26. TONMEISTERTAGUNG
VDT INTERNATIONAL CONVENTION
25. - 28.11.2010 - Congress Center Leipzig

TAGUNGSBERICHT / CONFERENCE PROCEEDING
ISBN 978-3-9812830-1-3

Components for Protecting and Optimizing Good Hearing
Gerald Fleischer
Justus-Liebig-University; Giessen; Germany
gerald.fleischer@gmx.net

A contribution to the International Convention of Sound Designers
Leipzig, November 2010
Proceedings : VDT (Bergisch-Gladbach), February 2011; pp: 250 - 265
ISBN 978-3-9812830-1-3

This work is licensed under the Creative Commons Attribution - NonCommercial - ShareAlike 3.0 Unported License.
To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-sa/3.0/ or send a letter to Creative Commons, 171 Second Street, Suite 300, San Francisco, California, 94105, USA

Components for Protecting and Optimizing
Good Hearing
(Aspekte für den Schutz und die Optimierung
guten Hörens)
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Abstract
Studies on the auditory performance of entire groups of persons reveal that people exposed to low sound levels do not generally hear better than those living and working in
loud acoustic conditions. Hence, the basis for world-wide standards to protect the ear
are incorrect and insufficient. Reason for this are powerful neural mechanisms of the
auditory system that is working hard to prevent noise-induced auditory damage and to
optimize various aspects of hearing. Studying special conditions at the workplace, as
well as at places related to hobbies and other activities, indicates the existence of several
such functional components. Overall sensitivity of hearing can apparently be reduced in
loud environments. Anticipating exposure to short loud events the auditory system can
rapidly reduce the sensitivity. Masking effects of low frequencies can be scaled down in
order to focus on high frequencies. Strong low-frequency components protect against simultaneous high-frequency noise. Very short impulses are more harmful than longer ones.
Most dangerous are rarely occurring unexpected powerful impulses. Auditory threshold
and threshold of pain are both subject to training. Damage caused by impulses result in
characteristic forms of audiograms. — The auditory neural system can be damaged or
reprogrammed by a single powerful impulse.
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Introduction
Injury to the sense of hearing, caused by powerful noise, is one of the most widespread
health problems practically everywhere. In technically advanced parts of the world there
are efforts to contain this negative trend, but the results are disappointing. Apparently, it
is necessary to understand human hearing, and not just bureaucratically shuffling decibel
values.
During World War II, millions of people suffered from damage to hearing caused by noise,
and after that science began to focus seriously on this topic. It all started primarily
with detailed studies of impulses [21]. The following avalanche of animal experiments of
all sorts produced results that were impressive, but not comparable. Based on a report
of the US Air Force [4] a “constant energy” principle was proposed [15], [17]. Acoustic
energy was declared responsible for auditory damage, implying that there is a trade-off
between sound level and time of exposure. If the noise level is higher, but the exposure
correspondingly shorter, the same damage is predicted. At that time, more than half
a century ago, this was very helpful, in order to make exposure of the ear comparable,
at different workplaces, as well as among animal experiments. The scientific community
was delighted, and during the following years the energy principle was refined. Finally, it
became the basis of the world-wide standard ISO1999 [16] that is sort of sacrosanct, to
this day. Such a standard, being applied all over the world, is practically the end of real
research efforts: Why study the effects of noise if you can find the result in a standard ?
Unfortunately, damage to hearing caused by noise is still widespread, despite much formal
effort to prevent that.

