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Acoustic aspects of hearing aid-ear canal coupling systems 1

INTRODUCTION

This discussion focuses on the acoustic
behavior of the coupling system which
connects the receiver of a modern (circa,
1978) over-the-ear hearing aid to the
wearer’s ear canal. An attempt has been
made to emphasize those aspects of the
coupling system which are accessible to the
individual fitting the hearing aid and may
therefore be manipulated to achieve a more
desirable output. The topic is discussed
under two general headings: issues relating
to the sound input system (sections III and
IV); and issues relating to the acoustic seal
(section V). Much of the discussion applies
equally well to eyeglass type hearing aids,
but only the acoustic seal section is relevant
to in-the-ear models (the sound input sys-
tem is not accessible to the fitter of in-the-
ear instruments). Many of the earmold-
related considerations apply to coupling
systems utilized with body worn hearing
aids, but no attempt has been made to cover
this topic in depth. For a discussion of is-
sues involved in coupling systems for body
worn hearing aids see Lybarger (1972).

No information is included about the var-
ious earmold styles and materials. This in-
formation may be found in many sources
(Langford, 1976; Smith, 1971; Staab, 1978).

BASIC CONCEPTS

The transmission of an acoustic signal
from an over-the-ear or ear-level hearing
aid to the user’s eardrum is accomplished
via a system of tubes, holes, cavities,
screens, and/or porous acoustical mate-
rials. Typically, this system consists of the
following elements: (1) an ear canal; (2) an
earmold (which may contain a vent); (3)
40-45mm of polyvinyl chloride tubing hav-
ing an internal diameter of 1.93mm; (4) an
“earhook” (the curved, plastic part which
attaches to the nozzle of the hearing aid); (5)
8-10mm of flexible rubber tubing inside the
hearing aid (internal diameter = 0.5-

1.0mm) coupling the receiver outlet to the
hearing aid nozzle; and (6) an air-filled cav-
ity in front of the receiver diaphragm. This
system is illustrated in Figure 1. Taken to-
gether, these elements make up an acousti-
cal system which affects the prnfagatmn of
sound waves by the particles of air within
the elements in a nmnber of ways. In addi-
tion, any discussion of the behavior of this
system must take into consideration some
of the mechanical aspects of the receiver
itself, particularly the effective mass and
compliance of the receiver diaphragm
system.
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Fig. 1 Schematic illustration of @ typical hearing aid-ear canal cou-
pling system.

Much of the behavior of this mechano-
acoustic system can be understood and
predicted within reasonably close toler-
ances in terms of a limited number of fun-
damental concepts: acoustic mass, acoustic
compliance, acoustic resistance, acoustic
transformers, and resonances. The notion
of acoustic impedance is fundamental to all
of these concepts. In general, acoustic im-
pedance can be thought of as the opposi-
tion to the flow of acoustic energy through a
system or element. A system or element
may oppose the flow of acoustic energy in
one or both of two ways: (1) energy may be
temporarily stored within the element and
then returned to the source; or (2) the
energy may be dissipated through conver-
sion into heat. Either process results in less
energy appearing at the output of the sys-
tem or element than at its input. When
energy is stored and returned, rather than
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dissipated, the impedance of the system or
element is called ‘reactive’” or ‘‘imagi-
nary”’. When the energy is actually dissi-
pated, the impedance rﬁznigkythuz- system or ele-
ment is called “resistive” or “real”. Most
systems or elements have an impedance
which is comprised of both a resistive com-
ponent and a reactive component. The re-
sistive component is almost the same at all
frequencies, but the reactive component
changes with frequency.

Acoustic Mass

An acoustic mass, also called an acoustic
inertance, exists when a volume of air
which is subjected to a vibratory force is set
into oscillatory motion as a unit by this force
without being compressed to any signifi-
cant extent. The air inside a length of tubing
behaves in this manner as long as the fre-
quency of the'driving force is low enough
such that the length of the tube is less than
about 1/16 of the wavelength (Beranek,
1954). At higher frequencies, some com-
pression of the air in the tube begins to
occur in addition to the oscillatory motion,
and the behavior of the air in the tube be-
gins to take on some of the characteristics of
an acoustic compliance as well as those of
an acoustic inertance. The value of iner-
tance of a mass of air in a section of tubing is
directly proportional to the length and in-
versely proportional to the cross-sectional
area of the tubing. Hence, inertance in-
creases as length increases or diameter
decreases.

The acoustic impedance of an acoustic
inertance (i.e., the opposition which the
acoustic mass offers to the flow of acoustic
energy) is reactive and is directly propor-
tional to the frequency of the signal. At low
frequencies, therefore, the acoustic impe-
dance is relatively low and acoustic energy
flows into and through the tube with
minimum decrease in level. As frequency
increases, however, the impedance in-
creases and the signal encounters greater
opposition traversing the length of the tube
with resultant further decreases in level at
the output.

The total length of tubing (about 75mm)
from the hearing aid receiver to the medial

tip of the earmold (called hereafter the
sound input tubing) behaves predomi-
nantly as an acoustic inertance up to about
600 Hz. As frequency increases above 600
Hz, the behavior of the tubing is potentially
cnm}'l.)licated by the appearance of
wavelength resonances. At off-resonance
frequencies, however, the impedance is
primarily reactive and proportional to fre-
quency. In general, low frequency energy
flows into and through the sound input
tubing with relative ease, whereas high fre-
quency energy encounters considerably
greater opposition.

