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INTRODUCTION

Noise control has become one of the most important aspects of
acoustics., The publication of the Journal of Noise Control by the
Acoustical Society of America and of a Handbook of Noise Control by
McGraw-Hill Book Company bear witness to this development. The in-
creasingly powerful engines, mass production coupled with automation,
and the growing density of population in numerous centers have pro-
duced a steadily growing level of environmental noise in many places
of human activity and rest. Under most circumstances, noise is iden-
tified with unwanted sound. It can interfere with various human
activities and particularly with auditory communication. It can pro-
duce annoyance and disturb people at rest. For these reasons engi-
neers and architects have undertaken numerous efforts to keep the
noise at an acceptable level., Their success has been far from con-
plete, and in a growing number of situations personal ear protectors
must be used.

Numerous ear protectors, which should be called more accurately
"acoustic ear protectors,'" are available on the market. They can be
divided in two broad classes: earplugs and earmuffs. Earplugs are
inserted into the external auditory canal and are usually made of a
soft material in order to avoid discomfort. Earmuffs cover the whole
external ear and are kept in place by a headband or a helmet. They
consist of a hard shell fitted to the side of the head by means of a
soft resilient cushion.

Simple ear protectors perform two main functions: they protect
the sensitive parts of the ear against injury by excessive noise,
and they reduce the annoyance cr distraction effects of noise. 1In

conjunction with earphones and microphones, they improve voice com-
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munication. They are also needed in hearing testing whenever a suffi-
ciently quiet room is not available.

A more extensive discussion of ear protectors can be found in
Chapter 8 of C. M. Harris’s Handbook of Noise Control ( 4). Neverthe-
less, a few more things about the earplugs and the earmuffs have to be
mentioned here, because they show the reasons for the research de-
scribed in this report.

First of all, it should be stated that ear protectors have a long
history during which a large number of various models became known.,
The proliferation of suggested technical solutions reflects extreme
technical difficulties in satisfying often conflicting requirements
rather than a variety of possible applications. The configuration of
the outer ear canal and of the side of the head as well as the sensi-
tivity of the skin to pressure impose serious limitations on the con-
struction and efficiency of ear protectors. The use of soft materials
dictated by the considerations of comfort and the flexibility of the
skin decrease substantially the attainable sound attenuation.

For a long while it appeared that earplugs promised a better
chance of overcoming the existing difficulties. Several types were
developed, which offered satisfactory sound attenuation and rea-
sonable comfort. Earmuffs were considered almost exclusively as a
means of coupling earphones to the ears. They provided little attenu-
ation at low and medium frequencies.

The situation changed radically in the 1950's, due to the advent
of the jet engine. The existing ear protectors became insufficient
and a search for improved means began. During this phase it became
evident that the development of earplugs reached a dead end, at least

with respect to sound attenuation. At the same time a theoretical
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and experimental reconsideration of earmuffs led to insights which
permitted considerable acoustic improvements. Several models of
earmuffs have exceeded the best available earplugs in their sound
attenuation at medium and high frequencies, and are now chosen as
ear protectors at the highest noise levels men have to endure.

In spite of this success, earmuffs have their limitatiomns. A
high sound attenuation requires large dimensions, and the bulk of
the most effective earmuffs must be considered objectionable in many
industrial and military applications. Furthermore, even the largest
earmuffs provide little noise reduction at low frequencies which can
produce an effective masking of speech sounds. Finally, the effi-
ciency of an earphone placed under the earmuff is low, due to the
large volume of air involved in sound transmission.

The present insufficiency of earplugs and the shortcomings of
esrmuffs have stimulated a search for still different means of sound
attenuation at the ear. This search has been further encouraged by
observations made in connectior with experiments on acoustic sound
transmission between the ears and on bone conduction., B&késy (1)
coanected perforated earplugs to pieces of plastic tubing and could
vary the sound attenuation by changing the column of air coupled to
the ear canal. The present investigator (18) succeeded in substan-
tially increasing the sound attenuation in certain frequency bands
by coupling perforated earplugs to small acoustic resonators,

The two experimental leads in conjunction with the theory of
sound attenuation at the ear and the recent measurements of the acou-
stic impedance atthe eardrum brought about the development of the ear

protectors described in this report, They combine certain advantages

of earplugs with those of earmuffs and make it possible to achieve a
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high sound attenuation without objectionable bulk. They can serve as
simple ear protectors or as earphone couplers.

The main portion of the project was devoted to an investigation
of the basic properties of the new type of ear protectors. Although
several production prototypes have been developed, the practical re-
sults achieved cannot be considered final. On the contrary, we hope

that the way has been opened for further substantial improvements.




CHAPTER 1

THEORY OF SOUND ATTENUATION AT THE EAR

1. Motion of an earmuff relative to the head

The theory of sound attenuation by ear protectors was discussed
in several papers and is summarized in Harris's Handbook of Noise Con-
trol (17)., In addition to the references mentioned in the Handbook,
pertinent information can be found in the 1955 Symposium on Physio-
logical Psychology held in Pensacola (16) and in a more recently pub-
lished article by Shaw and Thiessen (10). Because of certain aspects
of the research described in this report; a restatement of the theory
appears in order.

In previous theoretical evaluations only the motion of the ear
protector in a sound field was considered; the head was assumed to be
stationary. Furthermore; only a piston-like rectilinear motion was
allowed. The theory presented below has been freed of these restric-
tions, and as a consequence,; has led to new insights.

The complex shape of the head and of most earmuffs precludes an
exact mathematical theory. Nevertheless, using rather far reaching
simplifications, it is possible to gain an insight into some relation-
ships. It is assumed, first of all, that the head can be approximated

by a sphere with a radius a, = 9¢cm;, and a total mass my = 3.5 Kg and,

H
consequently, a mean density of 1,15 g/cmj, The ear protector is
approximated by a shell with an external cross sectional area SM’ an

internal cross sectional area Si9 and a depth D (Fig, 1). The mass of

the ear protector is denoted by oy, and its mean density amounts to

mM
Ty T

The ear protector can move relative to the head, since its hard




Fig. 1. Schematic drawing of an earmuff covering the ear.
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shell rests on a flexible cushion and is separated from the skull by
a layer of soft tissue. The cushion is necessary to achieve a tight
seal and prevent discomfort. In general, the hard shell can rotate
as well as move rectilinearly. In the following, only those motions
will be considered which change the volume of air enclosed by the ear
protector and, consequently, generate a sound pressure at the ear
drum. Two situations are considered. In the first, the sound waves
strike the head laterally, in the second, from the front.,

The head with an earmuff on one ear and exposed to a lateral
sound field is shown schematically in Fig. 1. It is assumed that the
angle between the field and the axis B-B' which passes through the
center of the earmuff and is perpendicular to the side of the head is
small. It is assumed further that the earmuff moves piston-like
parallel to the axis B-B' and also rotates around the axis A which is
perpendicular to the plane of the drawing. The axis A lies in the
interface between the sealing cushion and the mastoid process where
the layer of soft tissue is thinner than at any other location around
the ear and, consequently, the earmuff motion the most restrained

At low and medium frequencies, the sound field acting on the
earmuff generates a force

F,=p xS (1)

