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How Hearing works

Figure 1 shows the path that sound waves follow from the sound source where they are generated to the inner ear. 
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Pressure waves from the speaker (sound source) pass through the air to the external ear which collects the sound and passes it to the ear drum. The middle ear consists of the ear drum, the middle ear bones, and the membrane over the oval window at the entrance to the inner ear.  

The outer portion of the external ear reflects sound towards the ear canal. Once in the ear canal, the pressure waves are aligned so they strike the ear drum at right angles. The reflection of sounds of different frequency is not the same and as a result the relative amplitude of some frequencies is greater than others (see figure 2 below). The result is that the relative amplitude of different frequencies at the ear drum differs, even if sound begins at the same intensity for all frequencies. Modification of the original sound by the external ear is a type of analysis that your brain learns to interpret. The frequency composition of familiar sounds aids your auditory system in determining where a sound is coming from. 
Figure 2: Threshold of hearing.: Engineering database.

Human hearing is most sensitive just below 4kHz. Above 10kHz the sensitivity of the ear rapidly decreases. 
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For a sound at 17KHz to be perceived as being as loud as the same sound at 4KHz, it needs to be around 100dB higher.

The middle ear bones conduct sound from the ear drum to the fluids of the inner ear. The ear drum is bigger than the oval window. The decrease in the area of these two membranes leads to an increase in pressure (pressure is equal to force divided by area and as the area gets smaller the pressure increases). The middle ear bones act as mechanical levers and further increase the pressure of the sound at the entrance to the cochlea. All of this is necessary to maximize the sound energy that gets to the fluids of the inner ear. There is a tube (called the eustachian tube) that connects the middle ear to the nose. Its purpose is to allow the air pressure in middle ear to be equal to the air pressure in the environment. The pressure balance allows the ear drum to vibrate freely. Sometimes when you have a cold the tube is blocked and the middle ear pressure can not be balanced. You may have experienced the discomfort and even pain that can result if you are rapidly changing altitude (as when an airplane is landing). The freedom of movement of the middle ear bones can be reduced by certain diseases which leads to hearing loss. Any problem in the outer or middle ear that leads to a reduction of the sound energy entering the inner ear leads to what is called a conductive hearing loss. Many of these problems can be corrected either though medicine or surgery and contrast with the long term hearing problems that arise from damage to the structures in the inner ear.  
Measuring Sound

Sound Pressure
First we have the atmospheric pressure, i.e., the environmental air pressure in absence of sound. It is measured in a SI (Système International, i.e., International System) unit called Pascal (1 Pascal is equal to a force of 1 Newton acting on a surface of 1 square meter and is abbreviated 1 Pa). This pressure amounts to roughly 100,000 Pa (the standard value is 101,325 Pa). Then we can define sound pressure as the difference between the actual instantaneous pressure due to sound and the atmospheric pressure, and, of course, it is also measured in Pa. However, sound pressure has usually a value much smaller than the one corresponding to the atmospheric pressure. For instance, unbearably loud sounds may be around 20 Pa, and just audible ones may be around 20  Pa ( Pa stands for micropascal, i.e., a unit one million times smaller than the pascal). This is much the same as the case of some gentle ripples on the surface a swimming pool. It is not the magnitude the only difference between atmospheric pressure and sound pressure. Another important difference is that the atmospheric pressure changes very 
slowly, whereas sound pressure is rapidly changing, alternating between positive and negative values, at a rate of between 20 and 20,000 times per second. This rate is called 
frequency and is expressed in Hertz (abbreviated Hz), a unit equivalent to a cycle per second. In order to reduce the amount of digits, frequencies above 1,000 Hz are usually expressed in kilohertz, abbreviated kHz. 1 kHz equals 1,000 Hz
Sound Pressure Level
The fact that the ratio of the sound pressure of the loudest sound (before the sensation of sound is changed into pain) to the sound pressure of the lowest one is about 1,000,000 has led to the adoption of a compressed scale called a logarithmic scale. If we call Pref the sound pressure of a just audible sound and P the sound presure, then we can define the sound pressure level (SPL) Lp as
Lp = 20 log (P / Pref)
where log stands for the logarithm to the base 10 (ordinary logarithm). The unit used to express the sound pressure level is the decibel, abbreviated dB. The sound pressure level of audible sounds ranges from 0 dB through 120 dB. Sounds in excess of 120 dB may cause immediate irreversible hearing impairment, besides being quite painful for most individuals. 