Another element of the hearing aid-ear
canal coupling system which behaves as an
acoustic inertance is the bore of the earmold
vent, if one is present. Since a vent does not
usually exceed about 17mm in length, it is
safe to anticipate that this element will be-
have predominantly as an acoustic iner-
tance up to about 2500 Hz. At higher fre-
quencies the effects of wavelength reso-
nances may be seen under certain condi-
tions (see Figure 25).

Finally, the effective mass of the receiver
diaphragm acts in a manner which is
analagous to the behavior of an acoustic
mass. On occasion, this mechanical com-
ponent enters into the behavior of the sys-
tem as if it were another length of air filled
tubing (i.e., an acoustic mass).

Acoustic Compliance

An acoustic compliance exists when air is
enclosed within a cavity having rigid walls.
When such an enclosed volume of air is
subjected to a vibratory force, the air within
the cavity will undergo compression and
expansion at the frequency of the driving
force, but the volume of air will not execute
oscillatory motion as a unit. The air inside a
cavity behaves in this manner as long as the
frequency of the driving force is low
enough such that the longest dimension of
the cavity is less than about 1/16 of the
wavelength (Beranek, 1954). At higher fre-
quencies the air in the cavity begins to
undergo oscillatory motion in addition to
compression, and its behavior begins to
take on some of the characteristics of an
acoustic inertance as well as those of an
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acoustic compliance. The value of com-
pliance of the air in a cavity is directly pro-
portional to the volume of the cavity.
Hence, compliance increases as volume
increases.

The acoustic impedance of an acoustic
compliance is reactive and is inversely pro-
portional to the frequency of the signal.
Here, as frequency increases, acoustic im-
pedance decreases and the signal flows into
the cavity with less opposition. Con-
versely, an acoustic compliance offers a re-
latively high impedance to low frequency
signals.

Cavities within the hearing aid-ear canal
coupling system which behave predomi-
nantly as acoustic compliances within the
frequency range of interest for hearing aids
are: (1) The tiny volume of air in the front of
the receiver diaphragm; and (2) any cavities
which exist within the earmold. In addi-
tion, the occluded ear canal is an enclosed
cavity and should be expected to behave as
an acoustic compliance within some range
of frequencies. An investigation of the
acoustic behavior of ear canals occluded by
earmolds (Studebaker, 1974b) indicated
that the maximum effective length of
occluded ear canals is probably about
16mm. On the basis of this estimate, one
would predict that the occluded ear canal
behaves predominantly as an acoustic
compliance at frequencies below about 3000
Hz. At higher frequencies the effects of
wavelength resonances may begin to be
seen.

Finally, the mechanical compliance com-
ponent of the receiver-diaphragm system
acts in a manner similar to the behavior of
an acoustic compliance. It presents a reac-
tive impedance which is greater at low fre-
quencies than at high frequencies.

Acoustic Resistance

Acoustic resistance exists whenever
acoustic energy is dissipated by frictional
losses due to collision of air particles with
each other, with the sides of the
“waveguide” (e.g., the tube), or with other
obstacles. Resistance within an element in-
creases whenever molecules are forced to
collide with each other more frequently; for

instance, when the sound wave encounters
an obstacle which restricts the pathway
available for energy flow. Several types of
these “bottlenecks” are intentionally used
in hearing aid-ear canal coupling systems
in order to induce various amounts of
acoustic resistance. Mesh screens, sintered
metal pellets and lambswool are probably
the most frequently employed.

The acoustic resistance elementis usually
placed within the tubing of the coupling
system and its effect on the output of the
system depends upon its exact location
within the system as well as on the amount
of resistance that it offers. The acoustic im-
pedance of an acousticresistance element is
a “real” or “resistive” impedance and is
independent of frequency as long as the
element does not also contain a significant
component of acoustic inertance. Sintered
metal pellets and small tubes do incorpo-
rate significant acoustic inertance, mesh
screens do not (Beranek, 1954). As a result,
the acoustic resistance offered by a mesh
screen is constant across frequency,
whereas the acoustic resistance of tubes
and sintered metal pellets increases as a
function of frequency. The behavior of pure
acoustical resistances is in many ways anal-
ogous to that of electrical resistances.