M M’
where p denotes the sound pressure at the surface of the earmuff and
SM the cross sectional area of the earmuff at the junction with the

head surface. It also generates a moment

My = Fy x &y (2)
If the head is held still, the force FM and the moment MM produce a

composite motion of the earmuff with a velocity




Fig. 2.
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An analog circuit of an earmuff secured on one side of the head.
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u My

By = 57 5 720 + 20 * " W Al (3)
M ZM + Zé + Zv zZM + ZS + Zv)aM
at the center of gravity O. In the last equation Zﬁ and Zﬁ, Zé and Zg,

and Z% and Zg are impedance components due to the mass of the earmuff,
to the mechanical properties of the sealing cushion and of the under-
lying tissue, and to the volume of air enclosed between the muff and

the head surface, respectively. Since Eq. 3 can be written in the form

Uy = 77 FP:I v Y Tgn FM?:M T ’ (%)
M Mt 2s 2y ZM + 238 + ZV)aM
or
1 1
= Fy s ar s sz ez (3)

Mt % v %M s v

the impedances 2! Zé, Zé and the impedances Zﬁ, Zg, Z! belong to two

M’ A
parallel channels and can be combined into a resultant impedance, so

that

Uy = 2 Z Z. (6)

Now, the effect of the head motion can be introduced conveniently.
The situation is illustrated by the circuit diagram of Fig. 2, where

ZM’ ZS’ and ZV have the same meaning as in Eq. 6, ZH denotes the im-

pedance of the head, and Uy the velocity of the earmuff relative to

the head. The velocity u follows from the circuit diagram of Fig. 2

MH
to
Z
M
Fy- 7. Fy
o & H (7)
MH 2. + 2. + 2

Since ZM is approximately equal to jme and Z

rewritten in the form

to jum Eq. 7 can be

H i




v~ g 'm
u = = - (8)
.MH ZM + Zs + Zv

The last equation determines approximately the velocity of the center
of gravity of the earmuff with respect to the head. The velocity “mE
is considered to be nearly perpendicular to the surface of the head.

When the sound source is in front of the head, three forces have
to be considered in order to describe the motion of the earmuff. One
force is generated directly by the pres=sure of the sound field and
amounts approximately to FM =px SH' The second force stems from
the pressure gradient across the earmuff; the third from the motion
of the head, and indirectly, from the pressure gradient across the
head.

The force exerted by a plane sound field on a sphere can be de-

scribed by the equatiom (14)

F = 4ma’p(2/x ka)'/2(u, , (ka)-kab, ,,(ka)]7L, 9)
where a means the radius of the sphere, k = 351 (f-sound frequency,
c-speed of sound), and HB/I+ and HS/Z are Hankel functions. Equation

9 describes approximately the acoustic force acting on the head,
since the shape of the head can be approximated by a sphere with a
radius aH = 9cm. For values of ka smaller than one the force F is
nearly proportional to sound frequency and to the cube of the radius.

For the head thisutrue up to about 600 ¢ps. Consequently, it is pos-

sible to write for low frequencies

- lkad
Fy = Kajfp. (10)
1

Numerical calculations show that K9 1.4 x 10"3 sec cm .,

Under the action of the force FH the head moves with a velocity




Uy = Fem (11)

Looking at Fig. 1, it is not difficult to discover that a head

motion perpendicular to the axis B-B' must produce a moment g

MMH = -jmﬂth. (12)

When ug is expressed in terms of Eq. 11, the last equation beconmes
m
M
MMH=-FH§h‘ (13)

On the assumption that the shape of the earmuff can be approxi-
mated by a hemisphere, eguation 10 can be applied to describe the

force acting on the earmuff as a result of the pressure gradient.

r oo K

3
o ay f p, (14)

n

This force is approximately perpendicular to the axis B-B' and lo-
cated at a distance h' from the surface of the head. The exact loca=-
tion depends on the configuration of the earmuff, but it can be
assumed that h' is of the same order of magnitude as h, the distance
of the center of gravity. Consequently, we shall consider h' = h,

Under these conditions, the force Fﬁ generates a moment

M' = F' h (15)

and the resultant moment on the earmuff is

= ' M 6
Myp = (Fy = Fgp g=) b (16
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For purposes of further calculations, we divide the moment MM by the
distance between the axis of rotation and the axis B-B' which goes
through the center of gravity of the earmuff. The result is a force
perpendicular to the surface of the head and anchored at the center

of gravity:

h, ., My
FHN = q(l“n - FH m—H-) (17)

The total resultant force on the earmuff generated by a frontal

field amounts to

M
- F m_)' (18)

Y = e —
UMK ' (19)
Before the difference between the effects of the lateral and the
frontal fields can be evaluated it is necessary to realize that the

force FM is approximately 90° out of phase with the force F This

H.
is so because the first is generated by the sound pressure and the
second by the gradient of sound pressure. The forces Fﬁ and FH are
approximately in phase, since both are generated by the gradient. As

and u/

a consequence, the absolute magnitudes of the velocities UnH MH

are, respectively,
(Eﬁ +

|“Mn| = ‘ZM +

r2)1/2 (20)

anhdifN

N

s*zv\




and

|

(& Fa

ik

uﬁH = '

2] 172
-]

N Ib"
2 I=N

=]
]

2z zv\ (21)

The velocity “ﬁH produced by the frontal sound field differs from

the velocity wyH stemming from the lateral field by the terms 5— and
M

Fﬁ. From the configuration of the earmuff it follows that é— is of
M

the order of 1/2. 1In order to evaluate the contribution of Fﬁ, we can

compare it to—;— F From Eqs. 10 and 14 we obtain

" H
3
F'y ay Oy
= =3 X (22)
Ty 2a Y|
m. 'H 8
H
my 2&13I fH
and since — = —z where Sy and‘fM stand for mean specific densi-
Y| a f
MJM
ties,
[}
H i (23)
m = 9. 3
M I
= FH
By

(24)

A comparison of Eqs, 20 and 24 shows that the vibration of the
earmuff relative to the head surface tends to be smaller for a frontal

sound field than for a lateral one, except for very light earmuffs.
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When ;ﬁ < %, the reverse is true. Such light devices would be very
H

ineffective, however, and are not worth considering. In commercial

devices it is usual to f:‘Lnd;%-lz 0’%. Under these circumstances, the
H

difference in earmuff motion generated by the frontal and the lateral
fields is but slight. In view of this finding, the following con-
siderations will be limited to the frontal field which is standard
in testing of ear protectors. It must be emphasized, however, that
under some conditions, particularly when the ear protector is heavy,
the effect of the.lateral field may be comnsiderably greater than
that of the frontal field.

