to the open ear and 165% improvement compared to the Combat ArmsTM earplug (Fig. 14).41
Soldiers also reported other benefits of the TCAPS devices, including that they could hear other threats, quietly whisper, and
maintain reasonable situational awareness, in fact better than
while wearing the level-dependent end of the Combat ArmsTM
earplug. However, they also noted several ergonomics and
interface difficulties with the TCAPS devices, and reported
that when gain settings were high, the sound of their own
body-generated sounds, particularly footfalls in leaves, made
them question whether their own movements were in fact sufficiently stealthy.41 Furthermore, the soldiers complained about
self-perception of their own voice as being “too loud”, particularly when trying to whisper; this likely was the result of
the occlusion effect which manifested with the relatively shallow insertion that was observed with the ComplyTM eartips as
mounted on the CEPS earpiece.41 It should be obvious that
given the military and law enforcement applications of TCAPS
devices, much more laboratory and applied research is needed
to refine their designs and performance capabilities.

Figure 14. Mean enemy camp auditory detection distances in an Army field
training experiment, with one level-dependent earplug and two TCAPS, compared to the open ear. (Mean values with 95% confidence limits shown; HPD
means with the same letter are not significantly different at p < 0.05.)41

user is receiving for a given fitting of the device in-situ. Applications of the data obtained from such attenuation verifications include: improved HPD selection, improved HPD fitting, and training of the wearer. At the time of this writing, these systems include the Sperian VeriProTM , the Sonomax SonopassTM , and the AEARO-3M E · A · RFitTM . Furthermore, under-HPD dosimetry systems have been developed
(e.g., Sperian QuietDoseTM ), and these are useful for obtaining a measure of the protected exposure level for an individual
wearing an HPD in noise.
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Augmentations or enhancements to conventional HPDs, that is, those which attenuate noise strictly through static,
passive means, are generally delineated into passive (non-electronic) and active (powered electronic) designs.
While powered electronic augmentations are reviewed in Casali1 (a parallel paper elsewhere in this issue), passive
augmentations are represented by mechanical networks to achieve flat-by-frequency attenuation; level-dependent
leakage pathways that house acoustically-variable occluders to yield minimal attenuation during quiet periods but
sharply increasing attenuation upon intense noise bursts (such as gunfire); quarter-wave resonance ducts to bolster
attenuation of specific frequencies; selectable cartridges or valves that enable passive attenuation to be adjusted
for specific exposure needs; and dynamically adjustable-fit devices that provide adjustment features to enable
personalized fit to the user as well as some degree of attenuation control. Intended benefits of passive augmented
HPDs (akin to those of active devices as well) include (1) more natural hearing for the user, (2) improved speech
communications and signal detection, (3) reduced noise-induced annoyance, (4) improved military tactics, stealth
maintenance and gunfire protection, and (5) provision of protection that is tailored for the user’s needs, noise
exposure, and/or job requirements. This paper provides a technical overview of passive augmented HPDs that
were available or have been prototyped circa early-2010. In cases where no empirical research results on the
passive augmentations and their performance were available in the research literature, this review relied on patents,
corporate literature, and/or the author’s experience. For certain augmentations, a limited amount of empirical,
operational performance research was available and it is covered herein. Finally, in view that at the juncture of
this article the United States (U.S.) Environmental Protection Agency (EPA) was in the process of promulgating
a comprehensive new federal law to govern the testing and labeling of hearing protectors of various types, those
elements of the proposed law that pertain only to specific passive augmentation technologies are mentioned herein,2
along with references to relevant standards on hearing protector attenuation testing.

1. INTRODUCTION

reviewed elsewhere.5

An overview of the state of the technology of hearing protection devices (HPDs) circa 1996 was published by Casali and
Berger.3 Considering that article is now outdated by 15 years,
the purposes of this review are (1) to update the earlier article with coverage of new technology augmentations, specifically on available passive technologies, (but not exhaustively
in regard to all manufacturers/models), (2) briefly present the
results of relevant research conducted on passive augmented
HPDs, and (3) to briefly cover the testing and labeling of passive augmented HPDs as to their attenuation and other performance characteristics under a recently proposed U.S. EPA
regulation2 that is intended to ultimately supercede the current
federal regulation,4 which does not accommodate most augmentation technologies, be they passive or active. The testing
issue was not addressed in the earlier article,3 but it is becoming increasingly important as consumers and safety professionals attempt to select from a variety of augmented HPDs. These
HPDs are purported to offer certain hearing and protective advantages, but heretofore they could not be comprehensively
tested and properly labeled under the current EPA regulation,
for reasons associated with the nonapplicability of the EPA’s
cited test protocols4 to certain dynamic HPD capabilities, as

1.1. Definitions Applied
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In this paper and its parallel paper,1 the terms “augmentation” and “augmented hearing protector” are intended to refer to any device that does not consist solely of a static passive attenuator, but which includes features involving electronics or dynamic/adjustable passive acoustical impedance elements. Also, the term “active” hearing protector is operationally defined as one which incorporates powered electronics
of any type, which are typically powered from a battery source.
Herein, the term “active” does not refer exclusively to devices
of the active noise reduction type, or of the active sound transmission/restoration type, but instead it encompasses both of
these varieties since they include powered electronics design
features.

1.2. Conventional Passive Hearing
Protection Devices (HPDs)
and Applications Thereof
The bulk of available HPDs comprise the category of socalled conventional devices. These devices are the subject of
(pp. 187 195)
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numerous reviews (e.g., see Gerges and Casali6 ) The parallel paper1 provides a discussion of the primary characteristics
of conventional passive HPDs, which reduce noise at the ear
solely by static (i.e., invariant) passive means, yield attenuation behavior that is noise level-independent or amplitudeinsensitive and which, at least in most examples, provide nonlinear, increasing levels of attenuation as spectral frequency
increases (see Fig. 1 in Casali1 ). At the time of this writing,
conventional HPDs are tested under the prevailing EPA regulation,4 using a real-ear attenuation at threshold (REAT) standard (ANSI S3.19-1974; Experimenter-Fit Method7 ); soon to
be replaced by ANSI S12.6-20088 in the EPA’s newly proposed
rule,2 as discussed in Casali.1
A major stimulus for the development of augmented HPDs
has been the sometimes negative influence that conventional
HPDs have on the hearing ability of users.9, 10 These issues, including the effects of conventional HPDs on auditory perception, reduced speech communication abilities, and degraded
signal detection, recognition, and/or localization, are reviewed
in the parallel paper1 , as well as in other publications,9, 10 and
will not be repeated here. Furthermore, the reader is referred to
Casali1 for a variety of reasons that HPDs are applied to noise
annoyance and hazard problems, including laws pertaining to
occupational noise exposures.11, 12
The overview in Casali1 about the effects that conventional
HPDs have on the hearing of speech and signals concludes
that these effects are sometimes deleterious to auditory performance and situational awareness, as do other references.9, 10
Thus, these effects have largely given rise to the passive augmentations to HPDs that are discussed herein, and to the active
(electronic) augmentations that are covered in Casali.1 Relying upon empirical research evidence where available, herein
the operational performance for each passive HPD augmentation technology will be discussed along with the basic design
features and approaches for each individual technology.

volved, other MIRE or ATF tests are also required for other
components of attenuation, all as detailed in Casali.1 In addition to a discussion of the EPA product noise labeling regulation2 and the associated American National Standards Institute
(ANSI) HPD test standards on which it relies, the parallel article1 also provides reference to International Organization for
Standardization (ISO) standards that cover hearing protector
testing.

2. OVERVIEW OF PASSIVE AUGMENTED
HPDS: DESIGN, TESTING,
AND RESEARCH
2.1. A New Classification Scheme
Casali and Berger’s 1996 classification scheme for augmented hearing protectors used a dichotomy of passive (nonelectronic) and active (electronic) devices, with augmentation
categories under each.3 That dichotomy remains today, but
due to advances in the 15 years since the original classification, a new augmentation classification appears in Table 1 of
the parallel paper in this issue.1 Next, each augmentation in
the passive category will be addressed separately.