Within the hearing aid-ear canal cou-
pling system there may be several compo-
nents which provide acoustic damping
(i.e., reduction in the level of the signal due
to the dissipation of energy by an acoustic
resistance element). In a smooth-walled
tube of 2mm internal diameter there is a
small acoustic resistance due to the collision
of particles with the tubing walls. This re-
sistance is inversely proportional to the
tube’s diameter, and directly proportional
to frequency (i.e., resistance of the tube is
greater for signals of higher frequency and
for tubes of smaller diameter; Beranek,
1954). Additionally, the impedance of the
eardrum contains a resistive component
(Shaw, 1975). Furthermore, “damping
elements” (mesh screens, lambswool, or
sintered metal pellets) are often added to
the system to reduce the size of unwanted

peaks.
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The Acoustic Transformer

A principle which is well understood in
musical acoustics is the acoustic trans-
former action provided by a horn which can
be defined simply as a pipe with a gradually
increasing cross-sectional area. The charac-
teristic configuration of the hearing aid-ear
canal coupling system resembles a horn in
that it consists of at least three sections of
tubing with a gradually increasing cross-
sectional area. In the musical realm, the use
of a horn-shaped instrument, instead of a
cylindrical pipe of the same length, has at
least two major effects on the spectrum of
the sound emerging from the end (or
““mouth”’) of the instrument. First, the low
frequency resonant modes of the musical
instrument are at higher frequencies in the
horn than in the pipe because the flaring
cross-section of the horn makes it appear
shorter than the pipe at these frequencies.
The higher frequency resonant modes are
at approximately the same location in both
the horn and the pipe (Benade, 1976). If the
circumference of the mouth of the horn is
small relative to a wavelength, however,
the horn will have resonant modes at the
same locations as those observed in a cylin-
drical pipe of the same length (Beranek,
1954). The exact location of resonant modes
for any particular horn depends upon fac-
tors such as its length and its flare constant
(Benade, 1976).

Second, at frequencies where the length
of the horn is greater than a half
wavelength, the gradually increasing
cross-section functions as an acoustic trans-
former which causes the output impedance
at the mouth of the horn to be more like the
impedance of the surrounding air. The re-
sult is that acoustic energy is able to flow
more easily from the horn into the air.
Thus, there is improved transmission of the
higher frequency components of the signal
into the medium (Beranek, 1954).

In a hearing aid-ear canal coupling, the -

“horn”, which is formed by several sec-
tions of tubing, is of such small dimensions
in both length and diameter that the full
effect of the factors described above may
not be seen at frequencies which are of
interest in hearing aid work. Even though

the dimensions of the typical earmold bore
are quite small relative to a wavelength,
however, wavelength resonances occuring
above about 5000 Hz tend to be located at
slightly higher frequencies than anticipated
from calculations using the actual mea-
sured length of the system. Moreover,
since the acoustic transformer action of the
horn occurs only at frequencies where the
length of the horn is equal to a half
wavelength or greater, and since the length
of the coupling system is typically about
75mm, the anticipated improvement in
transmission should begin to occur for fre-
quencies greater than about 2300 Hz. The
impedance change from one end of the
horn to the other has a maximum value of
S2/S1: where Sz = cross-sectional area of
the mouth, and S1 = cross-sectional area of
the receiver end of the horn (Beranek,
1954). Hence, the larger the cross-sectional
area of the opening at the medial end of the
earmold, the better the transmission of
higher frequencies through the coupling
system and into the ear canal. It is impor-
tant to note that the increase in cross-
section of the tube must be accomplished in
several small increments rather than a

single large increment.

Resonant Behavior

A resonance will occur in an acoustic sys-
tem at a frequency where the reactive com-
ponent of the impedance decreases to a
minimum for a particular element or com-
bination of elements. When this occurs, the
opposition offered by that element or com-
bination of elements to the flow of acoustic
energy (i.e., its acoustic impedance) is at its
lowest and is comprised entirely of its
acoustic resistance. At resonance, sound
pressure increases and the flow of air parti-
cles becomes very great in some portions of
the involved element(s). The various re-
sonant peaks which may be seen at the
output of the hearing aid-ear canal cou-
pling system are attributable either to reso-
nances between elements (Helmholtz re-
sonances) or within an element
(wavelength resonances), or to a co-
occurence of, or interaction between, two
resonances.
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Helmholtz Resonances

A Helmholtz resonance will occur in the
system when an element of acoustic mass
(e.g., a length of tubing) is adjacent to an
element of acoustic compliance (e.g., the
volume of air in front of the receiver dia-
phragm). Recall that the acoustic impe-
dance of an acoustic mass is reactive and
increases as frequency is raised. The acous-
tic impedance of an acoustic compliance is
also reactive, but it decreases as frequency
is raised. At some frequency, therefore, the
reactive component of impedance of the
mass element will be equal in magnitude to
that of the compliance element, but oppo-
site in direction. At this frequency the reac-
tive components of impedance for these
two elements cancel and the total acoustic
impedance is comprised only of the acous-
tic resistance within the elements. Under
these conditions the sound pressure within
the elements becomes maximum. If this
frequency is within the pass band of the
hearing aid-ear canal coupling system, a
resonant peak will be observed in the ear
canal whenever the ear canal is in series
with, or one of, the resonating elements. A
’simple”” Helmholtz resonator is com-
prised of elements with dimensions which
are small relative to a wavelength of the
signal frequencies of interest. If either ele-
ment has a dimension which is a significant
proportion of a wavelength, a resonance
may be seen which displays a combination
of Helmholtz and wavelength resonance
characteristics.