The next step is to evaluate the contribution of the head mo-
tion to the relative motion between the head and the earmuff, For

this purpose, Eq. 19 can be rewritten in the form

Wl = Uy + B, (25)
with
(2 5 )
|ua| = [ 2y * 1;15 T Iy | (28}
and
h li N
a
{“at \Zy ngs + 2y (27)

The velocity ul is produced by a direct action of the field on the

earmuff, u, is due to the head motion. Their ratio amounts to




hmM
23] F
‘“2'== aymy | 7| e
"2} (F5 + n2 gi2ylv2

[
=N

or, when FH’ FM and Fﬁ are replaced by their expressions from Egqs. 1,

10 and 14:

£

(29)
£2y1/2

+

—M e 22
|22l _ amy  H
f 1) 2 n 6
(sy + =5 M

aym

The numerical values of several terms in the last equation have been
established already. They are: aH = 9cm; K = 1.4 x 10"3 sec cm'l;

— = ,5. On the basis of commercially available devices it is rea-

am

sonable to assume that ay = Scm and SM = 8Ocm2. With these values

we obtain

m
N
[ 4] = my :
[“1} " 801 + .3 x 1076£2)2/2

(30)
Since .3 x 10'61‘2 is considerably smaller than one even at a fre-
quency of 1,000 cps, and we are only trying to establish the order

. B2
of magnitude of the ratio sy we can simplify Eq. 30 to

{41l
| ual -3 Oy

The mass of an earmuff with a radius ‘M = Scm can be assumed to

approximate 200g, so that with my = 3.%Kg
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u
[ .36 x 1077 £ . (32)
"1

The last expression shows that the contribution of the head motion
grows with frequency. It is small at low frequencies and even at
1,000 cps ‘ua‘/‘ul[ does not exceed 1/3 substantially. Neverthe-
less, a heavier earmuff would change this situation radically., In-
creasing the mass from .2 Kg to 1.5 Kg would increase the ratio
\uz\/‘ul\ to 2.5 at 1,000 cps, and the effect of the head movement
would become noticeable even at frequencies in the neighborhood of
200 cps. Of course, such a heavy earmuff is unlikely to be used in
practice., The contribution of the head motion, as defined by Eq. 27,
could be underestimated. This is so, because the ratio —2; rmay be
greater than the assumed vglue of .5 and the head does not vibrate
entirely as a rigid body. Furthermore, part of the earmuff rests on
the mandible of the lower jaw which can move relative to the skull,
Such a movement would produce an additional motion of the earmuff
relative to the skull. It should be clear, therefore, that the mo-
tion of the head may have a noticeable effect on the acoustics of
ear protectors.

The inclusion of the head motion in the theory of sound attenu-
ation provided by ear protectors permits us to answer several ques-
tions which have arisen in the course of previous investigations.
They will be considered in the next section.

2. Sound attenuation provided by ear protectors

The vibration of an earmuff or of any other ear protector re-
lative to the head produces a sound pressure in the ear canal. The
ratio of this sound pressure to the sound pressure at the outside of

the ear protector may be considered a measure of sound attenuation.
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At reasonably low frequencies this measure should not depart con-
sideradbly from a more conventional measure, where the sound pressure
is measured at the same location, once with the ear protector in
place, and once with the ear protector removed.
Combining Egqs. 25, 26 and 27, and ignoring the force F!, we can

M
write for the frontal field

h2 m2
2 M 1/2
(FM + 5 =7 FIZI)
aM mH
v ] ; (33)
l uMH' ‘ ZM + ZS + ZV‘
or, introducing the expressions for FM and FH from Eqs. 1 and 10,
h2 ’ m2
2 M 2.6 2.1/2
(oM + aa m2 K ay £7)
M H
u' = . p [ (34)
' MH' by + Zg + Zavl

If the velocity ukH is regarded as the mean velocity of an earmuff
at the surface of the head, then the sound pressure generated inside

the earmuff amounts to
Py = uyy 2y / 8y, (35)

where Zvis the mechanical impedance of the air volume enclosed by
the earmuff, and Si the area of the head surface delimited by the

sealing cushion, The sound attenuation A follows to

A = Ipl _ Sy le v 25t ZV\ (36)
Y 2 =
(2 h M .2 6.2, 1/2
Mt 3 3 K aHf )
M g
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Preceding investigations have shown that, except at very low frequen-

cies, 2, + Zv << ZM' so that

s
2 _x% “‘ﬁ 2 6,2,1/2
A= Si \ZM(/B.ZV‘ (SM + -—a—a- -;2- K an ) J (37)
M Py

The mechanical impedance ZM = janmM, and for simple earmuffs, the
v = EE;?VZ' where Vi means the volume of air enclosed by the ear-

muff, fg—the specific density of air, and c-the speed of sound. Con-

sequently, Eq. 37 can be written in the form

2 2
h m
2,2 2 2 M 2 6.2.1/2 .
A = 4x°f VimM / yoc Si (s° + 5 —5 Kayf ) (38)
&y My

The last equation provides an explanation for two phenomena no-
ticed by Shaw and Thiessen (10). First of all, they observed that
the attenuation provided by an experimental earmuff was less depen-
dent on the mass of the earmuff than they would have expected. Their
theoretical prediction was made on the assumption that the motion of
the earmuff was mass controlled and the head stationary. Under such

conditions, Eq. 38 can be simplified to

2 2

A = Ux°f Vimy / 9,655y (39)

and the attenuation A becomes proportional to the mass of the ear-
muff Myye However, when Shaw and Thiessen increased the mass of
their earmuff from 490g to 1490g the sound attenuation increased

only 2db, instead of 9db. The earmuff had the following dimensions:

SM = Si = 53 cm2 and V:.L = 105 cm3. When these dimensions are intro-
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Fig. 3. Sound attenuation provided by an experimental earmuff, The
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ical,
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duced into Eq. 38 an attenuation of approximately 40db results for
the smaller mass and of 45db for the larger at a frequency of 500 cps.
Both the absolute attenuation and the difference in attenuation be-
tween the two earmuffs are too large when compared to the experi-
mental values, although the attenuation difference is substantially
smaller than 9db. The discrepancy may be attributed to the under._

estimation of the effect of head motion. In the experimental earmuff

the quotient —2— may have been larger than .5 and the experiments
M

were performed in a spherical sound field rather than in a plane one.
If, in view of these considerations, the effect of the head motion is
increased three times, an attenuation of 35db is obtained for the
lighter earmuff and of 36db for the heavier one at 500 cps. These
figures are close to the e._-rimental data and the remaining discrep-
ancy of 2db in absolute attenuation may be attributed to the uncer-
tainty in determining Si and SM’

The second observation of Shaw and Thiessen concerns the sound
attenuation as a function of frequency. According to Eq. 39 the
attenuation should increase with the square of sound frequency when
the motion is mass controlled. However, the experiments have shown
a lesser dependence. This is in agreement with Eq. 38 which includes
the effect of head motion. The attenuation values calculated by
means of this equation for the lighter earmuff are compared with the
values computed from the data obtained by Shaw and Thiessen in Fig.
3. The theoretical curve is somewhat flatter than required by the
experimental data, which indicates that the effect of the head motion
has been slightly exaggerated. The difference between the absolute

values may reflect the uncertainty in the determination of S, and Si,

M

as has been mentioned above. In any case, the inclusion of the head
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motion into the calculation can account fully for the fact that the
sound attenuation is less than proportional to the square of the
sound frequency, even though the sound transmission is controlled
by the inertia of the ear protector.,

Maybe the most important confribution of the theory introduced
above is the explanation of the unexpectedly low sound attenuation
that is achieved by means of earmuffs and earplugs in combination
(17). It is a well known phenomenon that, when the ears are oc-
cluded with earplugs and covered with eafmuffs, the resultant
sound attenuation is smaller than the sum of attenuations provided
by each device separately. The phenomenon remained hitherto unex-
plained. However, the recognition of the effect of the head motiocn
leads to a plausible rationale.