2.2. Passive Uniform Attenuation HPDs

Prior to addressing each augmentation technology on an individual basis, the reader is referred to the parallel article,1
in which an overview of the measurement techniques that are
now used, or anticipated to be used for obtaining an HPD’s
attenuation performance, and the product labeling therefrom,
is presented. This background information is prerequisite to
understanding how the proposed new U.S. EPA product noise
labeling regulation2 for HPDs will accommodate the testing
for each passive augmentation technology.1 The parallel article1 covers the three major standardized HPD measurement
techniques that apply to the testing of various aspects of augmented passive technologies discussed herein, and yielding appropriate attenuation data. These include Real-Ear Attenuation
at Threshold (REAT) as detailed elsewhere13, 14 and standardized in ANSI S12.6-2008,8 Microphone in Real-Ear (MIRE)
as detailed elsewhere13, 14 and standardized in ANSI S12.422010,15 and Acoustical Test Fixture techniques, as cited in
ANSI S12.42-201015 with actual fixtures/manikins appearing
under separate standards as referenced in Casali.1 It is important to reiterate here that in the EPA’s recently proposed rule,2
for a REAT test per ANSI S12.6-20088 is required for all types
of HPDs as a basis for labeling the passive attenuation of the
device. Then depending upon the particular augmentation in-

Conventional HPDs do not improve the speech/noise (S/N)
ratio in a given frequency band, and S/N is the most important factor for achieving reliable detection or intelligibility.9
As a general trend, and especially so for earmuffs, conventional HPDs do attenuate high-frequency sound more than lowfrequency sound, thereby reducing the power of consonant
sounds that are important for word discrimination and which
lie in the higher frequency range.9 The sloping, nonlinear attenuation profile versus frequency, which provides higher attenuation values with increasing frequency, creates an spectral
imbalance from the listener’s perspective. This imbalance occurs because the relative amplitudes of different frequencies
are heard differently than they would be without the conventional HPD, and thus broadband acoustic signals are heard as
spectrally different from normal; in other words, they sound
more bassy.3 Thus, the spectral quality of a sound is altered,
and sound interpretation, which is important in certain aural
tasks, may suffer as a result. This is one of the reasons that
uniform (or flat) attenuation HPDs have been developed as an
augmentation technology, since these devices do not bias, on
a relative basis, the hearing of sounds across the audible frequency range.
It is generally evident that on average across conventional
HPDs, earmuffs display a larger imbalance between their lowand high-frequency attenuation than do earplugs.6 However,
some earplugs demonstrate substantial spectral nonlinearities
in their attenuation, as shown in the two lowermost functions
of Fig. 1. When listening to a sound while wearing such conventional earplugs (or an earmuff), all pitches that compose the
sound are reduced in level, but due to the influence of the nonlinear attenuation, the amplitudes of various pitches are also
changed relative to one another in a nonuniform manner across
the spectrum, rendering the wearer’s hearing of the sound as
distorted when compared to its perception with the unoccluded
ear. Since many auditory cues depend on their spectral shape
for informational content (e.g., pitch perception by musicians,
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Figure 1. Spectral attenuation obtained with REAT procedures for the two uniform attenuation, custom-molded earplugs (ER-15, ER-20) that are depicted
in Fig. 2, compared with three conventional earplugs shown: premolded, usermolded foam, and spun fiberglass. [Courtesy of AEARO-3M Corporation.]

Figure 2. Flat-attenuation earplugs with controlled passive leakage pathways
and acoustical networks of the custom-molded and premolded varieties.3

cutting speed/friction by machinists, impending bearing failures by helicopter pilots, “roof talk” by underground miners),
conventional HPDs may compromise these cues.9, 10
In an attempt to counter these effects, flat- or uniformattenuation HPDs, such as the Etymotic ER-15 Musician’s
custom-molded earplug or the ER-20 HiFiTM premolded
earplug, both available from AEARO-3M and Etymotic Research, Inc., were developed in the early 1990s.3 These devices utilize acoustical damping and filtering networks (Fig. 2),
as well as unique placement of the sound entry port near the
ear canal’s rim, to provide essentially flat attenuation over the
range of frequencies from 125 Hz to 8000 Hz as shown in the
uppermost functions of Fig. 1

in earplug attenuation was less than a slope of 10 dB over the
frequency range of 250 Hz to 4000 Hz. Furthermore, Witt
noted that while the first flat attenuation devices developed in
the 1990s (i.e., the ER earplugs discussed above) utilized controlled, tuned leakage paths and dynamic mechanical networks
to yield their linear attenuation, advances in earplug materials
in the first half of the 2000s decade have enabled near-linear attenuation in certain disposable earplugs, thus bringing the cost
of uniform (or at least “near-uniform”) attenuation technology
down into the realm of more industrial users.16 To achieve
near-uniform attenuation with such disposable devices, however, the quality of fit is important, since an acoustical leak will
invariably degrade the low-frequency attenuation. It is also important to recognize that “true” flat attenuation HPDs (i.e., ER15, ER-20) that incorporate the leakage paths and mechanical
networks noted above provide generally lower attenuation than
that afforded by most well-designed conventional earplugs, so
they are not typically appropriate for ear defense in high exposure levels.3, 9
Alali and Casali17 recently evaluated normal hearers’ abilities to localize a vehicle reverse (backup) alarm, in 360-degrees
azimuth in a hemi-anechoic space, comparing the subjects’
performances while they wore each of the following HPDs: (1)
sound transmission earmuff (ImpactTM by Sperian) of dichotic
design (two unique microphones, one feeding each ear cup),
(2) sound transmission earmuff (custom-made) of diotic design (single microphone feeding both ear cups), (3) uniform attenuation earplug (ER-20 Hi-FiTM by AEARO-3M), (4) leveldependent earplug (ArcTM by AEARO-3M), (5) conventional
premolded 3-flange earplug (UltraFitTM by AEARO-3M), (6)
conventional foam earplug (SparkPlugTM by Moldex), and (7)
conventional passive earmuff (LeightningTM by Sperian). Additionally, the subjects were also evaluated in an unprotected
ear condition.17 A “quiet” condition of an A-weighted pink
noise level of 60 dB and a “construction noise level” condition
of an A-weighted pink noise level of 90 dB were applied, as
well as both standard and spectrally-widened (with the addition of 400 Hz and 4000 Hz components) backup alarms. Subjects indicated the angular direction of the approaching backup
alarm with an azimuth computer pointer. More details on this
experiment appear in section 4.3 of the parallel paper.1

Due to the simple fact that a uniform HPD’s relatively flat
attenuation spectrum enables the listener’s ears to retain their
normal, albeit uniformly attenuated, frequency response, perceptual advantages of these specialized hearing protectors are
obvious, and for certain user populations, such as musicians,
the more natural hearing provided should prove to be beneficial. However, the purported benefits to hearing perception of
flat attenuation HPDs have been tested in few studies. One
notable exception was a demonstration experiment by Witt,
who, in an effort to determine whether the presence of flat
attenuation was noticeable by HPD users in industrial applications, recorded speech and industrial noise under varying attenuation slopes of earplugs and played them back to obtain
subjects’ responses.16 The benefits of near-flat attenuation (as
achieved with a prototype of the Sperian AirSoftTM earplug)
were most noticeable in industrial settings when the increase

In regard to passive augmented HPD effects in the Alali and
Casali localization experiment, there was not a statisticallysignificant advantage for either the standard or modified
backup alarm on any of the four measures of localization accuracy for the ER-20 HiFiTM uniform attenuation earplug as
compared to any of the other four passive HPDs, with three
exceptions.17 These exceptions, as depicted in Fig. 3, were
that in percentage correct localization in an A-weighted pink
noise level of 90 dB, the uniform earplug yielded significantly
better accuracy than the polyurethane, user-molded foam
earplug (Moldex SparkPlugTM ), the dichotic, electronicallymodulated sound transmission earmuff (Bilsom ImpactTM ),
and the custom-made, diotic, electronically-modulated earmuff. There was no significant improvement of the uniform earplug over the standard premolded earplug, that is,
the AEARO UltraFitTM , which incorporates the exact same
flanged seal design as the uniform earplug. Also notable was
that in the high noise level condition (an A-weighted noise
level of 90 dB) none of the four passive earplugs showed any
disadvantage in localization accuracy when compared with the
open ear (Fig. 3).17
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Figure 3. Effect of hearing protection device type on the percentage of correct
localization accuracy for vehicular backup alarms, normal hearing listeners in
an A-weighted pink noise level of 90 dB. Localization was scored as correct
when the subject identified the alarm as coming from within a range of 22.5
degrees on either side of the alarm’s exact angle of approach. (Mean values
with 95% confidence limits shown; HPD means with the same letter are not
significantly different at p < 0.05).17

A comparison of the effects on symmetrical direction judgment confusions while using the uniform attenuation earplugs
compared with the other HPDs is also needed.17 In regard
to right-left errors (averaged across both backup alarms and
both noise levels), there were no significant differences between any of the HPDs, except for the diotic earmuff, which
was associated with 37% right-left confusion errors compared
to a low of 2% for the uniform HiFiTM earplug to 9% for the
SparkplugTM foam earplug (Fig. 4).17 Confusions of frontback alarm directions were most significant in the A-weighted
noise level of 90 dB condition (Fig. 5). The UltraFitTM and
HiFiTM earplugs exhibited significantly fewer front-back confusions than either of the electronic muffs (Fig. 5). Among
the four earplugs, the conventional earmuff, and the open ear,
there were no differences in front-back errors, though the uniform attenuation HiFiTM earplug did have the numerically lowest confusions at 8%, compared to a high of 16% for the conventional SparkplugTM foam earplug. Based on the composite
findings of this localization study, it appears that the uniform
attenuation qualities of a moderate-attenuation HiFiTM earplug
have certain advantages over some other earplugs, as well as
over electronic sound-transmission earmuffs, in providing for
localization to a backup alarm; however, it must be recognized
that this conclusion is based on an experiment with specific independent variable conditions, and thus the results may not be
generalizable to other signals, noises, or HPDs.