The typical hearing aid-ear canal cou-
pling system generates one ‘“‘simple”
Helmholtz resonance. This resonance is
observed only when the earmold incorpo-
rates a vent, and involves the acoustic com-
pliance of the volume of air in the ear canal
as the compliance element and the acoustic
mass of the air in the vent bore as the mass
element. This applies only for a parallel
vent. If the vent is of a side branch config-
uration, the mass element includes the
mass of air in the vent bore plus the mass of
air in the part of the earmold main bore
which is medial to the intersection of the
vent with the main bore. In addition, the
typical coupling system generates three re-

sonances which exhibit characteristics of
both Helmholtz and wavelength reso-
nances. (These ““‘combination resonances”
will be discussed in some detail under Trad-

itional Coupling Systems.)

Wavelength Resonances

A wavelength resonance will occur in the
system at any frequency where the input
impedance of one of the elements is at a
minimum. The simplest wavelength reso-
nances can be defined in terms of elements
which have very high or very low resistive
impedance at their ends (termination). For
example, when an element such as a length
of tubing is terminated at both ends by a
low impedance as when it opens at each
end into free air, the condition of minimum
input impedance occurs when the
wavelength of the signal frequency is equal
to twice the effective length of the tubing
element. It is necessary to think in terms of
“effective’”’ length rather than actual length
since various factors, such as the tubing
diameter and the nature of the terminating
impedances, often cause a length of tubing
to behave acoustically as if it were longer or
shorter than its actual measured length.
This frequency is the “fundamental” re-
sonant frequency (or first resonant mode)
for that element. Other resonant modes
occur at all frequencies which are whole
number multiples of the fundamental.
Hence, if the effective length of the tubing
element is 75mm, and the tube is termi-
nated at both ends by alow impedance, the
fundamental resonant frequency would be
approximately 2300 Hz and higher modes
would be seen at approximately 4600 Hz
(second mode) and 6900 Hz (third mode).
This section of tubing is a “half wave” re-
sonator and is described as being “open at
both ends.”

When the tubing element is terminated
by a very low impedance at one end-and a
very high impedance (such as a rigid wall)
at the other end, a condition of minimum
input impedance occurs when the
wavelength of the signal frequency is equal
to four times the effective length of the ele-
ment. This frequency is the first resonant
mode for that element. In this case, higher
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resonant modes are seen only at frequen-
cies which are odd number multiples of the
fundamental. Thus, if the effective length
of the tubing is 75mm and the tube is termi-
nated by a low impedance at one end and a
high impedance at the other end, the fun-
damental resonant frequency would be at
approximately 1150 Hz and higher modes
would be seen at 3450 Hz (1150 Hz x
3 = second mode) and 5750 Hz (1150 Hz x
5 = third mode). This section of tubing is a
“’quarter wave”’ resonator and is described
as being “closed at one end”.

Wavelength resonances occur because
reflections of acoustic energy from the far
end of the tube combine with the input
signal to result in the formation of a “’stand-
ing”” wave within the tube at that fre-
quency. Reflections of acoustic energy
occur whenever an impedance discon-
tinuity exists at the end of the tube. An
impedance discontinuity occurs whenever
there is a sudden transition from one value
of impedance (such as the characteristic
impedance of the tubing) to a higher or
lower value (such as the low impedance of a
fairly large cavity). If the tubing is termi-
nated by an impedance which closely
matches its own characteristic impedance,
there will be no impedance discontinuity,
no reflections of energy, and consequently
no wavelength resonances.

When a standing wave develops within a
section of tubing, the flow of air particles in
the tubing is maximum in one or more loca-
tions (antinodes) and minimum in one or
more locations (nodes). The number of
nodes and antinodes which exist depends
upon the resonant mode. The distribution
of nodes and antinodes for a length of tub-
ing 75mm long and closed at one end is
shown in Figure 2 for the first three reson-
ant modes. This figure will be discussed
further with respect to damping in the cou-
pling system.

In the hearing aid-ear canal coupling sys-
tem, the main element which generates
wavelength resonances is the total length of
tubing which extends from the receiver
output to the medial end of the earmold.
The terminating impedances for this tubing
are not as easy to define as in the examples

A N
First mode
(fundamental)
I
0 15 30 45 60 [4-]
A N A N
Second mode
(fundamental x 3.
0 15 30 45 60 75
A N A N A N
Third mode
(fundamental x5)
0 15 30 45 60 75

distance from open end (mm)

Fig. 2 Schematic illustration of particle flow nodes (N) and antinodes
(A) for the first three resonant modes of a 75mm pipe which is closed
at one end. -

given above. The ends are neither free air
(open) nor hard walls (closed). As shown in
Figure 1, the tubing is terminated at one
end by the cavity of the ear canal/eardrum
and at the other end by the cavity in front of
the receiver diaphragm, and the mechani-
cal components of the receiver impedance.
Both terminating impedances are therefore
reactive and changing with frequency. The
ear canal/eardrum termination presents a
low impedance throughout the frequency
range usable for hearing aids. The termina-
tion at the receiver end of the tubing, how-
ever, may be either high or low impedance
depending on the particular receiver and
frequency region involved. If this termina-
tion is a high impedance, the length of tub-
ing should behave as a quarter wave re-
sonator. If this termination is a low impe-
dance, the length of tubing should behave
as a half wave resonator. The situation is

