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SUMMARY 

The theoretical basis for the attenuation given 
by various forms of ear defender is examined, 
particular attention being paid to those designed 
to attenuate selectively gunfire noise rather than 
speech. Details of a modification of the familiar 
V. 51R ear plug are then given in which the change 
in the natu.-e of the air flow through a small 
orifice, occuring at high pressure levels, is used 
to provide the selective attenuation. A series of 
laboratory experiments used to ve rify the theoretical 
predictions of the modified plug's performance are 
described and brief mention is also made of other 
relevant work. The likely applications of the plug 
are discussed. 
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INTRODUCTION 

1. Ear defenders to protect the user against unwanted noise are 
commonly a simple barrier between the noise source and the ear drums, 
which in the case of the ear plug fits into the entrance of the ear canal. 
One of the chief disadvantages of ear defenders is that in attenuating 
unwanted noise they also attepuate wanted sounds of which the most 
important is usually speech. 

2. Several attempts have been made to design ear defenders with 
a higher attenuation for certain types of noise than for speech; it is of 
course necessary that the noise differs from speech in some physical 
respect. The plugs described have been designed for military field¬ 
firing exercises in which live ammunition it used; good hearing of 
speech is essential for safety but lack of ear protection is likely to 
lead to noise-induced hearing losses. 2 If a plug, which is the most 
convenient form of defender for this purpose, gives an increased 
attenuation at very high noise levels the requirement is easily met, as 
gunfire noise reaches peak levels over 160dB s. p. 1. but has a duration 
of only a few milliseconds. The mechanism for this is provided by the 3 
increase in the acoustic impedance of a small orifice at high pressures. 
This phenomenon is well known and important in the design of resonant 
absorbers and mufflers for intense noise but does not appear to have been 
previously applied deliberately to the design of ear plugs. 

Choice of Plug 

3. The ear plug finally chosen was a normal Son ex plug with the 
core removed ana replaced by a 0. 005 inch shim disc pierced by a 0. 025 
inch diameter orifice; this modified Sonex is referred to here as the 
Institute of Naval Medicine (INM) amplitude-sensitive plug. The 
normal Sonex plug is one of several commercial versions of the well 
known V. 51R design and is widely used in the British armed forces; it 
was chosen as a basis for the INM plug partly because it was easily 
modified and readily available, but also because its properties were 
familiar and well understood. Both plugs are illustrated in Figure 1. 

4. In order to check whether the INM plug really did offer any 
advantages over the conventional Sonex, an extensive serith. of tests 
had to be made on the noise-protection, speech-communication and 
other aspects of both plugs. The most important of these tests were 
carried out in the field, often during normal training; but before 
this the properties of the plugs were examined in the laboratory so that 
the optimum configuration could be chosen and a clear insight obtained 
into their operation. It is with this laboratory investigation that the 
present report is concerned. 
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Laboratory Investigations 

5. The methods of investigation fell into three groups. The 
first was the measurement of the pure-tone and impulse attenuation 
in artificial-ear couplers, which gave rapid and precise results at 
the expense of some uncertainty about their application to real ears; 
this was used to determine the optimum configuration of the plug. 
In the second method the pure-tone and speech attenuations were 
measured necessarily at low level, using the threshold-shift techniques 
in real ears; to some extent these results were overshadowed by 
the later field trials but were important in showing whether field 
trials were justified and what form they should take. The third method 
of evaluating the INM plugs was the use of cadaver ears, which could 
be used with pure tones and impulses over a wide range of sound 
levels. As this method has been described in a separate report in 
this series, details are not included here. 

THEORY 

Canulation of Attenuation 

6. Any calculations of the attenuation given by an ear defender 
are necessarily approximate as many of the properties of both the 
defender and the ear are difficult to measure; moreover there is 
considerable variation between ears. Nevertheless such calculations 
are very useftil in gaining an insight into the operation of a defender 
with a view to improved design and interpretation of experimental 
results. A good description of the problems involved is given by Von 
Gierke and Warren and by Zwislocki , and hence only an outline 
description is given here. 