Figure 4. Effect of hearing protection device type on the percentage of rightleft errors for vehicular backup alarms, normal hearing listeners in pink noise,
averaged across A-weighted noise conditions of 60 dB and 90 dB, and across
a standard and modified backup alarm (see text for explanation). An error
occurred when an alarm that emanated from within an angle of ±45 degrees
from directly to the right of the subject was judged as coming from the left,
and vice-versa. (Mean values with 95% confidence limits shown; HPD means
with the same letter are not significantly different at p < 0.05).17

Figure 5. Effect of hearing protection device type on the percentage of frontback errors for vehicular backup alarms, normal hearing listeners in an Aweighted pink noise level of 90 dB. An error occurred when an alarm that
emanated from within an angle of ±45 degrees from directly in front of the
subject was judged as coming from the rear, and vice-versa. (Mean values
with 95% confidence limits shown; HPD means with the same letter are not
significantly different at p < 0.05).17

of percentiles in the EPA’s newly proposed rule.2 Thus, for
simplicity it is referred to as ‘NRR’ in the remainder of this
paper.)

2.2.2. Testing of Passive Uniform Attenuation HPDs

2.3. Passive Level-Dependent (AmplitudeSensitive) Devices

Because the passive uniform attenuation HPDs devices discussed under this category all provide the same level of
noise attenuation regardless of noise level (i.e., they are levelindependent), their attenuation testing is accommodated in the
EPA proposed rule2 by standard REAT tests, namely those
of ANSI S12.6-2008,8 and their attenuation labeling will be
based on that test, and structured per that rule’s requirements
for the “primary label” for the Noise Reduction Rating (NRR)
for passive HPDs.2 (The current EPA rule4 requires the NRR
appear on a label accompanying the HPD, and it is intended to
estimate the protection achievable by 98% of the population;
however, at this juncture it is expected that the NRR will likely
change to a two-number NRR-like rating to provide a range

Passive, level-dependent HPDs are designed so that their attenuation increases as the ambient noise level increases. Such
devices rely upon acoustical networks, mechanical ball or flutter valves, or orifices in blocked sound ports which respond
dynamically to intense air pressure changes to activate their
unique attenuation responses. One of the earliest designs in
this category was a unique dynamically-valved earplug named
the GunfenderTM ,18 and the North Safety Co. followed with
a device called the Sonic Ear-ValveTM . In the early 1990s, an
additional earmuff style device that relied on a sharp-edged,
orifice-based, controlled leakage path in a duct was E·A·R
Corporation’s Ultra 9000TM .19 Later, using similar technology comprising a calibrated leaky filter in an acoustical duct
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Figure 6. Representative insertion loss (IL) and illustration of the transition
level at a single frequency, as a function of incident sound level (Lp ), for an
amplitude-sensitive hearing protector with a nonlinear orifice.19

running through the stem of an earplug, the AEARO Combat ArmsTM earplug was developed for military use, which
was followed by a recent commercial version named the
ArcTM earplug.20, 21 Recently, a European custom-molded
earplug was introduced, the Variphone StopgunTM , which uses
a nonlinear filter to attenuate impulsive noises of above about
110 dB, according to the manufacturer’s website.26 Typically,
passive level-dependent HPDs provide very low attenuation in
low to moderate noise levels; however, as ambient noise levels increase to a certain level, their attenuation increases to the
maximum and plateaus afterwards (Fig. 6).3, 19

Figure 7. Combat ArmsTM earplug. Left panel: first generation double-ended
earplug, consisting of green end (non-level-dependent) for insertion during
continuous noise exposures, and yellow end for insertion where hearing is
needed during quiet but gunfire may occur; on right, with yellow flange removed, revealing ported stem which contains an orifice-filter network that penetrates the duct’s occluding member, for effecting level-dependent attenuation
when yellow end is inserted.20 Right panel: Combat ArmsTM double-ended
earplug attenuation: Lower function-green end (non-level-dependent); Upper
function-yellow end (level-dependent), with attenuation measured in “resting”
state. [Courtesy of E. H. Berger, AEARO-3M Corporation, personal communication, January 12, 2004.] Lower left figure-third generation Combat
ArmsTM single-ended earplug with rocker valve to change attenuation state,
shown in level-dependent position.

inal Combat ArmsTM earplug (which is still available), the
spectral attenuation for each of the two ends, and the more recent single end configuration. An additional advantage is that
some orifice-based, level-dependent HPDs, an example being
the AEARO-3M Ultra 9000 earmuffTM ,19 offer roughly flat attenuation, though this is not the case with the level-dependent
end of the Combat ArmsTM earplug, as shown in the upper
spectral attenuation function of Fig. 7.

With contemporary orifice/acoustical filter-based, leveldependent HPDs at low noise levels, their passive attenuation
behaves as that of a leaky protector, offering minimal attenuation below about 1000 Hz because laminar flow is present in
the duct and sound passes with low impedance through the orifice. This minimal attenuation is all that is available to protect
the wearer’s hearing at sound levels below about 110 dB. Since
such devices are intended to be used primarily in intermittent
impulsive noise, this should not be a problem as long as the off
periods are relatively quiet (e.g., below an A-weighted noise
level of approximately 85 dB). At elevated sound pressure levels (above about 110 dB to 120 dB, as might occur during a
gunshot), the flow through the orifice changes from laminar to
turbulent, effectively closing the orifice and thus sharply increasing the attenuation of the device (Fig. 6).19 Due to the
fact that level-dependent earplugs of the Combat ArmsTM and
ArcTM types provide very little protection at sound levels below an A-weighted noise level of about 110 dB (with an NRR
of 0 dB; spectral attenuation in right panel of Fig. 7), they are
clearly not suitable for continuous noise exposures and are intended for intermittent exposures which entail quiet periods
interrupted by sudden explosions, gunshots, arc blasts, highpressure pneumatic discharges, or similar impulsive sounds.
However, to provide protection in situations wherein both intermittent quiet/impulsive noise as well as periods of continuous noise can manifest, both the Combat ArmsTM and ArcTM
earplugs were designed with two “ends” that afford selectable
protective states, in which one end is level-dependent, and the
other is a conventional passive earplug that is suitable for continuous noise exposures.20, 21 (Now in its third generation, a
more recent version of the Combat ArmsTM earplug incorporates a single end that is manually converted between the two
aforementioned conventional and level-dependent states by a
manually-operated, rocker-activated valve.) Figure 7 depicts
the level-dependent and conventional passive ends of the orig-

It should be obvious that passive level-dependent HPD designs are intended to provide improved auditory performance
and situational awareness in quiet conditions, especially for
military personnel. However, research to examine the operational performance effectiveness with these devices has been
limited, even though a few application-oriented experiments
have been reported, all investigating the Combat ArmsTM or
similar ArcTM earplug. Babeu et al.20 performed laboratory experimentation leading to a report that the yellow, leveldependent end of the Combat ArmsTM provided better sound
(azimuth) localization in noise and in quiet than an AEARO3M ClassicTM foam earplug, but not better than the Combat ArmsTM earplug’s conventional passive triple-flanged end
(which is essentially an AEARO-3M UltrafitTM design).20 In
the aforementioned backup alarm localization investigation by
Alali and Casali, the industrial version of the Combat ArmsTM
earplug (the ArcTM ), when worn with its level-dependent end
in an A-weighted noise level of 90 dB, did not result in improved localization over the conventional UltrafitTM earplug,
though it did exhibit a 10%, though statistically-nonsignificant,
improvement over the Moldex SparkPlugTM foam earplug
(Fig. 3).17
In a military field training experiment conducted by Casali
et al.21 with actual soldiers in scouting and raid exercises that
required auditory-before-visual detection of an enemy camp,
the level-dependent end of the Combat ArmsTM earplug resulted in auditory detection of the camp at 46 meters, compared to considerably longer (i.e., earlier) detection distances
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Figure 8. Mean enemy camp auditory detection distances in an Army field
training exercise, with one level-dependent earplug (Combat ArmsTM ) and two
TCAPS (described in text), compared to the open ear. (Mean values with 95%
confidence limits shown; HPD means with the same letter are not significantly
different at p < 0.05.)21