— further complicated by the observation that

the effective length of this section of tubing
may be considerably different from its mea-
sured length and is difficult to predict. As
Studebaker (1974a) has shown, button type
(external) hearing aid receivers present a
low impedance to the tubing to which they
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are attached, and hence produce half wave
and multiples of half wave resonances.
Knowles and Killion (1978) have indicated
that the miniscule dimensions of modern
subminiature (internal) receivers cause
them to present a high impedance to the
tubing to which they are attached and that
this results in the production of quarter
wave resonances in the tubing system.
Another factor which may influence the
production of wavelength resonances in
the coupling system is the presence of im-
pedance discontinuities within the sound
input tubing which extends from the re-
ceiver to the medial end of the earmold. In
the typical coupling system there may be
two or three such impedance discon-
tinuities where a tubing of smaller diameter
joins with a section of larger diameter tub-
ing. As tubing diameter increases, acoustic
impedance of the tubing decreases.
Whenever such a discontinuity occurs, a
portion of the sound wave arriving at the
discontinuity will be reflected back towards
the source and the remainder will be
transmitted onward. If the two impedances
are almost equivalent, only a small propor-
tion of the incident sound energy is re-
flected. As the difference between the two
impedances increases, a greater roportion
of the incident energy is reflected and less is
transmitted. Since energy is reflected at a
discontinuity, the potential exists for the
establishment of standing waves in the un-
iform sections between successive discon-
tinuities. In the typical coupling system,
each small section of tubing of a given
diameter can potentially function as a quar-
ter wave resonator since the impedance at
one end is higher and at the other end is
lower than the characteristic impedance of
the section of tubing involved. Under cer-
tain circumstances, therefore, effects of
quarter wave resonances for individual sec-
~ tions of the sound input tubing may also be
observed in the signal transmitted into the

ear canal.

TRADITIONAL COUPLING SYSTEMS

Measurement Procedures
It is considerably more convenient to ob-

tain measurements of sound level in a sim-
ple metal coupler such as a 2cm? cavity than
in a real ear canal. However, several studies
have shown that a given input signal will
usually produce a level and spectrum in a
2cm?® cavity which differs in several re-
spects from the level and spectrum pro-
duced by the same signal in a real ear canal.
One such study by Wiener and Filler (1945)
reported results which demonstrated the
differences typically observed between real
ear and 2cm?® coupler measurements. They
concluded that: (1) resonant peaks which
are prominent in coupler measurements
are reduced in size or even absent when the
same input signal is working into a real ear
canal; (2) the frequency location of reso-
nances may vary somewhat between
coupler and real ears and from individual to
individual; (3) real ears often exhibit acous-
tic leakage which is not found in coupler
measurements and which may result in
spectral changes.

The search for a simple replicable “ear
simulator” coupler which will produce
acoustic results like those seen in a median
ear canal, particularly with respect to ap-
propriate location and damping of resonant
peaks, has been in progress for many years.
The four branch “earlike”” coupler designed
by Zwislicki (1970) seems to satisfy these
requirements very well (Studebaker and
Cox, 1977). Since it is not simple and, there-
fore, relatively expensive, its use has been
restricted primarily to research endeavors.

Some of the data reported in this paper
were obtained using a simple, cylindrical
cavity of 1.5cm3. These data should be in-
terpreted as showing more prominent re-
sonant peaks than would be seen in a real
ear canal with the same sound input sys-
tem. The location of resonant peaks, how-
ever, will tend to be more appropriate in a
1.5cm® coupler than in a 2.0cm?® coupler,
since 1.5cm?® is closer to the equivalent vol-
ume of the median ear canal/eardrum
occluded by an earmold. Again, the as-
sumption of an excellent acoustic seal in the
simulated real ear system is necessary.

In obtaining most of the data presented
here, a subminiature wideband hearing aid
receiver, biased at 1mA, and electrically



8 Cox

driven with a high impedance (essentially
constant current) source was substituted
for the acoustically driven hearing aid. The
resultant data do not show, therefore, the
effects of the hearing aid microphone,
amplifier, and/or tone controls on the fre-
quency response. Furthermore, although
most modern hearing aid amplifiers pre-
sent a high source impedance to their re-
ceiver (Killion, 1978b), some present a low
or equal impedance. While these factors
would operate to modify the absolute out-
put spectrum of a given hearing aid-ear
canal coupling system to some extent, the
relative effects which are the main focus of
this discussion are validly represented
using this simpler instrumentation and
may be interpreted as applying to most
modern post-auricular hearing aids.

A Typical System Output*

The dotted line in Figure 3 shows the
spectrum measured at the output of a cou-
pling system identical to the one illustrated
in Figure 1 with the exception that a Zwis-
locki coupler was substituted for the real
ear canal/eardrum. This system will be re-
ferred to hereafter as a “typical” coupling
system.

These data demonstrate the five resonant
peaks which are observed in the output
when a subminiature, wideband receiver is
coupled to this system. The peaks have
been labelled R1 through R5. The number
and location of resonant peaks are specific
to this receiver-coupling system combina-
tion. However, the coupling system is simi-
lar to the most commonly encountered ar-
rangement, and since the three subminia-
ture wideband receivers used in the collec-
tion of these data (Knowles BP, BR and BK
series) all performed similarly with the var-
ious coupling systems, it is hoped that the
data shown as the dotted line in Figure 3 are
an adequate representation of all such data.