7. For a normal 'solid' ear plug, that is, one without any internal 
air passages, the attenuation can be calculated in terms of its mass 
and dimensions, the stiffness of the meatus walls, and the impedance 
of the ear drum and the air in the meatus. Unfortunately the stiffness 
of the meatus walls is rather difficult to measure and may be expected 
to vary with the position of the ear plug; further, the structure of the 
meatus is complicated and sound transmission may occur through its 
tissues. Calculations of ear plug attenuation are therefore only 
useful where movement of the plug and the meatus walls is not the 
dominant mode of sound transmission, as is the case with the INM 
plugs and with several commercial types, at least over a limited 
frequency range. 
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K. Neglecting the movement of the body of the plug and the 
meatus walls, the INM and similar plugs may be represented as in 
Figure 2a It may be easier to visualise this as an electrical network 
as in Figure 2b. To a reasonable approximation the eardrum impedan 
may be regarded as a resistance and a compliance in series, the air 
ITthe meatus as a compliance, and the acoustic elemenin.he ear 
plug as a resistance and "inductance in series, the electrica 
analogue for this is given in Figure 2c. This is, of course, 
resonant circuit and the earplug/ear combination is a 
Helmholtz resonator. The attenuation is therefore zer° aUow 
frequencies, is negative at the resonant frequency providing the 
damping is not too great, and becomes large at higher frequencie . 

9. The insistance, neglecting radiation resistance which is 
relatively small for orifices of this size, and inductance of sma 
orifices in a thin plate are given by:- 

R =J_ 

s 
/nsr i: 

r 

and L = r-> 
-3 

thickness*! of the plate together with an end.,c0"“tl°„ncaPPrl,0^^'ely 

m' 
equal to 2r. For a 0. 025 inch diamjter orifice In “• »«‘nch fhm 
r = 3.2 X IO"4 m and t' - 7. 7 x 10 4 m, glvlngL - 2.83 x 10 kg 
and R = 3.9 X 106 kg m"4 sec" for <i>= 2 x 10 sec . 

10 The compliance of the ear drum and the air In the meatus, 

neglecting the ear drum resistance, is approximately that of a volume 
V Of air that is V where y is the ratio of specific heats for air - 1.4 

and P0 is atmospheric pressure = 105 N m-2. This “mplUnce. or 
capacitance is therefore approximately 10-“ m4 kg-1 sec“ for 

V = 1. 4 cm . 

11. The ratio of the sound pressure inside the meatus to that 

outside is equalto y j V 

c + Vc ■ 
and this function is traced out in Figure 3, for the <luan^tie® giY®n’ 
The sharpness of the resonance will be reduced in practice by *he 
drum assistance which is neglected in «. e calculation, as are the sound 
transmission tnrough the body of the plug and the meatal resonance at 
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hijjher frequencies. Nevertlieless. in view of tli 
made, reasonable agreement is obtained with th

12. The above argument liulds (jnlv at relati\'ely h>'v sound pressui'e 
levels. When tlie displacement amplitude of the air in tlie orifice 
approaches i' the ilow starts to break up and become turbulent; this 
will i>ccur at pressures inside tlie canal i>f the (>i der of ll odH s. p. 1.
The reistance is then iner-eased by the addition of a turbulence 
component winch, assuming tliat all the kinetic energv in tt^ ■ air flow 
is lost, is proportional to the particle velocity, i. e. U p ^ u^ wliere

/ 2s
u is the instantaneous particle velocity. 15,^, becomes the dominant 
component in the total resistance above about 120 dR s. p. 1. In the case 
of gunfire noise where peak levels above 100 dB s. p. 1. are encountered, 
the total resistance of the orif.ee is very much greater than at lower 
levels.

Characteristics of the INM and similar Plugs

13. The characteristics of the INM and similar plugs can therefore 
be described as follows:- The attenuation at low level is strongly 
frequency dependent, there being a damped resonance around 1 kHz 
with an increasing attenuation thereafter. The attenuation above 2 kHz
is quite large, as the unplugged ear canal has a strong resonance at about 
3 kHz which is destroyed by insertion of the plug. The attenuation 
increases at high levels, first apparent for pure tone as a reduction of 
the gain at the resonant frequency. The reduction of high level short 
duration impulses of the type associated with gunfire approaches that 
of conventional ear plugs, and is dependent on the impulse level and 
duration. The non-linear part of the orifice impedance is of only small 
importance at the noise levels, generally below 130 dB s. p. 1, encountered 
with industrial processes.