A-Weighted Sound Level
The sound pressure level has the advantage of being an objective yet a handy measure of sound intensity, but it has the drawback that it is far from being an accurate measure of what is actually perceived. This is because the ear's sensitivity is strongly dependent on frequency. Indeed, whereas a sound of 1 kHz and 0 dB is already audible, you need to raise up to 37 dB to be able to hear a tone of 100 Hz. The same holds for sounds above 16 kHz.

When this dependence of the sensation of loudness with frequency was discovered and measured (by Fletcher and Munson, in 1933), it was thought that by using an adequate filtering (i.e., frequency weighting) network, it would be possible to objectively measure that sensation. This filtering network would work in a similar way as the ear does, i.e., it would attenuate low frequency and very high frequencies, leaving middle frequencies almost unchanged. In other words, it would perform a bass and a treble cut prior to actually measuring the sound. 
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Fletcher and Munson Contours

There were some difficulties, however, in achieving such a measuring instrument or system. The most obvious one was that the ear behaved in a different way as regards to frequency dependence for different physical levels of sound. For instance, at very low levels, only middle-pitched sounds are heard, whereas at high levels all frequencies are heard more or less with the same loudness. Thus, it seemed reasonable to design three weighting networks intended for use at 40 dB, 70 dB and 100 dB, called A, B and C. A-weighting would thus be used at low levels, B-weighting at medium levels, and C-
weighting at high levels. The result of a measurement obtained with the A-weighting network is expressed in A-weighted decibels, abbreviated dBA or sometimes db(A). 
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A-, B- and C-frequency weighting contours

Of course, a sort of recursiveness was needed to complete a measurement. First one had to get an approximate value in order to decide whether to use the A, B or C network, and then perform the actual measurement with the appropriate weighting. 

The second important difficulty comes from the fact that the Fletcher and Munson contours (as well as those finally standardized by ISO, i.e., the International Organisation of Standardization) are only statistical averages, with a fairly high standard deviation (a statistical measure of spread), so every measured value is applicable to a population rather than to a specific individual; moreover, it is applicable to an otologically normal population, because the contours where obtained within screened populations of otologically normal people.

The third difficulty has to do with the fact that those curves were obtained using pure tones, that is, single frequency sounds, which are actually very rare. Most everyday sounds, such as environmental noise, music or speech contain many frequencies at the same time. This has been perhaps the main reason why the originally intended application of the A-, B- and C-weightings failed.

Later studies showed that the loudness level, that is, a figure expressed in a unit called "phon" which equals the sound pressure level (in unweighted decibels) of an equally loud 1 kHz pure tone, did not constitute an actual scale for loudness. For instance, an 80-phon sound is not twice as loud as a 40-phon one. A new unit was devised, the "son", which may be measured using a spectrum analyzer (a measurement instrument capable 
of separating and measuring the different frequencies which compose sound or noise) and some calculations. As this scale, known plainly as loudness, is better correlated with the 
sensation of loudness, the ISO has standardized the procedure (actually, two accepted procedures, according to the available data) under the ISO 532 International Standard. Nowadays there are even commercially available devices which automatically measure all the needed information and make the required computations to provide the loudness figure expressed in son.

A-Weighting and the Effects of Noise
To be sure, this does not answer the question of how annoying or disturbing a given noise may be. It is simply a scale for loudness. Several studies have focused on this issue, and there are some scales, such as the "noy" scale which quantifies noisiness under given assumptions, and of course, as a function of the frequency content of the noise being assessed.
We can see, thus, that no available scale succeeds at measuring noise from an annoyance point of view, simply because annoyance is a very personal and context-related reaction.

Why has the A-weighting scale survived and become so popular and widespread?
Good question. The main reason is that several studies have shown a good correlation between A-weighted sound level and hearing damage, as well as speech interference. Without any other information available, the A-weighted sound level is the best single-figure guess available for assessing noise problems and making decisions. It also exhibits a fairly good correlation with the tendency of people to complain for noise pollution.

Interestingly, in spite of having been originally devised to measure low level sounds, the dBA scale proved to be better suited to measure hearing damage, which is likely to result from the exposure to loud sounds. How this has been discovered, I don´t know; perhaps it is traceably to the lack of other measuring instruments, or to accidental luck, or to the use of all kinds of instruments available while striving to push the frontiers of knowledge further.