It is not difficult to demonstrate theoretically that the
sound attenuation provided by earplugs depends on the same para-
meters as that provided by earmuffs. Consequently, a somewhat

generalized Eq. 36 should apply to the earplug situation

S, Z Z Z
Ap=(zl‘;\ [ % * 5 v| (40)
m
(s2 + y@ —2 k%5¢%)1/2

where Ap-sound attenuation by an earplug, Si-the cross sectional

area of the ear canal, So-the cross sectional area of the earplug
at the entrance to the ear canal, mp—the mass of the earplug, ZP-
the mass impedance of the earplug, and® —adimensionless constant
which depends on the make of the earplug and the configuration of
the ear canal; the other terms have the same meaning as in Eq. 36,

When -the ear is covered by an earmuff, the direct effect of the

sound field on the earplug is practically eliminated under favorable




15
conditions. This amounts to an omission of the terms Si in Eq. 40,

The resultant sound attenuation becomes, therefore,

S ‘Z + 2. + 2
i P S Vl
Aé = ‘Z; = - ) (41)
M _2 K a" f
mH H

Its ratio with the attenuation obtained by means of earplugg)allow

amounts to

2
2 " 2.6 .2.1/2
o (s° + 2% S Koap f )
2y
Ap = m ) (42)
3
R w2 kagr
H

and is practically independent of the acoustic properties of the
earmuff, Rather, it is determined by the ratio between the direct
effect of the sound field on the earplug and the effect of the head
motion. For this reason, an addition of earmuffs should affect the
attenuation provided by light earplugs somewhat more than that pro-
vided by heavy ones. This is substantiated by experiments ( 3,18 ).
Figure 4 compares the results obtained with light earplugs con-
sisting of a hollow shell of soft plastic with those obtained by
means of a heavy earplug consisting of a plastic shell loaded with
wax and steel. In both situations earmuffs were worn., It is evi-
dent from Fig. 4 that light earplugs are somewhat more effective
under earmuffs than are heavy earplugs. Without earmuffs the re-
verse is usually true,

Now that certain enigmas of ear protectors have been explained,
it is possible to analyze the situation from the point of view of

optimum conditions for sound attenuation at the ear. Equation 40
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may serve as a basis for the analysis, when the subscript p is in-
terpreted to mean "ear protector" rather than "earplug.' For the
purpose of clarity, the right side of this equation can be rewrit-

ten as follows

s o L2 }:S[* 4 =l . (43)
P \' m
2 2 2 6 .2\1/2
(So + N —%KaHf)/
By

When the ear protector provides any sound attenuation worth con-
sidering, the quotient \Zp + ZS + ZVL / IZVI must be considerably
greater than one and consequently, ‘ZV‘ << ‘ZP + ZS\' Furthermore,
the expression Kag / My is independent of the ear protector and will

be abbreviated by H. As a result Eq. 43 can be simplified to

B -

S,
A_ = = \ (44)
P {2v| (Si . xzmiﬂzfz)l/z

The mechanical impedance Z, is equal to Z X S?. where 2
v i Vac

Vac

means the acoustic impedance of theaenclosed volume of air, At rea-

9o°

sonably low frequencies ZVac = ScFvr S° that
i
4+ 2 2nfV
% ‘J’Pczs o (s2 +m2miaaf2)l72 ()
o i ) P

At sufficiently low frequencies the impedance Zs of the sealing

cushion and of the underlying flesh is considerably greater than the
impedance Zp which is due to the inertia of the ear protector., At
these frequencies the effect of the head motion is negligible, as
has been shown above. Consequently,

Z 2x£Vi

A = S

5= - (46)
P ;
1.f;c S,
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According to the last equation, the sound attenuation is propor-
tional to the impedance of the sealing cushion and of the under-
lying tissue and to the volume of air enclosed by the ear protector,

and is inversely proportional to the areas S, and So’ In order to

i

determine the optimum dimensions of the ear protector it is neces-~

sary to realize that the impedance Z_ is likely to be proportional

S
to the surface area of the sealing cushion, and that the volume Vi
depends to a certain extent on the surface area Si and on the depth
of the ear protector. The effective surface area of the sealing
cushion amounts to So - Si in an earmuff and is rather constant in

S,
earplugs. We can write, therefore, 2. = ZSsp x So(l - —gl) for the

o
earmuffs, and ZS = Zssp x Sfor the earplugs. The volume Vi can be
expressed as Vi = aSiD, where D means the depth of the ear pro-

tector and a a proportionality constant., With these expressions,

Eq. 46 becomes

Si 2
Ay = ZSsp 1 - —§:) aD2nf/f°c (47a)
and
2
AP = szp sananf/focoso (47b)

for earmuffs and earplugs, respectively. From the equation for the
earmuffs, it is immediately apparent that for a very narrow cushion
(Si———)»So) the sound attenuation disappears. When Si < SO/Z the
width of the cushion does not have much effect on sound attenuation.
The attenuation provided by either earmuffs or earplugs is propor-
tional to the specific impedance of the sealing cushion, to the
depth of the ear protector and to the constant a which is equal to

v,
1 . . . .
<D The impedance zsp is maximum when the impedance of the

i

sealing cushion is high compared to the impedance of the underlying
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tissue. It has been shown in the past that it is possible to make
such cushions. The constant a depends on the shape of the ear pro-
tector.

Summarizing, an ear protector can be expected to be the most
effective at low frequencies when it has a sufficiently wide seal-
ing cushion, a maximum possible depth and enclosed volume of air,
and a small area Si.

At medium frequencies the impedance Zp produced by the inertia
of the ear protector becomes more important than the impedance Zs
of the sealing cushion and of the underlying tissue. Also, the

effect of the head motion becomes noticeable. Under these condi-

tions, Eq. 45 can be approximated by

|Z ‘ 2nf V.
A = 3 2 1232 2.1/32 (48)
Joc Si (So + % mp £°)
When the expressions for Zp = anmP and for Vi = aSiD are inserted,
Eq. 48 bvecomes
hwzfszaD
A_ = (49)
P 2,42 2.2 ,2,.2,\1/2
foc (s, + & m H°fT)

When the ear protector is very light, Eq. 49 can be simplified to

hnzfam aD
A = ’ (50a)
P ? cas
-] o
and when it is very heavy, to
2
A = 4rn " faD . (50b)

P gt




19

Consequently, in a light device the surface area So must be kept
small for maximum attenuation. However, a very light device would
be ineffective since the attenuation is proportional to its mass.
In a heavy device the attenuation seems to be independent of both
the area So and the mass mP. The mass of an earmuff is limited by
considerations of comforg,and the situation described by Eq. 50b
is unlikely to arise, except for fairly high frequencies., In ear-
plugs it can be reached more easily.