with electronic tactical communications and protection systems (TCAPS) of 122 meters with a communication enhancement and protection system (CEPS) ear insert (which has about
36 dB gain), and 71 meters with a Peltor Comtac IITM earmuff (which has about 15 dB gain), all compared to 67 meters with the open ear (Fig. 8).21 Soldiers also reported on
post-exercise questionnaires that, compared to open ear listening, even though they could still hear some signals and quietly
whisper while wearing the level-dependent end of the Combat
ArmsTM earplug, they felt that their hearing was compromised
to the point that they might miss threats that they could normally detect with open ears, and that the earplug affected their
ability to modulate their own voice level, likely a manifestation
of the “occlusion effect”.9, 21 The occlusion effect results from
an enhancement of bone and tissue conduction of sound, as
compared to that occurring with the open ear that is caused by
occlusion of the ear canal by an earplug or earmuff. The effect
is maximized as the entrapped volume of the ear canal is at its
largest, such as with a shallowly inserted earplug, and it causes
one’s own voice to sound louder and sometimes more bassy
and resonant. Also, sounds of bodily origin, such as breathing
and footfalls, are heard as unnaturally loud.9, 21
Finally, another study by Babeu was aimed at determining
the protective effectiveness of the Combat ArmsTM earplug as
worn under an infantry soldier’s helmet (Model PASGT) to
gunfire produced from an M4 carbine (rifle).22 This study
demonstrated that the level-dependent end of the Combat
ArmsTM yielded a protected peak pressure level of 133 dB and
insertion loss of 31 dB, compared to 120 dB and 34 dB, respectively, for the conventional end. By comparison, the unprotected, open-ear condition (but still wearing the helmet)
yielded a peak pressure of 164 dB and an insertion loss of
0 dB.22

to 120 dB for this class of HPD is much higher,19 it is not represented in current REAT data. However, the need for these data
has been anticipated with the new EPA proposed rule.2 Because level-dependent hearing protectors are often applied for
protection in rapid-onset, impulsive noise, such as that from
gunfire and blasts, testing of their protective performance is
much more complex than that of conventional passive HPDs.5
Two of the most salient performance metrics regarding these
designs are (1) the incident noise level that is required to elicit
a sharp increase in attenuation, and (2) the response time involved in increasing the attenuation afforded to effective levels
in sudden-onset noises, such as gunfire.5, 9 Extremely quick response time is of critical importance in these nonlinear, leveldependent passive HPDs. Thus, when confronted with sharply
rising pressure impulses, such as those produced by gunfire,
without proper measurement of the response time until a significant increase in attenuation occurs, the question remains as
to whether or not the masses and frictions involved with dynamic valve systems that have moving parts overly delay the
shut-off time and thus compromise protection afforded. With
orifice-based systems that have no moving parts, response delays should not be of issue.
Although performance characteristics on these nonlinear attenuation metrics are not currently required by the EPA on
manufacturers’ packaging (nor are they typically labeled voluntarily), the EPA proposed rule does require impulsive response testing to be performed on any HPD sold on the basis
of providing protection in impulsive noise greater than 130 dB
true peak sound pressure level.2 These impulsive tests are to
be conducted using an ATF as described earlier, under the protocol of ANSI S12.42-2010.15 Essentially, the EPA’s protocol will result in a measure of the peak sound reduction provided by an HPD, with excitation impulses required in three
ranges of dB true peak levels: 130–134, 148–152, and 166–
170.2 At present, the source of the impulsive stimuli are undetermined, but known techniques include long acoustic shock
tubes, ammunition blanks and other explosives, and pressurized cylinders with puncturable sealing caps.2, 5 Because the
noise levels at which orifice-based, passive level-dependent devices are most effective are so high (i.e., beginning at 110 dB to
120 dB),19 tests conducted to quantify their attenuation characteristics cannot ethically or safely use human test subjects,
likely even those using MIRE techniques wherein the subjects
wear earplugs. The only methods currently available for this
purpose involve ATFs.2, 5, 15

2.4. Passive Wave Resonance Ducted
Devices

Because passive level-dependent devices are now tested under the current EPA rule,4 which only requires REAT protocol that is performed at the listeners’ threshold of hearing per
ANSI S3.19-1974,7 the attenuation data are valid only for the
devices’ performance in quiet. As such, the NRR is very low,
for example, 0 dB for the original Combat ArmsTM and ArcTM
earplugs’ level-dependent ends (Fig. 7). Although attenuation
provided at incident sound pressure levels that exceed 110 dB

It is common practice that conventional passive HPDs primarily consist of construction materials that exhibit high sound
transmission losses to create a passive barrier to airborne sound
waves, and compliant materials to engage the flesh either in
the ear canal, concha, or around the pinnae to form an acoustic
seal. At least one configuration that augments these standard
features, the SensGard ZEMTM canal cap-style hearing protector, incorporates plastic “muffler tubes” or ducts that are
closed at their upper ends and open at their ear canal ends
to take advantage of sound wave resonance for low-frequency
sounds that enter the duct. The guiding principle is that the
resonance frequency of a duct closed at one end is approximated as that frequency corresponding to the wavelength that
is four times the ducts length, thereby applying the “quarter-
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To help overcome the problem of overprotection in moderate noise environments, earplug augmentations have recently
been developed to allow the user some level of control over the
amount of attenuation achieved. These devices incorporate a