It is instructive to attempt to identify the
origins of the various resonant peaks in this
spectrum. Such information provides a

*The author wishes to acknﬂﬁ]edge the contribution made by Gerald
Studebaker in the formulation of this discussion. His suggestions follow-
ing a review of the first draft resulted in considerable modification of the
content.
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Fig. 3 Effect of changing tubing diameter in a typical coupling
system. Data are shown for three standard tubing sizes.

framework for understanding and predict-
ing the changes in the spectrum which
occur when changes are made in the cou-
pling system.

The origin of each resonant peak must be
inferred from a study of its behavior when
aspects such as length, inertance, or damp-
ing of the coupling system are varied. The
actual behavior of a resonant peak is com-
pared with the expected behavior under the
same conditions, given a particular
hypothesis about its origin. The hypothesis
is developed on the basis of well under-
stood acoustical phenomena. If a particular
hypothesis consistently results in predic-
tions which are fulfilled, the origin of the
resonance under study is tentatively iden-
tified according to that hypothesis. This
approach has been described and utilized
by Studebaker (1974a).

When the length, inertance, or damping
of the coupling system is varied, the be-
havior of the resonant peaks identified as
R3 and R5 is consistent with the hypothesis
that they are the second and third resonant
modes of the sound input tubing. The
sound input tubing appears to function bas-
ically as a quarter wave resonator (Knowles
and Killion, 1978). Hence, R3 = fundamen-
tal x 3 and R5 = fundamental x 5 as illus-
trated in Figure 2. The location of R3 (3400
Hz) is consistent with an effective length of
76mm (the measured length of the system
was 75mm), whereas RS is seen at approx-
imately 6000 Hz and is consistent with an
effective length of 7Z2mm. The apparent de-
crease in effective length in this frequency
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region is a characteristic finding and is
probably due to the effects of the horn
shaped coupling system. (See the section
on the Acoustic Transformer, page 4.)

When length or inertance of the coupling
system are varied, the behavior of R4 is
consistent with the hypothesis that it is a
Helmholtz resonance produced between
the acoustic compliance of the air in the
cavity in front of the receiver diaphragm
and the acoustic mass of the air in the sound
input tubing. Since the length of the iner-
tance element producing R4, the sound
input tubing, is a significant proportion of a
wavelength in this frequency region, R4
cannot be thought of as a “simple” Helm-
holtz resonance. Indeed, when the damp-
ing of the coupling system is varied, the
behavior of R4 displays characteristics typi-
cal of both Helmholtz and wavelength re-
sonances. For most purposes, however, it
is satisfactory to characterize R4 as a Helm-
holtz resonance.

A phenomenon which reduces the pre-
dictability of resonance peaks in the output
from hearing aid-ear canal coupling sys-
tems appears to be demonstrated in R2 and
R1. When two resonances, for example, a
Helmholtz resonance and a wavelength re-
sonance, occur in the system at approxi-
mately the same frequency, the two reso-
nances often appear to cancel, partially re-
sulting in resonant peaks appearing at the
output of the system at frequency locations
which are somewhat higher or lower than
their predicted location. It also may be pos-
sible for the two resonances to combine,
producing a single resonance which is lo-
cated at an intermediate position between
them, and which displays characteristics of
both types of resonance.

When aspects of the coupling system are
varied, the behavior of R2 displays features
which are strongly indicative of both
Helmholtz and wavelength resonances.
Subminiature wideband receivers appear
to have a resonant peak at approximately
2000-2500 Hz which is relatively indepen-
dent of the coupling system. This reso-
nance may be seen when the receiver is
coupled directly to a cavity without added
tubing. It may also be seen when the re-

ceiver is coupled to any length of tubing as
long as the standing waves are removed
from the system by ““terminating”” the tub-
ing at the coupler end with an acoustic re-
sistance element which has an impedance
equal to the characteristic impedance of the
tubing. (This technique has been described
in some detail by Knowles and Killion,
1978). This resonance has been identified
by Killion (1978b) as principally a Helm-
holtz resonance between the mechanical
components (mass and compliance) of the
receiver diaphragm system.

In addition, data obtained when the
length of the coupling system is varied in-
dicate that when the receiver is working
into a typical coupling system, as illustrated
in Figure 1, the peak identified as R2 also
incorporates a half wavelength resonance.
The reader will recall that a half wave re-
sonator is terminated at both ends by a low
impedance whereas a subminiature re-
ceiver presents a high impedance termina-
tion and, hence, would not apparently
support a half wave resonance. In the fre-
quency region where the mass and stiffness
of the receiver’'s mechanical system are
passing through resonance, however, the
impedance presented to the tubing coupled
to the receiver is comprised of the resis-
tance of the receiver’s mechanical system
shunted by the compliance of the volume in
front of the receiver diaphragm. It is con-
ceivable that this combination may be low
enough to appear as a low impedance ter-
mination. Under these conditions the cou-
pling system would be terminated by a low
impedance at both ends and, therefore, po-
tentially become a half wave resonator.
This situation would exist only in the fre-
quency range at or near the receiver’s
mechanical resonance (approximately
2000-2500 Hz). Hence, to produce a half
wave resonance, the coupling system must
be of alength appropriate to produce such a
resonance in this frequency range. It hap-
pens that the fundamental resonant mode
for a 75mm half wave resonator occurs near
2300 Hz.