As to its use in legal matters, for instance its use in most Noise Ordinances or Acts, it is because it gives an objective measure of sound. It does not depend on the judgment of an officer or a sufferer or an offender. Everybody can measure it and then say whether it exceeds or not a given acceptable level. That’s  valuable, even if not perfect. More perfect measures will perhaps arise in the future, suitable for different situations. (Damage to human hearing by airborne sound of very high frequency or ultrasonic frequency, Prepared by the Institute of Sound and Vibration Research for the Health and Safety Executive).

Sound Levels of Common Objects in our Daily Lives

Table 1: Decibel (Loudness) Comparison Chart. Galan Carol Audio

Environmental Noise

	Environmental Noise
	dB

	Weakest sound heard
	0dB

	Normal conversation (3-5 feet)
	60 – 70dB

	Telephone dial tone
	80dB

	City traffic (inside car)
	85dB

	Level at which SUSTAINED exposure may result in hearing loss
	90 – 95dB

	Power mower
	107dB


Table 2: OSHA Daily Permissible Noise Level Exposure. Galan Carol Audio

	Hours per day
	dB

	8
	90dB

	6
	92dB

	4
	95dB

	3
	96dB

	2
	100dB

	1.5
	102dB

	1
	105dB

	0.5
	110dB

	0.25 or less
	115dB

	
	


Table 3: Sound levels of musical instruments. Galan Carol Audio

	Instrument
	dB

	Violin
	82-92dB

	Cello
	85-111dB

	Oboe
	95-112dB

	Flute
	92-103dB

	Piccolo
	90-106dB

	Clarinet
	85-114dB

	French Horn
	90-106dB

	Trombone
	85-114dB


Table 4: Sound Levels when listening to music. Galan Carol Audio

	Type
	dB

	Walkman on 5/10 setting
	94dB

	Rock music peak
	150dB


High frequency sounds of 2-4,000 Hz are the most damaging. The uppermost octave of the piccolo is 2,048-4,096 Hz.
Statistics for the Decibel (Loudness) Comparison Chart were taken from a study by Marshall Chasin , M.Sc., Aud(C), FAAA, Centre for Human Performance & Health, Ontario, Canada. There were some conflicting readings and, in many cases, authors did not specify at what distance the readings were taken or what the musician was actually playing. In general, when there were several readings, the higher one was chosen. 
Table 5: Noise Navigator ™ Sound Level Database

	Car passenger
	60-90dB
	

	Baby rattle
	73-89dB
	Measured at 30cm

	Electric drill
	80 -119dB
	

	Hair dryer
	50-91dB
	EPA 1972

	Movie – Indiana Jones
	90-104dB
	

	Childs squeeze toy
	90dB
	


Mosquito SPL

From what has been written so far, it is evident that the dB value or SPL (Sound Pressure Level) is dependent upon the distance between the sound source and the receiver amongst other things.
The National Physical Laboratory which is run by the DTI documented measurements of the Mosquito SPL at 83.2 dB at a distance of 3 meters. Converting this into dB-A (whether the correct weighting system or not) gives a value of 76dB at 3 meters.

It is important to note here that the Mark I version of Mosquito runs at this SPL for the first 15 minutes of its activation and then drops by 4dB thereafter. The Mark II unit shortly to replace the existing Mark I unit will automatically adjust the volume dependent on ambient noise and will never be more than 8dB above ambient. This unit will also ‘cut off’ after 20 minutes activation.

Table 6: SPL’s at 1 meter increments from the Mosquito. Extracted from NPL report commissioned by CSS Ltd. The NPL report may be viewed on the CSS Ltd. website.
First 15 minutes  



After 15 minutes

	Distance / Meters
	SPL (dB-A)
	Meters
	SPL (dB-A)

	1.5
	82
	1.5
	78

	3
	76
	3
	72

	6
	70
	6
	66

	9
	67
	9
	63

	12
	64
	12
	60

	15
	62
	15
	58


Review of Conventional Wisdom

The sound from an iPod shuffle has been measured at 115dB. A survey sponsored by the Australian government found that about 25% of people using portable stereos had daily noise exposure high enough to cause  hearing damage. Further research from the UK determined that young people, ages 18 – 24, were more likely than other adults to exceed safe listening limits.