Media and bureaucrats love
the Grindstone Model

Figure 1: The auditory system does not function like a grindstone
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Within the last half century, ISO1999 and its many national and special-activity descendants, became awe-inspiring documents, seemingly eternal and beyond scientific arguments. Its basic function is the concept that the more acoustic energy the ear is receiving
the more it is suffering from injury. It can be called the “grindstone model”: If a grindstone is sharpening an ax, the metal is also grinding down the stone, Fig. 1. Hence, the
best that can be done for the grindstone is grinding only a little, or not grinding at all.
Correspondingly, according to the ISO1999-concept, the best that can be done for the
ear is listening only at quiet sounds, or prevent sound from reaching the ear altogether.
Consequently, people like nomads, living without any technical noise, are said to have the
best hearing. However, nomadic people hear not as good as people in central Europe [9]
— The current concept is focused on energy, but the ear just does not work like that.
Auditory research, however, has expanded enormously over the last several decades, and
created fascinating insights into the inner workings of the ears. Furthermore, the central
portion of the auditory system, that is part of the central nervous system, controls and
coordinates the ears, as well as their relation to the auditory environment. It can focus
on an object or event of interest, and it is able to suppress other signals. In the middle of
a good opera hall, a music fan can deliberately listen to the first violin, the oboe or the
grand piano, if he or she likes to do so. Details as to the methods applied by the hearing
system are presented in [14].
Following a moving sound source, just by listening, makes no problem: A barking dog,
running diagonal from right to left is a common experience. Multitasking is standard: We
can talk to a neighbor, listen to children playing soccer near the house, hear a helicopter
flying overhead and determine its direction, and a car down the street, attempting to
start with a nearly empty battery. All simultaneously. And there are more marvelous
capabilities of hearing not mentioned here, but following intelligent strategies.
Of course, these are skills that have to be learned and trained. Young children do not
hear well, because their auditory system needs time and exercise to develop properly,
and needs a wide range of stimulation in connection with positive experience. Auditory
sensitivity increases up to to the age of about 20 years [10]. And nomadic people, just
sitting on the grass, guarding some sheep or yaks do not hear well, because their way of
life is characterized by auditory deprivation [9]. The auditory functions mentioned above
have to be learned, and how can a nomadic child growing up with some quiet animals in
a lonely and remote area, acquire these capabilities that are normal in a city ?
Current standards for protecting and evaluating good hearing follow the grindstone model.
They are as sophisticated and adaptive to new knowledge as a grindstone.
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Drumbeat and effects of masking
A drumbeat (Fig. 2) is well-known and famous, nearly everywhere. It is an event characterized, like other ones, by the pressure-time-history. We cannot recognize directly neither
its energy content nor its peak pressure, since those parameters are irrelevant for hearing.
But we immediately hear if the drum was (or is) in a small, empty cabin, or in a large
music hall. Such an acoustic signal is characterized by strong components of low frequencies that suppress higher frequencies by masking [6]. It happens in the cochlea, as part
of the vibratory mode of the basilar membrane. That is a helpful protective procedure,
because the ear is threatened primarily by high frequencies.
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it‘s masking effect
sound pressure

totaly masked
partialy masked
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strong low frequencies
that help to protect
the ear
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Figure 2: Drumbeat and the basic mechanism of masking
At this point, some people may object, arguing that protection is said to be performed by
the middle-ear muscles. This opinion is being handed down for more than half a century,
but for no convincing reasons at all. However, middle-ear muscles in man act only on
lower frequencies [20] and do not help to prevent auditory damage. Their action is to
listen to objects or events nearby, undisturbed by low frequencies. This sort of action can
be called auditory accommodation [10].
Now back to the drumbeat. The powerful low frequencies attract everyone’s attention,
but they also suppress potentially harmful higher frequencies, due to their masking effects. That is why the drumbeat is famous, but not infamous. Tests have shown that
most drummers in classical music hear really good.
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Protective effects of masking by strong low-frequency components of impulses is not a
specialty of music at all. In the summer of 1944, there was one of many attempts to
assassinate Hitler, that time with a bomb in a briefcase, located under a heavy oak
table. As planned, it exploded during a meeting with leading military personnel, and
four persons died. The following photo shows the devastated room after the bomb blast.
There really was a lot of energy going wild.

Figure 3: After the assassination attempt on Hitler, June 20th 1944 [1]
The murderous dictator survived and recorded conversations shortly afterwards indicate,
that there were no lacerated ear drums and no massive auditory damage. It is well known
that such explosions produce powerful low-frequency components, and their masking effect
obviously prevented massive auditory damage.