leakage path that is adjustable by setting a valve that obstructs
a tunnel or “vent” cut through the body of the plug, or by selecting from a choice of available filters or dampers that are
inserted into the vent.
A European earplug, the VariphoneTM ,28 is an example of an
adjustable-valve design, which is constructed from an acrylic
custom-molded impression of the user’s ear canal. According
to the manufacturer’s data, the attenuation adjustment range is
approximately 20 dB to 25 dB below 500 Hz, with a maximum
attenuation of about 30 dB at 500 Hz. At higher frequencies,
the range of adjustment decreases, while the maximum attenuation attainable increases slightly. An example of a selectabledamper design is the Sonomax SonoCustomTM , manufactured
in Canada.29 The Sonomax device can be fitted with a variety
of attenuation dampers that provide the opportunity for discretely variable attenuation in a single device, and each damper
has distinct spectral attenuation values and NRR. Furthermore,
the SonoCustomTM HPD is sold as a system with a probe tube
microphone test apparatus which verifies the amount of attenuation achieved via MIRE techniques on each user as they are
fit with the product.
The European Variphone company, in addition to its valved
earplug, manufactures other full custom-molded earplugs, including the acrylic VariphoneTM and silicone V-SILTM , both of
which incorporate a duct into which selectable “filters” are inserted for different attenuation values. Another device which
has been available for many years is the dB BlockerTM from
Custom Protect Ear of Canada.30 This product is a vented,
custom-molded earplug that offers different cartridge filters
that can be inserted into the vent. Each cartridge comprises a
unique damper/filter which affords a specific attenuation spectrum, and the selection of cartridge is based upon an analysis
of the wearer’s noise exposure and other needs. The cartridge
is intentionally not user-replaceable, so the dB BlockerTM is
returned to the manufacturer should a cartridge need replacement or changing.
There are two important distinctions between these passive adjustable-attenuation HPDs and passive level-dependent
HPDs that were discussed earlier. The former require user or
manufacturer setting to effect attenuation changes, and the attenuation, once selected, is essentially independent of incident
sound level, that is, level-independent. On the other hand,
level-dependent devices react automatically to changes in incident sound pressure levels and the user has no control over
the change in attenuation when the HPD is worn in its leveldependent configuration.
Attenuation testing of adjustable attenuation passive devices
is only slightly more complex than for the flat-attenuation passive devices discussed earlier. For devices with discrete settings (e.g., the SonoCustomTM and the dB BlockerTM ), the EPA
proposed rule2 specifies using the standard REAT test of ANSI
S12.6-2008,8 which is to be conducted for each level of adjustment (or for each damper/filter insert) and an NRR value
is determined for each setting. Although this is time consuming and labor intensive, it is necessary protocol to quantify the
performance at each setting or for each cartridge insert. Continuously variable devices (e.g., VariphoneTM ) are more problematic to attenuation testing because they can only be tested
reliably at the extremes of their adjustment range (i.e., fully
open and fully closed). It is more difficult to reliably quantify the protection afforded by such devices at all intermediate settings, unless those intermediate settings are reproducible
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wave” resonance principle. In more precise computation, the
duct’s diameter is also a factor, but the quarter-wave equation
is sufficient as an approximation for this discussion, and it was
used in enablement of the SensgardTM HPD per its foundation patent (Zwislocki, U.S. Patent 5,824,967, 1998).23 In the
commercial embodiment of the SensgardTM , the muffler tube
is about 13 cm in length, providing for quarter-wave resonance
at about 650 Hz. Therefore, maximum benefit of the ductprovided noise reduction is thus limited to a low frequency that
is well below the mid-to-high frequencies (i.e., above about
1000 Hz) that compose the most hazardous range to hearing, and also below those frequencies which directly overlap,
and therefore mask the critical speech bandwidth (i.e., about
1000 Hz to 4000 Hz).5, 9 However, the quarter-wave resonance
effect may indeed help reduce upward spread of low-frequency
noise masking (at least that emanating from the 650 Hz range)
into the speech bandwidth if the noise levels are sufficiently
high, that is, exceeding an A-weighted noise level of about
85 dB.9 To improve the spectral range of noise reduction of the
SensgardTM , while not seen in the actual product embodiment,
it would be possible to add multiple tubes to cause resonance
and reduction at multiple frequencies, though this would likely
make for a more bulky device, as depicted in the patent.23 In
addition to specifying the duct’s length for quarter-wave resonance effect, the patent calls for the open end of the duct to
impose an acoustic impedance over a wide frequency range
that is lower than the impedance at the ear canal’s opening;
this is achieved by making the inner cross-sectional area of the
duct larger than that of the ear canal.23 Furthermore, the duct
is said to couple with a connecting tube that provides a “tight
acoustic coupling” with the ear canal to provide a seal.23
The acoustic input impedance and quarter-wave resonance
features of this technology indeed offer a certain benefit potential. For instance, the labeled low frequency attenuation (obtained from the product package of the Sensgard ZEMTM SG
26) ranges from 31.4 dB to 34.7 dB below 1000 Hz, and this
is relatively high for a canal cap-type device. And the highfrequency attenuation above 1000 Hz is relatively flat, from
33.0 dB to 39.4 dB, but not enough to compare favorably with
the flat attenuation HPDs discussed previously. However, it is
emphasized here that with only one “muffler” duct, there will
be benefit of quarter-wave resonance in only a very narrow frequency range. Also, to achieve the lower acoustic impedance
of the duct as compared to the ear canal, the eartips of the device must seal in the concha of the ear instead of within the ear
canal, and the concha is typically more convoluted in shape
and of more widely-variable anthropometry, rendering it more
difficult to seal than the ear canal. As of this writing, there was
no empirical scientific research that evaluated passive ducted
wave resonance devices; however, anecdotal statements of evidence appear on the Sensgard ZEMTM website.27
Passive-ducted, wave resonance HPDs discussed under this
category are simply and appropriately accommodated in the
EPA proposed rule2 using standard REAT tests, namely those
of ANSI S12.6-2008.8

2.5. Passive Adjustable-Attenuation
Devices
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Figure 9. Prototype balloon-based ear insert with pass-through stent and pump
module on end. Upper panel: Uninflated state prior to insertion. Lower panel:
Inflated state after insertion. [Courtesy of J. P. Keady, Hearium Corporation,
personal communication, November 14, 2009.]

through a detent or graduation setting on the valve control.
The adjustable-attenuation class of HPDs affords flexibility
in product development in that these devices can be designed
to allow for modular augmentations, and this is potentially a
major advantage in that these relatively expensive and personalized (i.e., custom- or semi-custom-molded) earplugs can then
be adapted to changing user needs and different noise environments without making a new custom-molded earplug. Filterbased devices can be tuned for specific environments or tuned
to pass speech or other critical bands necessary for specific
jobs, assuming that the filter’s passband response is properly
optimized to the objective. As this technology matures, the
potential exists for additional electronic augmentations (noise
cancellation, electronic filtering, closed-loop attenuation control, hearing assistive circuits, automatic gain control, digital
signal recognition/processing, etc.) to also be incorporated in
a modular sense, and in some cases these features have been
incorporated as is discussed under the active (electronic) category shown in Table 1 of the parallel article.1 Obviously,
each of these special augmentations will require different testing/labeling procedures than afforded by the standard REAT
test of ANSI S12.6-2008,7 and not all of these technologies
have been covered in the EPA’s newly proposed rule.2

2.6. Dynamically Adjustable-Fit Devices
Many user-molded, conventional passive earplugs have been
successful in the hearing protection marketplace; products
are designed to provide a “one-size-fits-most” earplug that
is constructed from a malleable or compressible/expandablerecovery material. Such earplugs have been made from slowrecovery polyurethane or polyvinyl foams, finely-spun fiberglass (also known as Swedish WoolTM ), various paraffin- and
beeswax-based products, and malleable putty encapsulated inside a soft plastic sheath. While user-molded conventional
earplugs could reasonably be construed to be “adjustable-fit”,
they all have the common denominator of being oversized in
their cross-sectional diameter as compared to the ear canal into
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which they must be inserted. This “oversize design” emanates
from the need to compress the earplug (or otherwise force it to
conform to the ear canal) to develop an acoustic seal against
the canal walls. Of course, in order to achieve a quality fit, the
user must first manually “mold” or form (via finger-exerted
compression and/or elongation force) the earplug into an “undersize” shape before it is actually inserted, and then to quickly
insert it before it returns to its original shape and size, which
occurs with foam and some other elastic materials. For some
users, this manipulation of the earplug prior to insertion and
subsequent prompt insertion can be difficult.6, 9 Furthermore,
foam, putty, or wax-based earplugs cannot be “dynamically”
adjusted inside the canal once they have been inserted; instead,
they must be fully removed from the ear canal, and then a new
molding/insertion process must commence.
A very recent development that overcomes this common “oversize” disadvantage to user-molded earplugs is
dynamically-adjustable ear inserts that are based loosely on angioplasty balloon technology. These designs are taught in several published patent applications (e.g., Goldstein and Keady,
U.S. Patent Appl. 20090022353;24 Keady, U.S. Patent Appl.
2009024553025 ). As shown in Fig. 9, these devices are distinguished by the fact that the balloon and its longitudinal support
structure are well under the size of the cross-sectional area of
the ear canal and thus can be inserted without user manipulation. Once inserted into place, and resting at a depth limited by
a “stop flange” on the outside of the balloon, the user manually inflates the balloon to fit his/her ear canal at a comfortable
pressure via a few presses of the integrated manual pump that
is located outside of the ear canal but in the concha region.
At the time of this writing, these adjustable-size inserts had
been prototyped in a configuration which comprises a stent or
tube though the center of the balloon to provide a sound pathway duct, and at its distal end, a tiny fingertip pump to inflate
the balloon once it is in the ear canal (Fig. 9). The adjustment of the balloon pressure is considered dynamic because
the user can, at any time, deflate or readjust pressure after the
balloon is inserted into the ear. The pump is integrated with a
module that can house electronics, batteries, microphones, or
other features. The pass-through sound port can be eliminated
or plugged to achieve a purely passive HPD, or it can remain
open for venting or transmission of signals or speech from a
tiny loudspeaker in the device’s outer module.
The author has been involved with developmental evaluations on the balloon-based ear insert, and beyond the aforementioned patent applications, no published data on attenuation or
other performance aspects are available at the time of this writing. Given that this balloon technology has just recently been
prototyped, more research on its performance capabilities is
recommended before it is used as a basis for hearing protection.
As for attenuation testing protocol for the adjustable-fit balloon inserts, due to the fact that their insertion loss is provided strictly via passive means, the appropriate test under the
EPA proposed rule2 is the standard REAT test of ANSI S12.62008.8

3. SUMMARY
Based on this review, there have been significant advancements in passive augmentations to hearing protectors in the
past two decades. Some of these devices pose attenuation and
other performance testing challenges, but in all cases noted
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above, the EPA’s newly proposed rule2 offers a viable approach
to accomplishing the testing. Passive augmentations have indeed been innovative, as evidenced by the number of patents
awarded for their designs and methods. The reader is now referred to the parallel publication by Casali1 for a review of
active (electronic) augmentations.
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Over the last few years, several field attenuation measurement systems (FAMS) have been introduced to the industrial marketplace to measure the individual end-user attenuation for some hearing protection devices (HPDs).
Although individual measurement is necessary to determine whether a given user is properly protected in his or
her real-life noise environment (assuming that the exposure level is known), one unknown remains with a FAMS
measurement: how reliable are the predictions made from the instantaneous measurement (over a few minutes), for
determining the attenuation that will be achieved later in the field (over months or years) by the end-user who may
fit them slightly differently every time? This paper will address that question for one FAMS, the field microphonein-real-ear (F-MIRE) measurement technique, and we will study, in the laboratory, how consistently subjects can
fit and refit HPDs without assistance. A new metric, the intra-subject fit variability, will be introduced and will be
quantified for custom-molded earplugs as fitted by inexperienced test subjects. This paper will present the experimental process used and statistical calculations performed to quantify the intra-subject fit variability. The number
of successive refits required for a given prediction accuracy will also be presented, as well as the uncertainty
component associated with the intra-subject fit variability when using an F-MIRE field attenuation measurement
system.