To experience 85dB, listen to an electric shaver or a busy urban street. Experts agree that CONTINUED exposure above 85dB OVER TIME will cause hearing loss (whether TTS or Long Term TS will depend on dB level, distance from source to listener and duration) Clearly, if levels are maintained at values greater than 85dB-A for long periods of time, this may lead to significant noise exposure. (Kids E.N.T Health: American Academy of Otolaryngology, 2006)
An unspecified number of subjects were exposed for an hour to a tone of 20KHz at 110dB.Tests were made to examine shift of hearing threshold over the frequency range 250Hz to 10KHz. Pulse rate, body temperature and skin temperature were also monitored. These tests showed no appreciable effect, even when the SPL was increased to 115dB. These same subjects were given a one hour exposure to a 5KHZ tone at 90dB: a considerable TTS was found. The 5KHz tone at 110dB produced powerful vascular response.

These results indicate that air-borne ultrasound is considerably less hazardous than audible sound. A limit of 120dB was proposed for air-borne ultrasound (presumably 
20KHz or greater). Further TTS experiments were performed to determine acceptable SPL’s for high-frequency tones in the audible region. From these further results, Grigor’eva suggested the following limits, without reference to the duration of the sound (as this research was based in industry, one assumes that Grigor’eva is considering long exposure times)
KHz

6.3

8

10

12.5

16

SPL (dB)
75

80

85

90

90

These band limits are intended to avoid the possibility of temporary threshold shift (TTS), presumably to take advantage of an underlying concept: A sound which does not produce temporary dullness of hearing cannot produce a permanent noise-induced hearing loss. (Grigor’eva, 1966)

Table 7: extracted from Damage to human hearing by airborne sound of very high frequency or ultrasonic frequency, Prepared by the Institute of Sound and Vibration Research for the Health and Safety Executive.

Special 
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Special attention should be given to the columns above headed 16 KHZ & 20KHz as the Mosquito operates at 17KH
The labour organisation recommended that maximum SPL’s near workplace sources of ultrasound should not exceed 75dB in the one-third-octave band centered at 12.5KHz, 85dB in the 16KHz band and 110dB for the bands at 20KHz and higher. For any total duration of ultrasound not exceeding 4 hours, these levels might be relaxed as follows:
Duration 1 to 4 hours


6dB permitted increase

15 minutes to 1 hour


12dB increase

5 to 15 minutes


18dB increase

1 to 5 minutes



24 dB increase

These supplements for reduced time are intended to represent the ‘Equal energy hypothesis’: two sounds with identical amounts of acoustic energy represent the same risk to hearing. For a constant degree of risk, however, halving or doubling the duration of any sound should be countered by a change of level, +3dB or -3dB respectively, for constant acoustic energy. (International Labour Office, 1977)

On the basis of the above statement, we can now add additional data to table 6 above in order to adjust for exposure times. Assuming that no individual would ever be closer than 1 meter to the Mosquito, even if standing directly under it we can also assume that the SPL is 85dB-A at 1 meter. We can also allow for people who are not able to move away from the immediate area under their own power, such as toddlers and babies in buggies and prams, as they are not going to be within 2 meters of the Mosquito even if placed directly underneath it. On this basis, the ‘equal energy hypothesis’ above will allow the following exposure times with no ill effects:
Table 8: Acceptable dB exposure levels in relation to exposure time based on ‘Equal Energy Hypothesis’.

	 1 meter.

Acceptable dB-A at source
	Time
	 2 meters.

Acceptable dB-A at source

	109dB
	1 – 5 minutes
	115dB

	103dB
	5 – 15 minutes
	109dB

	94dB
	15 minutes – 1 hour
	103dB

	91dB
	1 – 4 hours
	97dB


It should be noted that all of the above ‘acceptable’ levels are at least 6dB higher than the output of the Mosquito at 1 meter.
In the field of noise in the workplace, hearing damage potential is controversially measured in terms of daily personal noise exposure level (Lep,d), which combines Sound Pressure Level, the frequency response by the ear (by means of A-weighting) and noise duration normalized to a notional 8 hour workday. For a worker without hearing protection, an Lep,d of 95dB would be recognized as a danger to the hearing. An Lep,d of 80dB might be judged loud or unpleasant, but such exposure would not be deemed a hearing hazard. (Damage to human hearing by airborne sound of very high frequency or ultrasonic frequency: For the Health & Safety Executive. HSE CCR 343/2001)
The hearing thresholds of over 500 noise-exposed textile workers was measured for the