Discotheques and other very loud
arrangements
Older people are hollering at youngsters because they love to go to discotheques, where
it is very loud. Many studies have shown that before they enter the discotheque, their
auditory threshold is normal. After being in an environment characterized by very high
sound levels for three or four hours, they leave the disco, and at that time, their hearing
is less sensitive than before. According to popular lore, the sound inside the disco was
so dangerously high that the ear could not handle it and was damaged, at least for some
time. After it could recover under more quiet conditions, the sensitivity of the ear recovered. But, it is emphasized, if such harmful events occur more often, the recovery will be
less and less, until permanent damage to hearing will be the final result. Of course, this
is the basic concept of standards for protecting the ear.
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The situation related to discotheques is presented in Fig. 4. After leaving the disco there
is a temporary threshold shift (TTS) and nearly everyone is sure that this is a negative
effect. Keeping in mind that the ears, in cooperation with their controlling part of the
central nervous system, is an enormously intelligent and farsighted functional system, another interpretation appears. If the auditory system recognizes being exposed to longer
periods of high sound levels, it reduces the sensitivity of hearing. Needless to say, this is
a positive reaction. Despite several efforts, it has never been shown that those persons
who develop a high TTS after exposure were those who later suffer from permanent noiseinduced damage to hearing. Hence, reducing the sensitivity of the ear, if environmental
sound levels are too high, is an intelligent solution on the way to maintaining good hearing.
before exposure

after exposure
temporary
threshold
shift (TTS)