14. The linear part of the impedance, unlike the non-linear part, 
is dependent on the length of the orifice 1. e. on the thickness of the 
shim, and a reduction in this ihickTiess would therefore decrease the 
low-level attenuation; but as most of the effective length arises from 
the end correction, there shoulo be no great advantage in using very 
thin shims. The 0. 005 inch shim used seems a reasonable compromise.

* Where impulse noise levels are quoted they refer to zero-to-peak 
measurement.
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Put t*-Toi.i* \tl*‘iu'-tioti in Artificial Etirs

1.). Ariifuial-ear cinipler.s ire very useful in tlie evaluation or 
development u;’ some types of eir defenders as precise results are 
o!)tained easily atul rapidly; l>ut they suffer from two serious disadvant- 
a^;es wtien used with ear plu^s. One is that agreed international 
stamlarils for artificial cars refer mainly to their use in the calibration 
of earphones, and that artificial ears suitable for determiiiation of 
ear plug atttmuation are neither standardised nor commercially available. 
1 he other is that the attenuation of most types of ear plug depends 
critically on the properties of the tissues lining the external auditory 
meatus, as dcscribeti in paragraph 7; to re.->~oduce these adequately 
in an artificial eai' would be extremely difficult.

Hi. The second difficulty entirely rules out the use of .artificial 
ears for finding the attenuation of "solid" ear plugs; the restraint of 
the plug by the hard coupler walls produces a ridiculously high answer.
If the plug is not "solid" but contains some form of acoustic element 
which reduces the attenuation ( measured in a real ear), so that 
attenuation is chiefly a function of this element rather than of the 
meatus walls, then the results measured in an artificial ear will be 
meaningful and can be used in the evaluation or development of the 
plug. Comparison with published v'alues for the attenuation of solid 
plugs with the artificial ear results should indicate whether transmission 
through the acoustic element in the plug or movement of the meatus 
walls is the (lominant mechanism. For the INM plug and similar 
types, which give only modest attenuation at low and medium frequency, 
the artificial ear gives useful results at these frequencies.

Artificial Ears used in the Development of the INM Plug

17. The lack of standnrtiisation for suitable artificial ears has led 
to a great variety of "one-off" designs; some of these are simply 
hard-walled cavities of the appropriate volume while others are 
impressively sophisticated. Design of artificial ears is itself a 
facinatin,' subject but will not be explored here.

18. Four ilifferent types of artificial ear* were used in the aevelopment 
of the .NM plug and the results from two are described;-

a. The simpler of the two artificial ears was a cylindrical 
cavity set in the centre of a 6-inch diameter aluminium plate.
The diameter of the cavity was | inch and length 1 inch. A J 
inch (B A K 4116) microphone was placed at the far end with 
an O-ring to prevent leakage. Complete ear plugs were not 
used with this "ear"; instead a piece of steel shim pierced 
with the appropriate combination of orifices was placed across 
the entrance. This artificial ear could be used with both 
continuous and high-level impulse noise.



b. The other artificial ear was much more sophisticated 
and incorporated a simulation of the ear drum impedance 
measured on live ears, ^ although the meatus walls 
were still hard. The "meatus", which accepted complete 
medium-size ear plugs, vas 0. 8 inch (2 cm) long by 5/Hi 
inch (0. 8 cm) diameter; the ear drum impedance was a 
cavity of 0. 8 cm^ in sjries with an acoustic resistance. ^ ^ 
formed bv an annular slit, of 400 cm g. sec. (4 x 10‘m 
kg sec ■*). The sound at the "ear drum" was measured by 
a à inch microphone (B & K 4124). and at the ear canal 
entrance by a 1 inch microphone ( B & K 4122); the sound 
source was a hearing-aid telephone working into a closed 
volume. This artificial ear could only be used for pure tones. 

19. Some of the frequency responses obtained with the first of 
these artificial ears are shown in Figure 4 fcr various shim 
thicknesses and configurations, and for the unobstructed ear , 
The sound source in this case was a B & K artificial mouth which 
gave a constant sound pressure level of about 100 dB at the artificial 
ear entrance, over the frequency range of interest. The damped 
Helmholtz resonance between 500 Hz and 1000 H;: is evident, as is 
the effect of altering the shim thickness and the orifice diameter. 