1. INTRODUCTION
The goal of this study is to state how consistently a person
can fit and refit a given HPD by himself or herself. Such a study
is particularly important now that FAMS are commonly available to the hearing conservation community. Although FAMS
may differ substantially in their methodology (a comprehensive list of FAMS available at the time of this writing exists1 )
they still have a common point: they only can take “snapshots”
of the effective HPD attenuation. One could argue that the attenuation values reported by such FAMS are incomplete if no
provision is made for how variable the fit of the HPD can be
after the initial FAMS snapshot, hence the exact aim of the
current study is to look at how consistently subjects can fit and
refit HPDs without assistance. The FAMS that will be used in
this study is the F-MIRE; it is currently only usable for insert
HPDs (earplugs), but it was brought to the industry in 2001 and
is one of the oldest and most documented objective FAMS.2–7

Figure 1. F-MIRE setup for an instrumented custom earplug with callouts for
all important components.

With the F-MIRE, the sound pressure levels in the ear canal
(under the hearing protector) and those outside the HPD are
simultaneously measured. Using suitable correction factors to
account for known and quantifiable acoustic differences between the F-MIRE and REAT (real-ear attenuation at threshold),3, 5 the values can be used to accurately estimate the HPD’s
attenuation. The F-MIRE system incorporates a dual-element
miniature microphone and associated proprietary technology.
One section of the dual-element microphone couples through
the earplug to pick up the sound pressure levels in the ear canal,
and the other section measures the external sound field. Broadband pink noise is presented through a small loudspeaker in
front of the subject with proper equalization for the speaker fre-

quency response. The actual measurement takes about 10 seconds for one fit in one ear for the standard seven test frequencies from 125 Hz to 8 kHz, from which an overall noise reduction rating or personal attenuation rating (PAR) is calculated. Though the PAR appears to be an exact number, it also
contains its own variability, albeit much less than in the classical approach of using mean laboratory data to make individual
field predictions. The extent of variability in PAR is defined
and explicitly provided with the measurement, as it will be
presented in section 3.2. F-MIRE is currently commercially
available under two brand names, SonoPass R from Sonomax
and E-A-RfitTM from 3M/Aearo. The latter system has the ability to test both custom and disposable earplugs designed with
a probe tube to measure the occluded signal. The SonoPass R
system version 3.2 was used in this study.
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2. EXPERIMENTAL PROTOCOL USED
Fifteen test subjects who had no experience with HPDs were
recruited by the research team at Sonomax Hearing Healthcare.
These inexperienced subjects met the requirements of “naive”
subjects to be used in Method B of ANSI S12.6-2008.8 An
extra question about the test subjects’ experience with custom
earplugs was added (“Did you ever use a pair of custom-made
earplugs?”) and led to the rejection of four of the initial 15 test
subjects. A total of seven female and eight male subjects were
tested with an average age of 32 years old (SD = 8) ranging
from 18 to 48 years old; two of 15 subjects were left-handed
and the average number of times the subjects had worn HPDs
was 44 (SD = 70), ranging from 0 to 208 times. The data
used in this study were collected on 11 subjects tested with
SonoCustom V3 S2/M2 earplug.
At the beginning of each subject’s visit, a certified Sonomax
technician molded a pair of SonoCustom V3 S2/M2 earplugs
for the test subject, following the implementation process used
in the industry. Each subject was then tested 10 times in a row
on each ear for the F-MIRE attenuation provided by the custom
earplug. The attenuation was first measured 10 times in a row
on the right ear and then on the left ear.

3. EXPERIMENTAL RESULTS
For each of the Ns test subjects (index ns ), the attenuation
AT T over the Nt trials (index nt ) for each of the 2 ears (index
nrl ) was computed for the 7 octave bands (index nf ) for the
custom earplug. The attenuation on the initial fitting AT Tinit
was also computed.
First the initial fitting attenuation and the trial fitting attenuations were analyzed. Then the distance to the mean attenuation
was determined for each trial fitting attenuation. The variation
per trial of the distribution of the distance to overall ear mean
attenuation is then calculated. Finally, the number of refits required for proper estimation of the mean individual attenuation
is presented.

3.1. Earplug attenuation results
The
individual
initial
fitting
attenuation
AT Tinit,ind (ns , nf ) is computed for each subject and
each frequency as the average over the two ears of the initial
fitting attenuation AT Tinit (ns , nrl , nf ):
AT Tinit,ind (ns , nf ) =

2
1 X
AT Tinit (ns , nrl , nf ).
2 n =1

(1)

rl

The average fitting attenuation AT T (ns , nrl , nf ) is computed for each subject, each ear, and each frequency as
the average across all Nt trials of the fitting attenuations
AT T (ns , nt , nrl , nf ):

Figure 2. Average and standard deviation of the initial fit attenuation (in dotted
line) and of the average of the 10 subsequent fits (in solid line).

The statistics of the individual trial fitting attenuation are analyzed by the average (AT Tind (nf )) and the standard deviation
(σAT Tind (nf )) according to the Ns subjects. The personal attenuation rating (P AR) is defined for each individual as:


7
X
100+C(nf )

10
P AR(ns ) = 10 log10 
10
nf =1


−10 log10 

7
X


10

100+A(nf )−AT Tind (ns ,nf )
10

.

(4)

nf =1

Figure 2 presents the average and standard deviation of the
initial fit attenuation (dotted line), as well as the average and
standard deviation of the fitting attenuation averaged across all
10 fits.
It can be seen in Fig. 2 that the average attenuation reported
on the initial measurement (right after the earplug has been
inflated to the subject’s ear) is higher than the average attenuation measured on subsequent fits of the custom earplug. This
behavior has been attributed to the use of a thick lubricant
(composed of propylene glycol, glycerin, carboxymethylcellulose and sodium benzoate) during the molding of the custom
earplug. This lubricant remains in place on the ear canal walls
after the earplug has cured and is re-inserted for the measurement of the initial attenuation. This lubricant is more viscous
than the water-based lubricant (water and glycerin) that is normally provided to the end-user and that will be used in this
study for all subsequent fittings of the custom earplug. It hence
provides a slightly increased average attenuation (by less than
3 dB), which will be further discussed in section 3.2.

(2)

3.2. Fit variability results: distance to ear
mean attenuation

The individual fitting attenuation AT Tind (ns , nf ) is computed
for each subject and each frequency as the average over the two
ears of the trial fitting attenuation AT T (ns , nrl , nf ):

The
distance
to
ear
mean
attenuation
∆F IT (ns , nt , nrl , nf ) is defined as the difference between the fitting attenuation AT T (ns , nt , nrl , nf ) and the
average fitting attenuation AT T (ns , nrl , nf ):

Nt
1 X
AT T (ns , nrl , nf ) =
AT T (ns , nt , nrl , nf ).
Nt n =1
t

AT Tind (ns , nf ) =

2
1 X
AT T (ns , nrl , nf ).
2 n =1

∆F IT (ns , nt , nrl , nf ) =
(3)

AT T (ns , nt , nrl , nf ) − AT T (ns , nrl , nf ).

(5)

rl
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The statistics of the distance to ear mean attenuation are analyzed by the average ∆F IT (nf ) and the standard deviation σ∆F IT (nf ) according to the N∆F IT = Ns × Nt × 2
(220 = 11 × 10 × 2) measurements of distance to ear mean
attenuation.
Similarly,
the
distance
to
initial
attenuation
∆F ITinit (ns , nt , nrl , nf ) is defined as the difference
between the fitting attenuation AT T (ns , nt , nrl , nf ) and the
initial fitting attenuation AT Tinit (ns , nrl , nf ):
∆F ITinit (ns , nt , nrl , nf ) =
AT T (ns , nt , nrl , nf ) − AT Tinit (ns , nrl , nf ).