The attenuation at meodium frequencies depends on the factor oD
in the same way as does the attenuation at low frequencies. However,
a new factor enters the picture and offsets to a certain extent the

advantage of a large D. This factor is M = —g—c The distance h of

M
the center of gravity from the surface of the head may be considered
proportional to the depth D. Since the average radius ay can be
regarded as being proportional to the square root of the surface

D .

area So, we can replace 3 by B gﬂg. Under these circumstances, Eq.
o

50b becomes

hnafsi/z a

Ap = (51)

and the factors determined by the shape of the ear protector come to
prominence., The constant a must be maximized, the constant B mini-
mized. A further analysis shows that the two requirements are in
conflict to a certain extent, A large o requires a spherical shape.
This leads to -2— = 1 and a large B, The conflict between the fac-
tors a and B maymbe somewhat diminished by making the walls of the
ear protector thick near the surface of the Lhead and thin in its

other parts.

Thus, in order to have an effective ear protector we must add
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to the requirements determined for low frequencies the following:
at medium frequencies it is important that the ear protector be suf-
ficiently heavy and its center of gravity be located as near to the
head surface as possible.

At high frequencies the situation becomes very complex because
the head vibrates in sections and the effect of wave length cannot
be ignored. Nevertheless, Eq. 51 can probably serve as a guidepost.

3., Optimum dimensions of ear protectors

The optimum dimensions of ear protectors are determined by the
equations 47a, L7b, 50a, and 51. Furthermore, they depend on the
anatomy of the ear and of the side of the head, and on the require-
ments of comfort. Conditions prevailing at low frequencies, where
a high sound attenuation is the most difficult to obtain, must have
priority.

We shall consider the muff type ear protector first, Experi-
ence has shown that the so-called supraaural cushions are both inef-
fective and uncomfortable, Therefore, a circumaural cushion which
does not exert any pressure on the auricle, but is fully supported
by the bones of the head surrounding the ear, is a primary require-
ment. This determines the minimum area Si to about 20cc. According
to Eq. 47a, So should amount to at least 2 x Si, that means 40cc. A
very deep earmuff becomes excessively cumbersome, so that D has to
be limited to 7cm. With these dimensions and in an attempt to maxi-
mize the constant a we obtain the configuration of Fig. 5 which is
symmetric with respect to the axis B - B'. This symmetry is a sim-
plification and in practice the area Si would have an oval shape to
conform to the shape of the auricle. In Fig. 5, C indicates the
sealing cushion, M:}ing of heavy material and S-a shell of rigid

but light material.
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When the constants established above are introduced into Eg.
47a and the value for Zssp is calculated from the data of Shaw and
Thiessen (10) a sound attenuation of 21db results at 125 cps. This
is a high attenuation for an earmuff but, taken absolutely, is not
impressive at all, The limiting factors are Zssp9 a and D,

At somewhat higher frequencies, Eq. 5Oa.applies9 and on the
assumption of a mass of 200g an attenuation of 4Odb results. This
attenuation may be considered fully satisfactory. In general, ear-
muffs provide a high attenuation at medium and high frequencies.

The earplugs provide a better chance of a high attenuation at
low frequencies. Figure 6 shows a perforated earplug C with an
attached hard shell S which increases the volume of the enclosed
air, At very low frequencies, Eq. 47b applies and its parameters
can be derived as follows. The mechanical impedance of the tissue
lining the ear canal has been determined by v, Gierke ( 3) to

1
lxs‘ =

2xf x 2.06 x 1077

dyne sec cm-l and R, = 4.4 x lO3 dyne sec

S

V.
cm-l. The product aD is equal to -2 according to definition,

S,

i
The cross sectional area Si has been estimated previously to .5cm2,
it is the cross sectional area of an average ear canal near the tip
of the earplug. The cross sectional area S° is approximately equal

to the cross sectional area at the entrance to the ear canal and is

here estimated to be lcma. With these values, Eq. 47b becomes

6 x 10ll
A = (————
» £2

+ 1.94 x 1012 8.9 « 10“6vif (52)
For a solid earplug, the volume Vi comprises the volume of air in
the ear canal plus the equivalent volume measured at the ear drum.

According to recent determinations Vi amounts on average to approx-




Fig. 6.

Half schematic drawing of a perforated earplug with

a small rigid tank,
earplug".

The device is called ''resonator




22
mately l.4cc. For such an earplug, Eq. 52 predicts a sound attenu-
ation of 21 db at a frequency of 125 cps. This is the same attenu-
ation as can be expected from an earmuff of about 300cc., When the
earplug is perforated, and a small shell containing only 2cc of
air is connected to the ear canal, as is shown in Fig. 6, the
attenuation at 125 cps increases to 29db. An addition of a volume
of Lcc may be expected to increase the attenuation to 33db, This
is a promising result by comparison to the performance of earmuff%
and warrants a more thorough investigation.

At medium frequencies the sound attenuation can be described
by Eq. 45. Here, the mass mp of the ear protector as well as the
constant ¥ become important in addition to the volume Vi' The mass
of an earplug with a small attached shell is estimated to lie be-

tween 3 and 8g. The cons%*ant b( = —Z s+ where h is the distance of

the axis of rotation from a plane coiiaining the center of gravity
and approximately parallel to the surface of the head, and a; the
distance of the axis of rotation from a plane containing the

center of gravity and approximately perpendicular to the surface

of the head. The axis of rotation is difficult to determine for an
earplug. It does not seem too unreasonable, however, to assume
that it is located at the wall of the ear canal near the middle
portion of the sealing insert., Under such conditions, the distance
h would be approximately half the length of the earplug with the
shell, and ai would be equal to the mean radius of the ear canal,

For a volume of the shell of 2 to 4cc, the length has been esti-

mated to about 2.5cm and, consequently, h = 1.25cm. The mean ra-
Si 1/2
dius of the ear canal follows from ai = (—;—) to .4cm. Thus,

the constant X2 3, This value is much larger than in an earmuff

where it approaches 1/2.
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When the values established above are introduced into Eq. 45,
we obtain at 500 cps a sound attenuation of 31db for a mass of 3g
and of 32db for a mass of 8g. This is true for a volume of the
shell of 2cc. When this volume is decreased to zero, the attenu-
ation drops to 24db; when it is increased to 4cc, the attenuation
rises to 35db. Even this attenuation is smaller than the value
that can be expected for a large earmuff. However, it will be
shown in the following chapters that the sound attenuation pro-
duced by small shells connected to the ear canal can be improved
considerably by means of acoustic resonance. DBecause of this
effect, the devices will be called "resonator earplugs.'