20. The frequency response of a complete INM plug in the second 
of the artificial ears is shown in Figure 5; also shown is that of the 
unobstructed "çjar", which in this case is a fair approximation to that 
of a real ear. ^ up to about 4 kHz. The effective attenuation is of 
course the difference between these two responses. The plug response 
is shown at four levels from 100 to 130 dB s. p. 1. (the highest sound 
pressure obtainable with the apparatus described) and the gradual 
increase in attenuation, first affecting the resonance, is easily seen; 
this is a useful indication of the greater increase to be expected at 
higher levels. 

21. Several other ear plug configurations, including one with two 
shim plates separated by a short distance with an orifice in each, and 
another with multiple small orifices in a single shim plate, were 
tested in these and other artificial ears, but did not appear to have 
any advantage over the simpler configuration of one orifice in a 
single shim. 

Impulse-lSoise Attenuation in an Artificial Ear 

22. This work was carried out using the simple artificial ear mentioned 
in the previous section. The sound source was a 0. 22 inch/0, 32 inch 
starting pistol; the sound pressure level at the'èar-canal" entrance 
varied according to the distance away from the pistol and the calibre 
of the blank cartridges used, and was measured with a }inch B & K 4135 
microphone. Unfortunately there was considerable variation in the 
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noise from successive shots which is reflected in the experimental 
scatter. The output from the microphone was displayed on a storage 
oscilloscope screen and a photograph taken; a typical photograph and the 
definition of "poak level" is shown in Figure 6 and the method of calculating 
attenuation in Figure 7. 

2 3, The sound pressure at the ear canal entrance was about 6 dB 
higher than it would be in a free field, when the ear canal was in 
Line with the pistol; this pressure doubling, due to reflection, is also 
observed at the side of a real head. A similar increase is observed 
at the "drum" of the artificial ear when the "canal" was not obstructed, 
and again a parallel is observed with real ears; this of course affects 
the overall attenuation. 

24. The impulse attenuation, for a 0.017 inch diameter orifice, 
is shown in Figure 8 , and the increase in attenuation with incident 
impulse peak level is clearly seen. This increase is of the order of 
1 dB per 2 dB increase in incident pressure, in accord with theory. 
Several other orifice configurations were tested and gave similar 
increases. 

25. While the effect of the increasing impedance of the orifice 
is demonstrated quite well, it is difficult to say exactly how effective 
the attenuation will be. Apart from the difference between this 
very basic artificial ear and a real one, and the difference between 
the noise of a starting pistol and of a weapon, it is difficult to 
forecast exactly the effect on hearing of the change in the impulse 
shapes. For instance, the very sharp leading edge of the incident 
impulse is smoothed out on passage through the orifice? a slow rise 
time may well be less hazardous than a sharp one, but this is not 
certain. The only sure way to gauge the protection of any ear plug 
against impulse noise is to measure the temporary hearing losses 
produced in live subjects, as described in reference 6. Nevertheless 
it is encouraging to note that the impulse attenuation measured at 
the 160-170 dB levels commonly encountered with the self-loading 
rifle is of the order 15-20 dB when allowance is made for the pressure 
increase, at the drum of the unobstructed ear, which is sufficient for 
most noises of this level. At higher levels a still higher attenuation 
is to be expected, limited ultimately to that of the Sonex plug. 

Orifice Configuration 

26. With the results with the artificial ears complete it was 
possible to decide which orifice configuration would be best for 
further work. It was decided that the simple 0. 025 inch diameter 
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aperture in 0.005 inch shim would probably give the best compromise 
between good attenuation of high level impulses and low attenuation 
of speech. The use of a single, large aperture also had the practical 
advantages that blockage by wax or 'debris was unlikely and cleaning 
would be simple, and also that the plug should be easy to manufacture. 

Pure-Tone Attenuation by Threshold Shift Method 

27. Asa check on artificial-ear results the attenuation of the INM 
modified plugs was measured on real ears by the binaural free-field 
threshold shift method. This method is widely used and has been 
described in detail in the form of a U. S. Standard. 13 Strictly speaking 
a sound-insulated anechoic room is required together with a number 
of rather time-consuming precautions to eliminate, as far as possible, 
any bias or random error in the results. No anechoic room was 
to hand, and with the limited facilities available, it was evident that 
only an approximate answer would be possible. It should be remembered 
that the U.S. Standard procedure is intended as an accurate 
indication of the protection against noise given by an ear defender and 
the results are used as a final judgement on its efficiency against 
noise. With the INM modified plug the efficiency against noise is not 
related to the low level attenuation, and the results of the threshold 
shift arc required only as a check on the artificial-ear results, and 
as an indication of the likely difficulty in communication that would 
be caused by the plug. 