sensitivity
normal
sensitivity
reduced

Figure 4: Temporary threshold shift (TTS) is a good protective measure
Studies aimed at determining the sense of hearing in special groups of persons are nearly
always affected by a well-known systematic problem. Studying musicians, auditory injury
is nearly always attributed to the orchestra; Examining pilots, damage is usually assumed
to have been caused by the aircraft, etc. For the effects of powerful impulses, there are
good indicators as to the causing event, as will be shown and discussed later.
There are other activities associated with long-time exposure to high and very high levels
of sound. At the upper part of the following illustration is the audiogram of a computer
repairman, who assembled a “boom car”. Such cars have special battery chargers, extra
batteries, occasionally an extra powerful engine, and a whole set of different loudspeakers. These persons love sound so powerful that their thorax and abdomen are vibrating,
stimulated by the sound inside the car. Body feeling is how they call this cherished general sensation, and, of course, these guys never use protective measures for their ears.
They amplify popular music, and the entire cabin of the car is vibrating, emitting loud
low-frequency sound that can be heard outside the car, right on the highway, or in the city.
His audiogram — upper part of Fig. 5 — shows some damage in both ears, but it is
surprisingly little. The blue line indicates normal hearing for this age (25 years). The
sound was measured inside the car, with top equipment, and the long-term sound level
was measured to be between 125 and 130 dB. He was very proud of it and wanted his
photo taken together with the measuring equipment.
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Figure 5: Exposure to high levels of sound for long periods of time
Another person with long-term exposure to high sound levels is presented here with his
audiogram at the lower part of Fig. 5. He is an engineer testing racing cars, modified
or tuned for racing. Such activity is very noisy, yet the tester has to hear how the car is
behaving and how its various components are responding to the harsh conditions during
testing. Undoubtedly, his ears had been familiar with high sound levels on the job —
for 18 years. The blue line in Fig. 5 also represents normal hearing at his age, and it
is apparent that he is hearing better than normal. His professional attachment to sound
extends to his spare time: He plays the violin in a famous metropolitan orchestra. His
hearing system has been trained to extract the full details of acoustic signals, even if they
are really loud.
Comparing the two persons represented in Fig. 5, it is apparent that the owner of the
“boom car” suffered some injury to hearing, although it is much less than expected. His
hearing system learned to survive in an environment with excessive loudness, helped by
masking effects of the low-frequency resonances of the passenger cabin. The engineer, on
the other hand, shows positive auditory training, because good hearing is essential for his
job and for his hobby. It is a general observation that persons who depend on good hearing are normally hearing very well. Like other functional systems of our body — muscles,
heart, intestines, memory, etc. — hearing is trained especially well, if its function is vital,
or important. Such conditions are boosting positive training.
Several years ago, there was a good chance to examine the conditions during traditional
riveting in shipbuilding. Such working conditions, long outdated in Germany, were reenacted by the government of one of Germany’s federal states. This was done using original
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tools and techniques, and even workers who performed this sort of work for decades, without any auditory protection.
Riveting is associated with extremely high levels of occupational noise. One team of two
working alone is surrounded by sound levels of about 120 dB(A). In reality, there were
always several teams of workers active together, often in narrow space, creating longterm noise levels of about 130 dB, or even somewhat higher. The audiogram of one of
the riveters is presented in Fig. 6. As usual here, the blue line indicates the auditory
threshold at his age (70 years), and it is clear that he suffered auditory damage. His left
ear was more exposed that the left ear, because of long-time working patterns. However,
considering the really brutal noise level, as well as the duration of the exposure — 15
years — the damage is remarkably small, indicating strongly that there must be some
protective measures of the ear.
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Figure 6: Audiogram, after 15 years of traditional riveting work at a shipyard,
without auditory protection, at a long-time level of 120 dB(A) and more
A world-famous structure is tied to this sort of extremely brutal sort of occupational
noise, Fig. 7. The design of the Golden Gate Bridge in San Francisco was revolutionary
at the time. Its huge pylons are an arrangement of steel tubes, tied together by millions
of rivets, as shown in the schematic cross section of Fig. 7. To speed up construction, a
special transport system was developed to bring the hot rivets up to the many riveting
teams. Because they had to work in narrow spaces, and next to other teams performing
the same task, based on our extensive measurements, the sound-level for those workers
at the construction of the Golden Gate Bridge was around 130 dB(A).
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Figure 7: Golden Gate Bridge: Engineering marvel, depending on rivets
A TV-documentation on the construction of this bridge included an interview with one
of the workers who did riveting work there, and it was apparent that the worker could
talk to the journalist without much trouble. Somehow, the ear can manage to reduce its
sensitivity if it is dangerously loud: It has a “survival mode” of operation. Part of it is
based on masking, because riveting produces powerful low frequencies. But there must
be more.
A detailed study of the anatomy of middle-ear and cochlea [8] showed that the basilar
membrane in man is externally split into two portions, and both ends are anchored at
the outside of the cochlea, Fig. 8, top, left. Outside this mechanical structure is the stria
vascularis, the anatomy of which has been studied and presented beautifully by Miodonski
and his team [18], Fig. 8, right. Without going into the details, these structural details
appear to be the key for the auditory system to actively reduce the sensitivity of the
ear within a very short time. Separately for higher and lower frequencies. Of course,
like other protective measures, such a mechanism may reduce the danger, but it cannot
eliminate it entirely.
Observations based on examining the details of acoustic impulses and their effects on the
human ear clearly show that persons who anticipate such events do suffer less than those
who are caught by surprize. One group familiar with such effects uses referee whistles.
These tools are very loud, but referees who have been using them for many years do not
suffer from them. However, a person who is exposed to such a strong signal unexpectedly can suffer from some auditory impairment as well as more or less severe tinnitus.
Musicians and sound designers are mostly hearing very well. Their auditory system can
accurately anticipate strong impulses and it can switch to survival mode.
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Figure 8: Functional components for rapidly changing the sensitivity
Taking all the information together, it is apparent that the susceptibility of ear and hearing is decreasing after prolonged exposure to very high noise levels, Fig. 9. This decrease
is correlated to noise-induced damage, but apparently the ear is fighting successfully to
reduce further damage. Needless to say, this is a wise strategy of the auditory system. If
it cannot change the habits of the person it is part of, it wants to make sure that in the
future, dangerous acoustic exposures shall be confronted with a reduced susceptibility.
Undoubtedly, the price for this will be reduced sensitivity for various parameters.

susceptibility
of hearing

high

low
hours

time of exposure to very high sound levels

years

Prolonged exposure to very high sound levels causes auditory damage,
but the ear is fighting further damage by reducing its susceptibility.