conventional audiometric frequencies, and for higher frequencies up to 19 kHz. The workers, mostly females, were stratified into ranges of age, daily equivalent noise level, and noise exposure in years. The mean thresholds of several subgroups have been processed for presentation here as threshold shifts for each frequency; see Table 11. Younger workers, aged 17-30 years with a relatively short exposure (up to 10 years, mean 4 y) to presumably harmless noise of 80-84 dB(A), have been chosen as the baseline for the threshold shift of the other workers. Little or no noise-induced hearing loss would be expected in this group; no age associated loss would be expected either. (Bartsch, Dieroff, Brueckner, 1989)
Table 9:
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It should be noted from the above table that 17 – 30 year-olds exposed to 16KHz at a dB value of 80 – 84 during regular working days, show no hearing damage even after 10 years in that working environment.
Results indicated that air-borne ultrasound is considerably less hazardous than audible sound. A limit of 120dB was proposed for airborne sound of ultrasonic frequency (presumably 20KHz or greater). Further TTS experiments were performed to determine acceptable Sound Pressure Levels for high-frequency tones in the audible region. From these further results, Grigor’eva suggested the following limits:
One-third octave band

centre frequency (kHz)
6.3
 8 
10 
12.5 
16
Sound Pressure Level (dB) 
75
 80 
85 
90 
90

It seems safe to infer an underlying concept: A sound which does not produce temporary

dullness of hearing cannot produce a permanent noise-induced hearing loss.

(Grigor’eva, 1966)
The few reports dealing with this noise-and-loss option concentrate on Temporary Threshold Shift from VHF and ultrasonic sounds with levels greater than 100 dB. No TTS was observed. For tones of 8 kHz or less, or for broadband noise, such levels would be expected to result in a considerable dullness of hearing, even after only a few minutes exposure. It seems safe to conclude that, on a straight acoustic pressure or dB basis, VHF or ultrasonic sounds are less hazardous to the hearing than noises confined to the frequency range below 8-10 kHz. (Knight, 1968)

Q.
In what frequency range is the effect manifest in human hearing: in the conventional audiometric range up to 8 kHz, or the very high frequencies 10-20 kHz? 

A. Very high frequency noise has been reported to cause minor hearing impairment in the conventional audiometric frequencies up to 8 kHz. Extremely high levels of VHF or ultrasonic noise seem capable of producing a degree of hearing loss in the frequencies greater than 8 kHz. The damage potential of these sounds is very much less than that of conventional sounds of equal level and duration.
Q. Is there sufficient data available to postulate a dose-response relation, which would be necessary to establish an authoritative noise Exposure Limit?
A.
No. There is not sufficient data in the literature to even contemplate a dose-response relation.
(HSE CCR 343/2001

Conclusion
The effects of sound on human hearing has been an international matter of study for many decades, with numerous research papers dating back as far as the 1950’s. During the intervening years, there have been many research studies conducted around the world, some commissioned by public bodies such as International Labour Organisations and some by academic researchers on behalf of industry.
Many of these studies focus on ascertaining the temporary and permanent detrimental effects on human hearing from exposure to high levels of sound. Unfortunately, the majority of the research is biased towards ‘workplace’ exposure, as this is far more common than ‘non-occupational’ exposure to high sound levels. In some ways this is a disadvantage to us in terms of proving that the Mosquito will not pose detrimental to the hearing of those exposed to it in the environment, as the research in general is not carried out in this environment and many people may erroneously believe that ‘workplace’ research has no baring on ‘non-occupational’ exposure.

There are also some very significant positives to the fact that this research is based on ‘workplace’ studies, these are:

· As the findings of many of these studies have been incorporated into H&S policy in the workplace, they carry the backing of legislation.

· The levels and exposure times are likely to have been set as low as possible in order to prevent possible legal action being taken.

· The figures stated as being maximums for exposure are in most cases based on exposure over an 8 hour working day and not the 20 minutes that the Mosquito runs for and therefore in line with the ‘Equal energy hypothesis’ must be significantly lower.
· The maximum exposure levels defined in the documentation describes a sound level at the ear, not at the source. This is of benefit to us, as we describe the sound level of the Mosquito generally at 1 meter.

In summary, the available data determines that exposure to a pulsed tone of 85dB (at 1 meter, see tables 6 & 8 above) at 17KHz for 20 minutes will cause no TTS or long term hearing threshold shift in people of any age. Therefore it is possible to conclude that there 
are no issues with the use of Mosquito in terms of any possible temporary or long term effect on hearing.
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