It is suggested, therefore, that the reson-
ant peak labeled R2 in Figure 3 is actually
comprised of superimposed Helmholtz and
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half wavelength resonances. When a ta-
pered coupling system is used (such as the
typical system), the half wave resonance
appears to be the dominating factor deter-
mining the exact location of R2 within the
frequency range of approximately 2000-
2500 Hz.

It is not possible to identify clearly R1 as
either a Helmholtz or a wavelength reso-
nance. When standing waves are removed
from the coupling system by terminating
the tubing at the coupler end with an acous-
tic resistance element equal to the charac-
teristic impedance of the tubing, thus
preventing reflections, this resonant peak
disappears entirely. This finding seems to
indicate that R1 is largely a wavelength
resonance. Other evidence supports this
conclusion. If the location of a damping
element in the coupling system is varied
systematically, the pattern of damping
displayed by R1 is indicative of a quarter
wave resonance (see the section on effects
of damping); also, if the coupling system is
made long enough such that more than one
resonant peak appears below the mechani-
cal receiver resonance (R2) these peaks ap-
pear at locations consistent with odd num-
bered multiples of a fundamental quarter
wave resonance. R1 has been identified by
Knowles and Killion (1978) as a quarter
wavelength resonance. The effective length
of the system producing this quarter wave
resonance, however, is somewhat greater
than the measured length of the sound
input tube. It would appear that at frequen-
cies below the mechanical resonance of the
receiver (R2), the compliance-controlled
termination at the receiver end of the sound
input tubing functions as an additional
length of tubing. By contrast, thelocation of
R3 and RS indicate that the effective length
of the system at frequencies above R2 is
quite close to its measured length.

On the other hand, the location of R1 is
also influenced by the inertance of the cou-
pling system. This is particularly true when
a tapered coupling system (such as the typ-
ical system) is used. It has been suggested
that the inertance of the mass of air in the
sound input tubing may combine with the
mass and compliance of the receiver dia-

phragm system to produce a Helmholtz
resonance (Lybarger, 1972; Studebaker,
1974). Data obtained from electrical models
of hearing aid receivers support the exis-
tence of such a resonance. A resonant peak
with many behavioral similarities to Rl
produced by a button type receiver was
identified by Studebaker (1974a) as a
Helmholtz resonance. In addition, certain
data obtained with subminiature receivers
support the hypothesis that the location of
R1is influenced by a Helmholtz resonance.
If the inertance of the coupling system is
changed without change in its length, as
when the diameter of some or all of the
tubing is varied, the location of R1 is clearly
affected. This result would not be expected
if R1 were a “’simple” quarter wave reso-
nance. Movements of R1 with changes in
inertance are always in the direction which
supports the hypothesis that R1 is a Helm-
holtz resonance (i.e., increased inertance
results in a lower resonant frequency, and
vice versa). However, predictions of the ex-
tent of movement in R1 based on the
hypothesis that the air in the sound input
tubing supplies the inertance element for a
Helmholtz resonator, however, are almost
always in error to some extent, thus indicat-
ing that such a simple hypothesis is not
sufficient to predict fully the location of R1.

The inertance and the length of the cou-
pling system may be varied at the same
time, as when the length is shortened with-
out change in diameter, resulting in both
decreased length and decreased inertance.
Under these conditions the change in loca-
tion of R1 tends to be more than that pre-
dicted by a Helmholtz resonance
hypothesis, and less than that predicted by
a wavelength resonance hypothesis.

On the basis of the data reflecting the
behavior of R1 when the length, inertance
and damping of the coupling system are
varied, it is concluded that both quarter
wave resonance effects and Helmholtz res-
onance effects are operating to produce this
resonant peak.

Effect of Tubing Diameter

Data illustrating the effects of changing
tubing diameter have been reported by
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many investigators (Lybarger, 1967, 1972,
1978b; Studebaker, 1974a; Langford, 1975;
Smith, 1977). In a typical hearing aid-ear
canal coupling system, modification of tub-
ing diameter can only be made on that por-
tion of the system which extends from the
ear hook to thé medial tip of the earmold.
The solid, dotted, and dashed lines of Fig-
ure 3 demonstrate the effects of changing
the internal diameter (I.D.) of this portion
of the sound input tubing without chang-
ing its measured length. Each data line rep-
resents the system output when a submini-
ature receiver was coupled to a Zwislocki
coupler via a typical system incorporating
#12 tubing (solid line, I.D. = 2.16mm);
#13 tubing (dotted line, I.D. = 1.93mm);
and #16 tubing (dashed line, I.D. =
1.34mm). The same electrical input was
applied to the receiver in each case.

The main result of decreasing tubing
diameter is to increase the inertance and the
acoustic impedance of the sound input tub-
ing. This has effects on the output level and
on resonant peaks whose location is deter-
mined wholly or in part by the inertance of
the coupling system. In addition, when
tubing diameter becomes very small the
acoustic resistance of the tubing becomes
appreciable and resonant peaks may be
considerably damped. No significant
damping effect is seen, however, at the
smallest diameter shown in Figure 3.