The advantage of the earplugs described above over the earmuffs

v

is their compactness and a high ratio _El which leads to a high
i

sound attenuation at low frequencies.
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CHAPTER II

THEORY OF RESONATOR EARPLUGS

l, Motion of ear plugs relative to the ear canal

The motion of an earplug relative to the ear canal can be de-
scribed by Eq. 32, when the system is exposed to a frontal sound
field. When the subscript "M" meaning "muff" is replaced by the

subscript "P" meaning "plug'", Eq. 32 takes the form

2
2 n
2 h P 2 6 2,1/2
(SP + 5 T3 K ay £7)
i H (53)
ul - — = P 53
PH , ZP + ZS + ZV‘

With the abbreviations introduced previously, and on the as-
sumption that |zv( << |ZP + ZS\’ the last equation can be simpli-

fied to

(sg + 2 mg g ¢2)1/2
{0 S S

P (54)
PH 'zp + 2

s|
According to the last section of the preceding chapter, the
surface area SP and the impedance Zs are unlikely to vary substan-
tially from one type of earplug to another and can be considered
approximately constant. The constant H depends only on the pro-
perties of the head. The variables are therefore: E(which de-
pends on the configuration of the earplug, np which is the mass
of the earplug, Zp which is directly proportional to the mass mp,
and sound frequency f.
A study of the velocity uﬁH as a function of these variables

helps in the understanding of the acoustic properties of resonator

earplugs., When the numerical values of the preceding chapter are
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introduced into Eq. 55, we obtain

(1 + 8.2 x 1073 2 nf’ £2)1/2

UpH

: p (55)
((6.28 x mp £ - 7.7 x20° / £)% + 1.94 x 107] 172

Figure 7 is a graphical representation of Eq.55 for 2 values of X
and 4 values of mp. It is apparent that ubH increases with a(. The
effect of m;. Above the resonance point there is a region where the
velocity of motion decreases as the mass increases. At sufficiently
high frequencies the motion becomes practically independent of mp,

The sensitivity of the system to changes in ¥ increases somewhat
with ny. Values of oy in the neighborhood of 4g appear the most ad-
vantageous. For greater mp the motion increases substantially at
low frejquencies and becomes sensitive to the constant * which is dif-

ficult to control., For smaller m the velocity ul. increases con-

P’ PH

siderably at medium frequencies.

2. Sound attenuation by plain earplugs

The velocity of the volume displacement of air in the ear
canal produced by the motion of the earplug is equal to the product
of the mean velocity “ﬁu and the surface area Si. The sound pres-

sure generated in the ear canal is equal to the product of the

volume velocity and of the acoustic impedance at the tip of the

earplug,
Py = upg 55 Zyp (56)
Since the veloci?y uﬁn is proportional to sound pressure, we
can introduce UﬁH = -;g and write
P P;\  Upg 53 Zyp (57)
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The impedance ''behind the earplug" 2. , which is identical with

bp
the impedance at the tip of the earplug, can be derived from measure-
ments of the impedance at the ear drum. Figure 8 shows (pr‘ as a
function of frequency. The numerical values have been obtained from
two studies ( 7,19).

On the basis of Figs. 7 and 8, it is possible to calculate the
sound attenuation AP as a function of frequency for two values of X
and four values of mp. Figures 9a and 9b show the results., It is
apparent that for all parameter values the attenuation increases
with frequency up to 3000 cps. The curves are flatter for MM = 4
than for = 2. The effect of the mass mp is small and it decreases
as the factor l&increases.

The curves of Figs. 9a and 9b have been calculated on the
assumption that no sound can leak into the ear through the sealing
cushion or tip. In reality, such a leakage cannot be excluded and
probably limits the attenuation at medium and high frequencies,
Furthermore, the assumption that the skull vibrates as a rigid body
holds only at low frequencies. At medium and high frequencies
complex modes develop which tend to effect ¥(. The leakage through
the sealing tip and the complex mode of skull vibration may account
for the fact that experimental attenuation curves obtained with
plain earplugs tend to be flatter than the curves of Figs. 9a and
9b. Some measurements show also that, under favorable conditions,

the skin impedance Z, can be considerably higher than the value

S
accepted for the above calculations.
In order to test the theory more directlx}attenuation values

have been calculated for one specific earplug which served to ob-

tain the value of ZS' In Fig. 10 the theoretical attenuation
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curve is compared to an experimental one which was obtained in the

same laboratory that determined 2 Between 250 and 1000 cps, the

s°®
agreement between the two curves is excellent. Above 1000 cps,
the experimental curve shows considerably less attenuation than
the theoretical one. The discrepancy is probably due to a change
in the mode of vibration of the earplug which is made entirely of
soft material. At frequerncies below 250 cps the measured attenua-
tion is somewhat greater than the theoretical. The discrepancy
could be eliminated by increasing the reactive component of ZS by
60?, and such a correction would appear justified in view of the
fact that Zs was determined en only one subject. Nevertheless,

it is also possible that the discrepancy in attenuation at low
frequencies is due to an artafact in the psychophysical method of
measurement. The experimental curve of Fig. 10 was obtained by
means of threshold comparison. This method has been shown to
yYield somewhat larger attenuation values than other methods i.e.
loudness balance techniques and physical measurements by means of
probe microphones (5,9,13).

The following is a possible explanation of the exaggerated
values of sound attenuation resulting from threshold measurements.
When one remains for a while in a soundproof room, a faint noise,
similar in subjective quality to a white noise, becomes audible,
The noise increases somewhat in loudness when the ears are closed
by earplugs. The amplification appears to affect particularly
the low frequency component. This effect indicates that the
noise is produced in the ear canal, possibly by blood circula-
tion., If this is so, the noise level should be proportional to
the impedance 'pr‘, and consequently, decrease as the volume of

air enclosed in the ear canal and the sound frequency increase.
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The noise generated in the ear canal masks the test sounds and its
effect is added to the attenuation effect produced by the earplug.
Experiments described in Chapter IV lend & further support to the
“"noise hypothesis'" which is in agreement with previous studies
(2,11,12),

3. Sound attenuation by resonator earplugs

When the plain earplug is replaced by a perforated earplug

connected to a hollow shell, as shown in Fig. 6, the impedance pr

is shunted by the acocustic impedance of the added structure. To
the first order of approximatior this impedance consists of the
positive reactance of the connecting tube, j2nfmr, and of the nega-
tive reactance of the shell, —j/ZnCr, where m_ means the acoustic
mass of the tubq and Cr the acoustic compliance of the air volume
of the shell. The acoustic mass can be calculated approximately

from the equation

1’
r ; (58)

m =
r

with yo" specfic density of air, 1'- effective length of the tube
and Sr - its cross sectional area. The effective length is equal
to the geometric length 1 plus two end corrections Al which are
proportional to the radius of the tube a. The value of Al depends
somewhat on the configuration and varies from .6a to .85a. The

compliance Cr follows from the equation

vr
C.-= 5 (59)
§ e
with Vr - volume of the shell, fo - density of air and ¢ - velocity

of sound propagation. Bringing the two reactance components to-




29

gether results in the impedance equation

1l - hnzfzm c
r'’r

2, = =3 7 3z1cC
r

r

(60)

which characterizes the input conditions of an acoustic resonator,

The impedance Zr disappears at the resonance frequency

1
w IF 2rn(m_C )1:2 (e
rr

which is inversely proportional to the square root of the mass m,
and of the capacitance Cr. Consequently, the rescnance frequency
can be varied by varying the dimensions of the coupling tube and
of the hollow shell.
A more exact equation of the input impedance of the resonator
is
£,c I sin (w-hn%)

Z_ = (62)
] 5r 1 - cos (w-un%) : oll=:

where

-Src Lrf Vr
¢ = arc tg — (63)
Sicz- hnzfavrz

In Eq. 62, the assumption that the tube is very short compared to
the wave length is abandoned.

The input impedance of the resonator has been calculated for
several volumes Vr and two coupling tubes of .8cm effective length,
and with a cross sectional area of .24 and .lcma, respectively.
Figures lla and 1llb show the results. At low frequencies, the im-
pedance is negative and inversely proportionmal to the volume Vr.