(6)

To assess the standard deviation of the values of ∆F IT , given
that the 10 repeated measurements on the same subject cannot be treated as if they were independent, the pooled standard
deviation defined below is used:
s∆F IT (nf ) =
v
u
N
Nt
s ,2
X
X
u 1
∆F IT (ns , nt , nrl , nf )2
t
.
Ns 2 n =1,n =1 n =1
Nt − 1
s

rl

Figure 3. Histogram of the distance to ear mean attenuation ∆F IT (in black)
and of the distance to initial overall PAR attenuation ∆F ITinit (in gray).

(7)

t

Table 1 presents the standard deviation of the distance to ear
mean attenuation (obtained from Eq. 7).
Table 1. Standard deviation of the distance to ear mean attenuation
∆F IT (nf ).
Frequency [Hz]
s∆F IT (nf ) [dB]

125
3.9

250
3.8

500
3.3

1000 2000 4000 8000 PAR
2.9
3.5
3.0
4.7
2.8

It can be seen in Table 1 that the standard deviation of the
distance to ear mean attenuation allows us to quantify how consistently an individual can fit and refit an HPD. The distance to
ear mean attenuation for the overall PAR value has been computed using Eq. 5 and Eq. 6, and substituting the attenuation
variables by their corresponding PAR values determined with
Eq. 4.
The distribution of the distance to ear mean attenuation for
the overall PAR value has also been presented as histograms in
Fig. 3, either as the distance to ear mean attenuation or as the
distance to initial attenuation.
It can be seen in Fig. 3 (in black) that the distribution of the
distance to mean overall PAR attenuation values looks like a
normal distribution, but again, the 220 values of distance to
mean have been obtained from repeated measurements and
therefore cannot be treated as independent. It can also be
clearly seen that when using the initial attenuation value (measured right after the first reinsertion of a freshly cured custom
earplug), the histogram (in gray) is no longer centered on zero,
but rather on –3 dB, confirming the bias introduced by the presence of a thick lubricant.

3.3. Variation per trial of the distribution of
the distance to overall ear mean
attenuation

trials. The distance to initial attenuation for each of the ten
trials has been plotted in Fig. 4 (right chart).
It can clearly been seen on Fig. 4 how consistent the subjects are in fitting their earplugs. What is striking is to see that
some outliers (that are spread across several test subjects) can
happen and, since they can reach up to –18 dB, the outliers are
typically lowering the average trial attenuation.
One can easily see with Fig. 4 that the instant snapshot measurement of a user’s HPD attenuation using a FAMS system
can be dramatically affected by the consistency of how an
HPD can be fitted and refitted over time. One way to improve
the accuracy and precision of such instantaneous measurement
would be to have more than one fitting of the same HPD. The
next section will focus on calculating the minimal number of
fits that should be conducted to reach a given level of confidence in the reported attenuation value.

3.4. Number of refits required for proper estimation of the mean individual
attenuation
In the envisioned practical use of the developed field measurement system, the user is able to perform several measurements of the attenuation he/she is getting after each time he or
she refits the earplugs. This allows a realistic assessment of the
typical individual attenuation that he/she could get. Obviously,
each refit of the product and measurement of the earplug attenuation has a cost: it takes approximately one minute to refit
and re-measure the attenuation of a pair of earplugs. Whether
there is an optimal number of refits that would both ensure a
good estimation of the average attenuation while minimizing
the number of refits to be done is something that remains to
be determined. A “precision cost” analysis can be conducted
by considering both the time spent and the gain on the size of
confidence interval of the estimator of the mean attenuation.
The bilateral symmetrical confidence interval  for the mean
individual attenuation can be calculated from the following
equation:9

α  s∆F IT
√ ,
(8)
 = t ν, 1 −
2
n

The variation per trial of the distribution of the distance to
overall ear mean attenuation has also been considered. Figure 4 (left chart) presents the average (solid gray line), standard
deviation (gray vertical error bar) and histogram (gray bars) of
the distance to overall ear mean attenuation for each of the ten

where n is the number of individual fit measurement (less than
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Figure 4. Average (solid gray line), standard deviation (gray vertical error bar) and histogram (gray bars) of the distance to overall ear mean attenuation for each
of the ten trials (left chart) and of the distance to overall initial attenuation for the custom earplug (right chart).

30), s is the estimate of σ, which is the standard deviation
of the sampling distribution (assumed to be the one measured

from the current experiment per Eq. 7), and t ν, 1 − α2 is
the Student-Fisher value for ν = n − 1 degree of freedom and
leaving an area of α2 to the right.
The precision cost obtained as the product of the confidence
interval and the extra test duration (assuming 1 minute per
measurement) is presented in Table 2. It can be seen in Table 2 that the Student-Fischer value is decreasing much faster
than the √1n term and the precision cost reaches minimal values very quickly.
Table 2. Detailed calculation of the precision cost.
n
2
3
4
5
6
7
8
9
10

s∆F IT
2.8
2.8
2.8
2.8
2.8
2.8
2.8
2.8
2.8

ν
1
2
3
4
5
6
7
8
9

(95%)
25.16
6.96
4.46
3.48
2.94
2.59
2.34
2.15
2.00

(99%)
126.03
16.04
8.18
5.77
4.61
3.92
3.46
3.13
2.88

√1
n

0.71
0.58
0.5
0.45
0.41
0.38
0.35
0.33
0.32

n · (95%) n · (99%)
50.31
252.06
20.87
48.13
17.82
32.71
17.38
28.83
17.63
27.65
18.13
27.46
18.73
27.71
19.37
28.19
20.03
28.77

Figure 5. Precision cost according to the number of refits necessary for confidence intervals of 95% and 99%.

Based on the previous observations, it appears to be clear
that the initial fit variability represented by s∆F IT of the HPD
must be accounted for inside any FAMS, since these systems
are aiming to determine the level of attenuation users are getting in the field with their HPD in a fast and objective manner. The recommended implementation of the intra-subject fit
variability for a FAMS system is illustrated in Fig. 6, which
represents a screenshot of the SonoPass software V3.2.

Figure 6 shows that the overall PAR value is presented on
a normal distribution (which represents the typical attenuation that user can get with such HPD) with two horizontal
error-bars. One error bar indicates the laboratory variability,
which includes both the measurement uncertainty and the fit
variability across laboratory test subjects, and spectral variability across noises. If sufficient repeated measurements are
conducted on the employee in question, then a second uncertainty bar is shown, labeled individual variability. As the name
implies, it is based on the variability in that individual’s own
data, while still including the measurement and spectral variability components. That value may be larger than the laboratory value if the individual cannot consistently fit the plug as
well as the test subjects, or it can indeed be smaller, if the user
is more consistent in fitting the plug than a typical laboratory
subject. When sufficient repeated measures are accomplished
(four measures in the current system) the variability of those
individual data are used for the computation of individual fit
variability using Eq. 7.
When there is only time to capture a single measurement on
the individual, the uncertainty is estimated by applying the fit
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Figure 5 shows the precision cost in dB minutes as a function of the number of measurements. It can be seen that measurements should be conducted at least four times and that the
lowest precision cost is achieved at or about five measurements
for reasonable risk (95% confidence interval) or around seven
measurements for even lower risk (99% confidence).

4. RECOMMENDATION

J. Voix, et al.: INTRA-SUBJECT FIT VARIABILITY FOR FIELD MICROPHONE-IN-REAL-EAR ATTENUATION MEASUREMENT. . .

cannot take into account the abnormal situation that may be
encountered in real-life situations. Examples of these situations include (1) a user being inattentive to the fitting of his
earplugs, and (2) that proper training and motivation remain
essential to successful implementation of hearing conservation
programs.
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variability values found in our prior laboratory experiments on
20 subjects. A better estimate can be gained if the employee
fits the probed plug repeatedly so that the SonoPass system can
measure his or her own variability.