Figure 9: Susceptibility decreases after prolonged exposure to high noise levels
Of similar nature is the threshold of pain. If an ear is exposed to high levels of sound,
it responds by a feeling of pain while experiencing loud sound. Because the loudness of a
signal has to be determined first, short impulses do not produce pain in the ear, even if
they cause serious damage. Determination of the loudness, or the peak of a signal, takes
several tens of ms, and that is why very short impulses are so dangerous. People normally
judge a short impulse as harmless, because it did not produce any pain. In experts who
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have experience with high-level sound, such as organ tuners, the threshold of pain gets
more tolerant.
Auditory damage, especially caused by powerful impulses, is typically associated with
lowering the threshold of pain. After being damaged, the hearing system of such victims
of strong sound signals responds by reducing the threshold of pain. Such a condition
is called hyperacusis. In those persons, music or noise produces feelings of pain — or
discomfort — at sound levels that cause no negative feelings in other persons. This is a
warning for affected persons to avoid high sound levels, and hence a wise strategy towards
reducing further injury to hearing.

sound level

Acoustic impulses are particularly harmful
for hearing

A)

ISO philosophy

typical harmful

event

B)

widespread reality

time

time

Figure 10: Continuous loud noise vs. power impulse
Based on the old philosophy that the amount of absorbed acoustic energy is the fundamental problem of noise-induced injury, standards and regulations are primarily targeting
continuous noise, Fig. 10, A). No doubt, too much energy is harmful, as has been shown
discussing boom cars and riveting, Figs 5, 6, 7. However, collecting data on noise-induced
injury reveals that powerful impulses that occur seldom, or only once, are much more
important as causes for damage, Fig. 10 B). Such impulses can be much more harmful for
hearing, even if they transport only a fraction of acoustic energy, compared to harmful
continuous noise. Evaluating the cause of injury by impulses is complicated [7].
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Acoustic impulses come in a great variety, and the pressure-time-history of three different
forms are shown, using identical coordinate systems, in Fig. 11. All are C-weighted, as
required by EU regulations for the workplace[5], and the peak is indicated by the blue
triangle. The pressure-peak of the driver-airbag is more than 12 times higher than the
peak of the drumbeat. After all, inflation of an airbag is a controlled explosion within a
car. Such airbags create long impulses, with a duration of about 100 ms. The blank pistol
is the source of a very short impulse, lasting only about 2 ms. The pin-anchoring device
used to force metal anchoring parts into walls or ceilings produces impulses somewhere in
between. To characterize and understand the effects of impulses it is necessary to know
their pressure-time-history.