At high frequencies, it is practically independent of this volume.
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It is positive and proportional to the acoustic mass m. . The cross-
over from negative to positive values depends on both the volume Vr
and the mass m.. The greater Vr and m the lower the crossover fre-
quency.

In order to find the sound attenuation produced by the reso-
nator earplugg the impedance lszl in Eq. 57 must be replaced by
the combined impedance of the ear and of the resonator. This im-

pedance is equal to
2 = BT (64)

so that Eq. 57 becomes

A = |p‘ - 1 \pr * Zr\ (65)
pr Plr\ UPHSi sz Zr
The effect of the resonator can best be described by the ratio
of attenuations obtained with the resonator open and closed respec-

tively. The first situation is described by Eq. 65, the second by

Eq. 57. Consequently,

zpr =|szz* Ze| (66)
» | 2\

If the impedances in Eq. 66 are assumed to be pure reactances

(pr = xbp)’ the ratio APr/ Ap is greater than one and the attenua-
tion improved only when the impedance Zr has the same sign as the re-
actance xbp' When one is positive and the other negative, the
attenuation is reduced, and disappears completely for Zr = -xbp’
Figure 12 shows the relationship for a resonator volume of 2cc and
two coupling tubes with an acoustic mass m_ '3’10.2 g/cmu and |

4 x 10-3 g/cmb. respectively. The values of xbp have been derived
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from two preceding studies ( 7,19)., At low frequencies Xbp and 2
are negative, at high frequencies they are positive. In both situ-
ations, an increased sound attenuation can be expected. However,
there is an intermediate frequency region where xbp is negative and
Zr positive. In this region, a reduced sound attenuation becomes
possible. The conditions are worse for the larger mass m_, i.e.
for the narrower coupling tube.

In reality, the impedance 2, _ has a resistive component (Rbp)

bp
which renders the conditions less critical. In presence of this
component a reduction of sound attenuation may be avoided, even

though the reactive component of 2 has the opposite sign of Zr'

bp
> . .
as pr + Zr‘ /"Zr|' Unfortunately, Rbp is very small in the
critical region, so that m, has to be minimized in order to avoid
a reduction in attenuation,
Theoretical ratios Apr / Ap have been calculated, assuming

that pr = Rbp + bep and 2 = JjY_. Under these conditions, Eq. 66

can be rewritten in the form

A xb 2 Rb 2.1/2
T
Ks— = El + Y;B) + (-Y-:B) J (67)

Introducing the numerical values of Figs. lla, 11lb, and 12,
curves of attenuation ratios have been obtained. They are plotted
in Figs. 1l3a and 13b. It can be seen that tor the wider opening
of the resonator (mr = 4 x 1072 g/ cm.h) there is an improvement
in attenuation at all sound frequencies; for the narrower opening
(mr I g/cm.u) there is a small reduction of attenuation
around 2000 cps, at all other frequencies the attenuation is im-
proved. The finding that a resonator can improve the sound attenu-

ation at the ear at all frequencies is of primary importance.
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Resonators used up to now decreased the sound attenuation in one
frequency region while boosting it in another.

The condition for an increased attenuation at all frequencies
is simple theoretically. - It is sufficient to keep the acoustic
mass of the resonator small. We now shall see if this is possible
in practice. Before we do so, however, it may be of interest to
pull all the theoretical factors together in an attempt to esti-
mate the sound attenuation of a resonator earplug. The necessary
information can be derived from Figs. 9b end 13b. The following
numerical assumptions are made: ‘Qp = Lg; X = u; m, = 10-2 g/cm.u;
Vr = h4ecc. The resultant attenuation is plotted in Fig. 1l4. It is
very high at medium high frequencies, due to the resonance effect.
In practice this effect will be decreased, of course, because of

energy losses. Nevertheless, a high level of attenuation should

be attainable.
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CHAPTER III

DEVELOPMENT OF RESONATOR EARPLUGS

l. Preliminary experiments

Possibly, the first resonator earplugs were used in my study of
bone conduction in a free sound field (18). They consisted of a
rather long tube connected to a resonance cavity. The tube was se-
cured in the bony meatus by means of a semi-plastic earplug (15).
The devices provided an attenuation of almost 70db in the neighbor-
hood of 400 cps. However, for purposes of ear protection they were
inadequate. First of all, the insertion of a plug into the bony
meatus is extremely painful. Second, the long tube had a large acou-
stic mass, so that the high sound attenuation was limited to low
frequencies. Above the resonance frequency, the attenuation was
smaller than with plain earplugs.

For purposes of ear protection, a different design had to be
taken into consideration. The coupling tube had to be shortened to
a minimum in order to reduce the acoustic mass, and the earplug had
to be made as comfortable as possible.

The first resonator earplugs for ear protection were mude out
of otologist's ear specula, by closing the wide opening with a rigid
plate and fitting‘a soft sealing tip to the narrow end. Resonators
of various shapes and sizes were tried, and the design of the seal-
ing tips was varied. A few examples of the many combinations tested
are described below.

Figure 15 shows a half schematic drawing of a speculum with an
enclosed volume of air of approximately 5cc and an inner diameter of
the small orifice of .4em, A sealing tip of soft plastic is fitted

on the narrow end. The same figure contains the median attenuation
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curve obtained on three listeners. The listeners were seated in
front of a loudspeaker at a distance of approximately three feet.
The loudspeaker was placed in a corner of a soundproof room with
sound absorbent walls., It was fed from a commercial audiometer via
a power amplifier. Thresholds of audibility have been determined
using the method of limits and the sound attenuation has been ob-
tained by means of threshold comparisons. The individual data as
well as the median curve are shown in Fig. 15. The curve is of the
same type as the theoretical curve of Fig. 1l4. The resonance fre-
quency produces a peak in the vicinity of 750 c¢ps, which indicates
a rather large acoustic mass. Accordingly, the sound attenuation
above the resonance frequency is rather low,

In an attempt to improve the sound attenuation above the reso-
nance frequency, a speculum of a somewhat different shape and with a
slightly larger opening (d = .57cm.) was used. It enclosed a
volume of 7.5cc. Figure 16 shows a schematic drawing of the spe-
culum with its insert tip and the experimental data obtained in the
same way as those of the preceding figure. The attenuation is in-
creased at all frequencies with the exception of 1,500 cps. This
improvement can be ascribed to the different sealing tip rather
than to the different speculum, since the resonance frequency is
of the order of 600 cps, and there is a distinct dip in attenua-
tion near 1,500 cps, probably as a result of an anti-resonance.

The attenuation curves of Figs. 15 and 16 are in agreement with
the theory regarding their course as well as the order of magnitude
of attenuation, It has been concluded, therefore, that the theory
is sound. At the same time they show that the shape of the oto- ‘
logical specula is inadequate for the purpose of resonator earpluéﬁ.