28. The measurements were conducted in an acoustic booth mounted 
in a sound-proofed mobile audiometric trailer. In order to reduce 
the standing waves in the booth as far as possible a warble tone was 
used instead of a pure tone. Attenuator steps were 5 dB. Six subjects 
were used; with three the threshold was obtained first with the plugs 
in position and with three first with the ears open. Results are shown in 
Figure 9. 

Speech Attenuation by Threshold Shift Method 

29. The speecli attenuation of the INM plugs in quiet conditions 
was measured in freefield in the same acoustic booth as for the pure- 
tone attenuation. Fry's phonetically balanced monosyllabic word 
lists15 played over a tape recorder were used as the signal. As before, 
a 5 dB step attenuator varied the signal level so that a speech intellegibilty 
curve (% score vs. signal level) could be obtained. The intersection 
of the speech curve with the 50% score level gave the speech reception 
threshold. Subjects repeated what they thought they heard over an 
intercom and this was later scored by the number of phonemes heard 
correctly. Subjects had no difficulty in obtaining 100% scores at suitably 
high signal level, with or without the ear plugs. Eight subjects took part 
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in the experiment; with four the speech threshold was obtained first 
without plugs, ami with the other four first with plugs. The mean 
speech attenuation was 5. 25 dB with a standard deviation of 3.2 dB. 

30. The speech attenuation in quiet is a good way of evaluating 
the likely effect on communication of an ear defender, butts 
unrealistic to the extent that in practice the cnviioment is unlikely 
to he completely quiet notris the speech necessarily near threshold 
intensity levels; moreover the subject, engaged in other tasks, may 
not be listening as intently as possible. 

DISCUSSION 

31. The amplitude-sensitive properties of the INM plug are likely 
to give a significant advantage for intermittent gunfire-noise 
applications, but it may be asked if other defenders with similar 
properties exist. In fact several such defenders do exist, amqng 
them the ERDEfender headset, the Selectone-K ear plug, ’ ^ the 
Lee-Sonic "Ear Valv". 

32. ERDEfender Headset. The ERDEfender headset, which uses 
electronic processing of the signal, works very efficiently but is too 
bulky, expensive and fragile for the present application. 

33. "Ear Valv" Plug. The "Ear Valv" plug is much more compact, 
although still a little bulky by ear plug standards; it incorporates a 
flutter valve which is alleged to butt against and thereby seal an orifice 
when actuated by high sound pressures. The mechanism is very nicely 
designed and made, and the "valv" itself very light in weight but it 
seems unlikely, bearing in mind the very short durations of the pulses 
in gunfire noise, that the inertia of the "valv" would allow it to close 
in time to offer adequate protection. Nevertheless the "Ear Valv" 
does show some evidence of increased attenuation at very high sound 
pressures, but this can be attributed to the increased resistance in 
its internal air passages rather than the closure of the "valv". 

34. Selectone-K Ear Plugs. The Selectone-K ear plug was designed 
to attenuate selectively the high frequencies thought to be especially 
damaging to the ear, and incorporates a two-stage acoustic filter 
giving a sharp increase in attenuation above 2kHz. It also shows an 
unclaimed increase in attenuation at high levels, again due to the 
increased resistance in its internal air passages. The same may be 
true of the Ruedi-Furrer ear muff17 which, like the Selectone-K, 
was designed to attenuate high frequencies selectively. 

18 



35. Comparison of Speech Attenuation Qualities. The likely 
effect on communication of the plugs can be estimated from their ^ 
speech attenuation. That of the Selectone-K has been given as 15 dB , 
and that of the Lee-Sonic "*** Valv” can be calculated, usin| a 
formula given by Coles and Rice 2 with data from Piesse . as 
14 dB, although this may be a slight overestimate. Against this the 
measured speech attenuation of the INM plug is about 5 dB, and the 
calculated attenuation 7.6 dB, a much more worthwhile irnprovement 
over the 20 dB speech attenuation provided by Sonex plugs¿. 