sound pressure ( kPa )
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Figure 11: Three different acoustic impulses and their danger for hearing
At first glance, it may appear that the long airbag-impulse may be the most harmful
one, because it contains much more acoustic energy than the short impulse of the blank
pistol. Experience with the effects of impulses indicates just the contrary. Most harmful
are the very short impulses. How can this be understood ? The ear is a complex vibrating
system, and therefore it is extremely important how it is stimulated, because resonances
play an important role. If a stimulating signal is inducing strong resonances within the
middle ear, these wild vibrations will overstimulate the cochlea, causing damage.
The airbag-impulse has powerful low-frequency components that have protecting effects
due to masking. Its duration is relatively long, so that the ear may reflectively go into the
“survival mode”. Signals like that of the blank pistol are far too short for any counteraction of the ear, and they have no low-frequency components that are effective for masking. An acoustical impulse can be compared to a mechanical impulse, like a punch. When
hitting another person, it is of utmost importance how the punch is applied. With boxing gloves the punch is comparatively harmless, with the naked fist it is dangerous, but
using a knuckle duster the resulting damage can be devastating. In Fig. 11, the acoustic
impulse and the corresponding type of punch are shown together.
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Analyzing a large number of auditory damages caused by impulses, three major types
of resonances can be determined by their notches in the audiogram, Fig. 12. Above the
audiograms, the resonating elements are shown schematically. Most usual and well known
is the type (B) notch, that is caused by the resonance of the entire stapes within the oval
window. Determination of he other two major resonances requires thorough audiometry
from 125 Hz to 16 kHz, which is normally not available. At frequencies around 12-14
kHz there is another notch, caused by ringing (or tilting) of the stapes. Due to physical
reasons, this resonance is typically caused by very short impulses. This type of impairment
was first found when researching auditory damage caused by toy pistols [11]. A survey of
damages caused by new-year celebrations, including those at the turn of the millennium,
resulted in many cases of damage by blank pistols [13]. These also produce very short, but
strong, impulses. The modes of vibration within the middle ear are somewhat complex
[3]. In man, as well as in many mammals, the middle ear is designed to transport high
frequencies [19].
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Figure 12: Typical footprints of powerful impulses in the audiogram.
There are three major types of damage - simplified
Finally, there can be seen a usually shallow trough with the bottom at about 500 Hz that
is related to the mastoid cells, a complex air-filled cavity behind the ear drum, Fig. 13.
Its main function is to increase the sensitivity of hearing for low frequencies. Echoes
within this cavity would seriously reduce the ears’ capability to follow rapidly changing
signals like language or music. Such effects are reduced by the bony mesh work inside,
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which reduces resonance. Adequate powerful low-frequency impulses can stimulate this
volume (it is a Helmholtz-resonator) and thus cause a notch of type (A). Impulses of
driver-airbags, of some drop forging equipment or other heavy machinery for construction
can have some effects of this type. It is now possible to determine details of the mastoid
cells by using high-resolution CT-scanning, a non-invasive technique [2].

Figure 13: Mastoid cells increase sensitivity for low frequencies
There is an extremely massive type of damage caused by an impulse, but this so called
non-linear destructive wave in the cochlea will not be discussed here, because it does
practically not occur within the realm of music.
Basic comparison between continuous noise and an impulse. High levels of continuous
noise, causing hearing impairment after months, years, or even decades of exposure, do
not follow the same mechanism as a strong impulse that can seriously harm the ear in a
small fraction of a second. Hence, impulses have to be measured, analyzed, and evaluated
much more detailed than continuous noise, keeping in mind the properties of ear and
hearing.

Summary and conclusions
The human ear is not a black box that is gobbling up acoustic energy, and being damaged if a certain amount is exceeded. The auditory system is an extremely elaborate
functional unit, the activities of which are based on marvelous capabilities of analyzing
the acoustic input in manifold ways. The parallels between the central nervous part of
the hearing system and a powerful computer are evident. It has elaborate strategies to
optimize hearing, and to fight in various intelligent ways to prevent damage caused by
sound. Among other capabilities it can focus on a special sound source, and it is able to
reduce the sensitivity of hearing in very loud environments. Observations indicate that
there even is a “survival mode”, reducing the sensitivity within a very short time, or
ahead of an anticipated impulse. All such capabilities have to develop properly during
childhood and they have to be maintained by living and working in an environment with
a good acoustic diversity.
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Analysis of a large number of persons who suffered from noise-induced injury to hearing
clearly shows that there are two different harmful mechanisms. The minor one is longtime exposure to high sound levels. More important are strong impulses that occur only
rarely. Due to the widespread energy concept, they are routinely ignored. Fortunately,
their effect can be determined by thorough audiometry.
For effective protection of the ear, everyone — including children — should learn that a
single impulse can ruin the ear, particularly if it originates close to the ear. We should
protect the ear, and not the outdated concept of ISO1999, and its many derivatives.
Fighting against high sound levels is demanding and exhausting for the inner ear, as well
as for the central nervous part of hearing. Hence, it is very important that the auditory
system has enough time with relative quiet, to recover from the onslaught of massive
sound levels. Time for recovery should be much longer than that of the exposure to
barbaric sound levels.
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