It produces an excessive acoustic mass which reduces the sound attenu-




ATTENUATION IN DECIBELS ,

0 10 20 30 40 50 S '
] L] 1 | ! ) ! 1 1 ] | Eg
1<
-~ L > o -
B o -
1 o
S
- L > - 3
w
w
pas - m
Ll
o o
w
@ g 4
L © S ¥
- & U
a
" < N~ -f'.:
x v 2
- 5 n Ll
(0 =
E_) X o
e . o~ lu
< 0 o
= ~ TH
&
(n n
= (W) . -
x >
O >
o
1 L 1 1 L 1 : | 1 1 1 1 Q
Fig. 16. A half schematic drawing of a resonator earplug made of an oto-

logical speculum, and the sound attenuation it produces. The
points indicate individual values. The curve joins the medians,




35
ation above the resonance frequency. Consequently, substantial modi-
fications in the design of the resonator has been undertaken,

The main purpose of the modifications has been to make the cou-
pling tube as short and as wide as possible. This is more easily said
than done. Due to the complex and asymmetrical configuration of the
ear canal and of the auricle it is_impossible to make a resonator
earplug that would have a short coupling tube and a simple symmetrical
shape at the same time. The difficulties become apparent in Fig. 17
which shows half sghematically a horizontal section through the outer
ear,

In a first attempt to fit the contours of the concha and the
anti-tragus, the earplug shown in the figure has been made. It con-
sists of two different portions of a speculum separated by a piece
of copper tubing. All parts are soldered together. The resonators
were fitted with slightly improved sealing tips, as can be seen in
Fig. 17. The assembly produced the attenuation curve shown by the
solid line of Fig. 18. A partial elimination of the attenuation
minimum above the resonance frequency is apparent. The improvement
amounts to 10db at 1,500 cps, 7db at 2.000 cps, 5db at 1,000 cps
and 15 db at 4,000 cps relative to the resonator RA with a com-
parable internal volume of air. At and below the resonance fre-
quency the attenuation remained approximately the same. The attenu-
ation dip above 4,000 cps is of little practical consequence. It
depends rather critically on the conditions of the sound field,
and small head movements produce considerable differences in loud-
ness of the test tones. No particular attention was paid to these
frequencies in the following studies. In general, the experimental
attenuation curve of Fig. 18 may be regarded as fully satisfactory.
In the most important frequency range, between 250 and 4,000 cps,

the average attenuation is slightly in excess of 4LOdb.
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speculum of which it has been made.
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For comparison purposes, a theoretical attenuation curve has
been plotted in Fig. 18 (intermittent line). The calculation has
been based on the following constants: "M = 4; m_ = 8g; Vr = 6ccy

P
m_ = lo-zg/cmh. Except in the vicinity of the resonance frequency,

r

the agreement between the theoretical and the experimental data is
within 5db. The discrepancy near the resonance frequency is due to
the fact that the resonator damping has been ignored in the theory.
The agreement means that no substantial leakage of sound through
the sealing tip was taking place in the experimental situation.

The results achieved with the resonator RC fully justify‘the
theoretical expectations. The experimental attenuation values of
Fig. 18 are superior to corresponding attenuation values achieved
by the best commercial earmuffs at all frequencies up to 1,000 or
1,500 cps. Between 2,000 and 4,000 cps they are only slightly
inferior. This result is obtained with devices which are about
50 times smaller than an average modern earmuff., Nevertheless,
subsequent modifications have led to further improvements.

The resonator of Fig. 17 has an awkward shape, It fits the
contours of the concha rather badly and has sharp corners which
are likely to cause discomfort. A better adaptation to the outer
ear would lead to a somewhat greater comfort as well as a shorter
coupling tube, thereby decreasing the acoustic mass m.. This was
attempted in the next model which was fashioned out of an otolog-
ical speculum by hammering. The speculum as well as the reso-
nator are shown half schematically in Fig. 19. The resonator is
very small and contains only 2cc of air, It was designed as an
adapter for larger containers to be mounted on its top. However,
attenuation measurements have convinced us that the small reso-

nator is an excellent ear protector in its own right. Figure 20
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shows that it produces as much sound attenuation as its predecessor
with a 5.5 volume of air. The reason for this somewhat unexpected
finding may lie in an improved mechanical balance, i.e. a smaller
K. A smaller ¥t is to be expected as a result of the smaller
length of the resonator,

2. Development of a standard resonator

The resohator RD proved so satisfactory from every point of
view that it was decided to use it as a standard. For purposes of
further research the original handmade model had to be duplicated.
This presented a problem, since the shape of the resonator pre-
cluded the use of machine tools, and molding appeared as the only
reasonably economical process.

Making a mold for a complex shape of the kind shown in Fig.
19 requires direct duplication. The procedure is zomplicated if
no parting lines are allowed, and for reasons of comfort; we at-
tempted to avecid them., Due to this requirement, the whole mold
had to be made out of one piece. A mold of hard material had to
be excluded, because the extraction of the model, and later, of
the finished replicas would have been impossible, As a conse-
quence, we used the silicone resin, RTV-20, manufactured by
General Electric Company. This resin has similar mechanical pro-
perties to rubber and remains highly flexible after curing. The
curing can be done a% room temperature, The resin has been de-
veloped specifically for molding purposes and gives a faithful re-
production of the original sample.

The outside shape of the available model could be reproduced
without much difficulty by first, making a female RTV-20 mold, and
then, by casting solid pieces of rlaster of paris cor of metals

with a low melting temperature.
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Since the resonator is hollow, a core had to be made that would
fit the female mold leaving a free space of approximately .020" to
.040" along the walls., This was accomplished, after several un-
successful attempts, by making a solid metal reproduction cf the
original resonator and by reducing it by the required wall thickness
on all sides. From this model an RTV-20 core could be obtained by
a two-step procedure. The core was then secured in the female part
of the mold. It then became possible to make a secondary model by
filling the mold with a metal melting at a low temperature. This
secondary mcdel was used to produce a series of RTV-20 molds.
Since the outside and the inside of the secondary model could be
replicated directly, this step was reasonably straight forward.
Nevertheless, the molds underwent a considerable evolution dic-
tated by the requirements of mechanical rigidity and accurate as-
sembly.

The next step was the.selection of a suitable material for
the resonators. The requirements were of three kinds: acoustic
properties, mechanical properties, method of production. The acou-
stic considerations called for a rigid shell, the mechanical con=-
siderations called for a shatter-proof material, and the RTV-20
mold called for a material that could be poured at a low tempera-
ture, The metals with a low melting temperature were rejected as
too soft;, and out of the family of rigid plastics epoxy was se-
lected as the most suitable material. By using combinations of
various resins and catalysts, a satisfactorily short curing cycle
(15 minutes) and a sufficiently low vicosity could be achieved.

The production of samples out of epoxy proved very tedious
and time consuming, due to the limited equipment of our laboratory

and the lack of experience with the material used. Two major pro-
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blems emerged: the epoxy had a tendency to entrap gas bubbles which
accounted for a large number of rejects; no satisfactory release
agent could be found, so that the mold surface was rapidly damaged
and a new mold had to be made. Nevertheless, a dozen pairs of
resonators have been produced for use in this and other labora-
tories. Figure 21 shows the drawing of the finished product in a
cross section and an elevation perpendicular to each other.

The wide opening of the resonators has been closed by a flat
disc machined out of stainless steel, aluminum, or plastic. During
some experiments, additional containers were fastened to t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>