36. The INM plug has the additional virtue of being simple and 
therefore cheap to produce. Being a modification of a well-proven 
design, it should not be particularly uncomfortable or difficult to fit, 
although no ear plug is entirely satisfactory in tnese respects. 

37. The final test of any ear defender must always be under actual 
conditions of use and this was to be the next stage in development, 
for which the laboratory results would be an invaluable background. 

CONCLUSIONS 

38 . The properties of the INM plug as measured in the laboratory 
agree reasonably well with those predicted by theory. These 
properties are shown to include an attenuation for high-level impulse 
noise approaching that of the currently used Sonex V. 51R-type plug, 
but with a very much smaller attenuation for speech. It appears that 
this plug will be much preferable to the Sonex and other conventional 
plugs where good speech attenuation and impulse-noise protection 
are both necessary, and field trials to confirm this have been carried 
out and reported. ° 

ACKNOWLEDGEMENTS 

The author wishes to thank: Dr C H Allen of Bolt, Beranek 
and Newman, Inc, for the original concept of the plugs and technical 
data, Dr J Zwislocki for information on similar designs, the 
Superintendent, Royal Naval Physiological Laboratory, for workshop 
facUities, the Medical Officer-in-Charge at the Institute of Naval 
Medicine where the work was carried out, Surgeon CQmmander R R A 
Coles for advice and encouragement and Mr W H Richardson for 
technical assistance. 

19 



REFERENCES 

1. RICEC 0 and COLES H R A (1966). Design factors and use 
of i-ar protection. Brit J Industr. Med. 23_, 194. 

2. COLES R R A and RICE C G (1966) Speech communications 
effects and temporary threshold shift reduction provided by V. SIR 
and Selectone-K earplugs under condition.! of high-intensity impulse 
noise. .1 Sound Vib. 4, 172 - 186, 

2. DAVIS D R Acoustical filters and mufflhrs in Handbook of 
Noise Control. ( ed. Harris C M ) ( 1957). McGraw-Hill Book Co. 

4. INGARD U and LABATE S (1950). Acoustic circulation 
effects and the non-linear impedance of orifices. J Acoust. Soc. Am. 22,211. 

5. INGARD U and ISING H (1967) Acoustic non-linearity of 
an orifice. J AcousL Soc. Am. 42 , 6. 

6. FORREST M R and COLES R R A (1969). Field evaluation of 
an improved ear plug ( INM - modified V. 51R). R N Personnel Research 
Committee ( Medical Research Council) Report HeS 136. 

7. FORREST M R and COLES R R A (1969). Use of cadaver ears 
in the acoustic evaluation of ear plugs. R N Personnel Research 
Committee ( Medical Reasearch Council) Report HeS 134. 

8. VON GIERKE H E and WARREN D R (1953). 'Protection of the 
ear from noise - limiting factors"in "BENOX Report - An explanatory 
study of the biological effects of i oise" University of Chicago - ONR 
Project NR 144079. 

9. ZWISLOCKI J "Ear Protectors" in "Handbook of Noise Control" 
ed. Harris C M (1957) McGraw-Hill Book Co. 

10. MORTON J Y (1958). An artificial ear for insert telephones. 
Acoustics 8^ 33. 

11. ZWISLOCKI J (1957). Some measurements of impedance of the 
ear drum. J Acoust. Soc. Am. J_9 , 349. 

12. SHAW E A G and TERANISHI R (1968). Sound pressure generated 
in an external ear replica and real human ears by a nearby point source. 
J Acoust. Soc. Am. 44^ 240. 

13. U. S. Standard Z. 24.22 (1957). Method for ihe measurement of 
the real ear attenuation of ear protectors at threshold. 

20 



14. FRY D B (1961). Word and ■•ntenct tt«t* for uao in aptoch 
audiometry. Lancet il. 197. 

15. PIESSE R A (1962). Ear protectora. Commonwealth Acouatlc 
Lab orata** la a, Sydney, Auetralia, Reporte. A. L. 21. 

16. ZWISLOCKI J (1952). New typea of ear protectora. J. Acouet. 
Soc. Am. 24. 762. 

17. RUED1 L and FURRER W (1946). Phyaica and phyeiology of 
acouatlc trauma. J. Acouat. Soc. Am. '. B, 409. 