5. CONCLUSIONS
FAMS are definitively powerful tools to measure the attenuation of HPDs. They can be used in many ways, and they are
perfect to use in hearing conservation programs to select the
most appropriate HPD for a user to wear, or to train and motivate that user to fit the HPD properly. Unfortunately, the personal attenuation rating value that such systems provide should
be used with caution for two reasons. First, the PAR value, as
any value provided by a physical instrument, should be provided along with an uncertainty statement that states the possible value of the measurement error if the same fit of that HPD
was to be tested for the same subject using the REAT method
(which is currently the standard in HPD attenuation measurement). Second, the uncertainty statement of the FAMS should
also account for the individual or intra-subject fit variability of
the HPD, as the current study clearly demonstrated that instantaneous snapshots of one’s HPD may be far from the typical
attenuation that this subject will get later in the field and that it
is really dependent on the HPD type to be used. This study also
revealed that the custom earplug used in this study may have
a slight drawback in that the initial attenuation value might be
overestimated by a few decibels because of the way these particular earplugs are delivered to the end-user (fitted on the spot
with a thick lubricant). Further research should be conducted
to remove that bias, such as the use of the water-based lubricant
at the stage of making of these custom earplugs. Further experiments should also be conducted on other types of earplugs to
estimate the typical individual fit variability that they provide.
Although this study made clear that the attenuation values
reported by FAMS would be incomplete if no provision is
made for the variability of the fit of the HPD after the initial
FAMS snapshot, it should also be clear that such provision
200

International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

About the Authors
Olav Kvaløy was born 1962 and received his master’s degree in electronics at the Technical
University of Norway (now NTNU) in 1987. He has 10 years of experience with hearing
disorders and rehabilitation from work as an engineer at the ENT department of the St. Olav
hospital. He also worked with tinnitus therapy at the hospital during that time. Since 2000,
he has been a research scientist at SINTEF ICT, group of acousticians. His main areas of
expertise are audiology and hearing loss, electroacoustics, and electronics. He is member of
the working group involved with the standard ISO4869 and is on the board of NTAF (the
Norwegian society of audiological engineers).

Tone Berg was born in 1956 and took her master’s degree at the Technical University of
Norway (now NTNU) in 1981. She is a research scientist at SINTEF ICT, a group of acousticianss, working with theoretical and practical issues related to acoustics and raised by the
industry. The work at SINTEF ICT includes theoretical analysis, system design, sensor design, signal processing and user interface. Her work is mainly related to oil and gas, civil
aviation, transport, agriculture, aquaculture or audio-related industry.

Viggo Henriksen was born in 1974 and received his master’s in electronics at the Norwegian
University of Science and Technology (NTNU) in 2000. He has been a research scientist
in the acoustics group at SINTEF ICT since 2001. His main area of expertise is hearing
protectors, and he is currently pursuing a PhD on the modelling of the sound attenuation of
earplugs. His other fields of interest are acoustic measurement techniques, signal processing,
electroacostics and audiology.

Christian Giguère received a bachelor’s degree in engineering physics in 1983 from Laval
University and a master’s degree in electrical engineering in 1986 from the University of
Toronto, Canada. He obtained his PhD in 1994 from the University of Cambridge, U.K.,
for research on computational modelling of the human auditory periphery. Since 1995, he
has been a faculty member with the audiology and speech-language pathology program at
the University of Ottawa, and he also holds a cross-appointment with the School of Information Technology and Engineering. He teaches an undergraduate-level course on acoustics
for speech and hearing sciences as well as graduate-level courses in audiology. His research
interests include speech communication and warning sound perception in the noisy workplace while wearing hearing protectors and headsets, hearing aid signal processing, and the
functional assessment of hearing loss. He is currently president of the Canadian Acoustical
Association and co-chair of the International Commission on the Biological Effects of Noise.

International Journal of Acoustics and Vibration, Vol. 15, No. 4, 2010

201

About the Authors

Chantal Laroche has been a professor in the audiology and speech-language pathology program at the University of Ottawa since 1994 and is a member of the faculty of graduate and
postdoctoral studies. She was promoted to full professorship in 2006. She teaches a graduatelevel course on noise and audiology and a seminar in audiology. She is currently associate
editor of the Canadian Acoustics Journal. As a senior researcher, she has obtained funding
from many Canadian government agencies (SSHRC, NSERC, IRSST, NCE, CFI), in collaboration with colleagues in psychology and engineering. She has also completed prestigious
research contracts for, among others, the Department of Fisheries and Oceans Canada, the
National Research Council Canada, Health Canada and the Municipality of Ottawa-Carleton.
She has published over 100 scientific articles and conference proceedings in international
and national journals throughout her career. Her research interests are diversified and include
the effects of noise on health and quality of life, noise and communication, the development
of tools for the assessment of hearing abilities, the perception and localization of warning
signals, and the prevention of noise-induced hearing loss.
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Book Reviews
Wave Propagation and Time Reversal
Acoustic Emission Testing
Basics for Research
Applications in Randomly Layered Media
in Civil Engineering
By: Jean-Pierre Fouque, Josselin Garnier,
By: Christian U. Grosse, Masayasu Ohtsu (Eds.)
Springer, 2008, 406 p. 270 illus., Hardcover
ISBN: 978-3-540-69895-1
Price: US $239.00
As indicated in the subtitle, this book was written for engineers and students who are interested in acoustic emission
testing (AET) applications in civil engineering. By reading the
first part of the book, readers can quickly refresh basic concepts of AET technologies from acoustic emission analyses
(parametric analysis and signal-based analysis), to source localization, which they have learned before. They can also obtain a good understanding of source mechanism and moment
tensor analysis from this section. The second part of the book
provides a selection of applications in civil engineering, such
as concrete, rock, and wood. Great details have been presented
in this part.
Chapters one and two provide a briefly introduction of AET
history and characteristics.
Chapter three presents basics about the hardware used in the
AET. Some editorial errors have been found. For example, a
few formulas are repeated in Secs. 3.2, 3.4 and 3.6. 2. Additionally, Figures 3.8 and 3.12 are missing legend information,
so the readers do not know what those curves represent. In this
chapter, it points out that “adhesives or gluey coupling materials and couplant like wax or grease are often used due to their
low impedance.” This is not accurate. In AET, a couplant material is primarily used to remove any air from the interface,
because the acoustic impedance of air is much lower than that
of the AE sensor face of material surface and will cause considerable loss in transmission.
Chapter four primarily presents definitions of AE features.
Chapter five provides an excellent explanation for the signalbased AE analysis. It also covers the source localization technology and describes the inversion technique. The definition of
impedance given in this chapter, “the loss of signal energy as
waves travel from the surface of the structure to the sensor,” is
not accurate in AET. Likewise, the statement, “in general, the
coupling should reduce the loss of signal energy and have low
acoustic impedance compared to the material being tested,” is
not accurate, either.
Chapter six presents details about source localization technology, especially high order localization algorithms. It
also briefly discusses some advanced methods, such as joint
hypocenter determination and nonlinear methods. Editorial errors are also found in this chapter. Figure 6.22 is missing the
figure and only includes a caption, and Figure 6.23 is printed
twice.
Chapter seven provides theory models of AE Sources,
and chapter eight describes moment tensor analysis for AE
Sources.
The second part of this book provides applications in AET.
Although some errors have been found in certain chapters,
this book is a good reference for civil engineering AET applications.
Ran Zhou
Applications Engineer
Score Atlanta, Inc.
Kennesaw, 30144, USA
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George Papanicolaou, and Knut Solna
Springer Science + Business Media,
LLC, 2007, 626 p.
ISBN: 978-0-387-30890-6
Price: US $79.95
This book was published as a first edition in 2007. The authors, Jean-Pierre Fouque, Josselin Garnier, George Papanicolaou and Knut Solna, presented in their book: "Wave Propagation and Time Reversal in Randomly Layered Media", an
overview of important developments in the theory of wave
propagation and time reversal in layered media, however, in
2006. Meanwhile, it may be thought that research is expanding, but elementary considerations are presented in detail in
this book. Fouque and his co-authors gathered important aspects of wave propagation. The content of this book is multidisciplinary and presents many new and physically interesting results about waves propagating in randomly layered media
as well as applications in time reversal. It uses mathematical
tools from probability and stochastic processes, partial differential equations, and asymptotic analysis, combined with the
physics of wave propagation and modelling of time-reversal
experiments. The book has twenty chapters and covers 626
pages. It is well-structured, and additional comments and supportive references are presented at the end of each chapter. The
reader will appreciate that these notes help explain the theory
in more detail. Topics such as wave propagation, scaling limits, transmission of energy, wave-front propagation, statistics
of incoherent waves, time reversal in reflection and spectral
estimation, scattering, and propagation in random waveguides
are treated.
Each chapter is well-written and provides a short and general introduction that enables the reader to step into the theoretical details. The mathematical treatment in the book is extensive. The provided literature helps readers delve deeper into
theory if desired.
The book provides a general overview with some restrictions
due to the enormous area with which it is concerned. It is not
intended to be a textbook for first-year students. No list of symbols is given. A fundamental knowledge and advanced understanding of the theories discussed is needed to read the book.
It provides equations and summaries of concepts for experts
working in the field. Overall, this book seems to me a very
useful textbook for advanced topics courses for students and as
a reference for researchers in acoustics or applied mathematics
because it provides a quick and helpful indication of the theory
and solves problems in the field of wave propagation and time
reversal in layered media. This is a very well-written and comprehensive book on the topic of wave propagation in randomly
layered media that provides helpful information about solving
problems mathematically.
Reinhard O. Neubauer
IBN, Ingolstadt,
Germany
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