The increased acoustic impedance of
smaller diameter tubing results in a reduc-
tion in the absolute level of the signal ap-
pearing at the ear canal end of the system.
As Figure 3 illustrates, thereisa1-2 db drop
in level when #13 tubing is used instead of
#12 tubing and a further drop of up to 7 db
occurs when #16 tubing is substituted for
#13 tubing. One practical result of using a
smaller diameter tubing, therefore, is a de-
crease in both gain and maximum output
available from the hearing aid being used
with the coupling system.

Recall from the earlier discussion of
acoustic masses that the inertance of the air
in a given length of tubing increases as the
diameter of the tubing decreases. Since
Helmholtz resonances are produced by the
combined effects of an acoustic compliance

and an acoustic inertance, when the iner-
tance is increased and the compliance is
held constant, the resonance occurs at a
lower frequency. Hence, we anticipate that
Helmholtz resonances in the system which
involve the inertance of the sound input
tubing will move downward in frequency
as the diameter of the tubing is decreased.
As discussed previously, the peaks labeled
R1, R2 and R4 are all thought to be influ-
enced by Helmholtz resonances. Only R1
and R4, however, are thought to be very
sensitive to the inertance of the sound input
tubing. The general location of R2 is proba-
bly determined by characteristics of the re-
ceiver’s mechanical system, and its exact
location seems to be more influenced by the
length of the coupling system than by its
inertance, especially when a tapered cou-
pling system is used.

Examination of the data depicted in Fig-
ure 3 demonstrates that R1 and R4 both
move downward in frequency as the iner-
tance of the sound input tubing is de-
creased. This result is consistent with the
hypothesis proposed earlier regarding the
origin of these resonant peaks. These data
also demonstrate that while the hypotheses
are useful in predicting general trends in
the behavior of a given resonant peak, they
are not sufficiently complex to explain fully
this behavior. To illustrate, consider that
the inertance of the system incorporating
the #16 tubing was approximately 1.5
times that of the system incorporating the
#12 tubing. In a “simple” Heimholtz res-
onator this change in inertance would re-
sult in a lowering of the resonant frequency
by approximately 18 %. In Figure 3, R4 ac-
tually migrates 13% less than this predic-
tion, whereas R1 moves 9% more. Clearly,
neither R1 nor R4 is behaving like a “’sim-
ple” Helmholtz resonance. The exact loca-
tion of these peaks is influenced by other
factors, probably including the effective
length of each coupling system at the res-
onant frequency and/or the proximity to

other resonant peaks.
Figure 3 indicates further that the loca-

tions of R2, R3 and R5 were unchanged
when the system’s inertance was in-
creased, holding lengths constant. This is
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consistent with the hypothesis that these
peaks reflect wavelength resonances in the
typical coupling system.

Of the various changes which occur in
the system output due to changing diame-
ter of the sound input tubing, the most
significant one from a practical point of
view would appear to be the loss of gain
and maximum output (with consequent
decreased efficiency in battery use) which
occurs as tubing diameter is decreased. The
downward migration of R1 as tubing
diameter is decreased might also be of some
significance in certain types of hearing aid
fittings, since this results in a relative low-
frequency emphasis.

Effect of Tubing Length

Data illustrating the effects of changing
tubing length have also been reported by
numerous investigators (Lybarger, 1967,
1972, 1978b; Studebaker, 1974a; Langford,
1975; Smith, 1977). For a given individual,
the length of tubing appropriate to couple a
particular hearing aid to an ear canal is
largely determined by the anatomy of the
external ear. The only changes which can
be made in the length of the coupling sys-
tem in a real hearing aid fitting are ac-
complished through changes in earmold
canal length; that is, a longer canal incorpo-
rates a longer length of sound input tubing
and vice versa. An additional factor which
requires consideration in this context is the
residual volume of the ear canal which re-
mains between the earmold and the ear
drum. A corollary of a long canal earmold is
a small residual ear canal volume. Earmold
canal length and residual ear canal volume
vary together in a real hearing aid fitting.
They cannot be varied independently.

Figure 4 presents data which are indica-
tive of the extent of change in system out-
put which can be expected to occur due to
alterations in earmold canal length. These

data were obtained with a subminiature

hearing aid receiver coupled to a Zwislocki
coupler using a typical coupling system in-
corporating 38, 43, or 48mm of # 13 tubing;
the end of the #13 tubing was flush with
the medial end of the earmold canal por-
tion. The actual lengths of the canal por-

tions of the earmolds were 15mm (long
canal), 10mm (average canal) and 5mm
(short canal).

The effects of changing the length of the
coupling system by varying the length of
the earmold canal portion may be divided
into two categories: (1) the effects of de-
creased tubing length, and (2) the effects of
increased residual ear canal volume.

As tubing length (i.e., earmold canal
length) is decreased, the inertance of the
enclosed air decreases. Consequently, we
would expect any Helmholtz resonances
which involve the inertance of the air in the
sound input tubing to move to a higher
frequency. Furthermore, as tubing length
decreases, wavelength resonances move
upward in frequency. The anticipated re-
sult of decreasing the length of the coupling
system, therefore, is to move all five reso-
nances upward in frequency. In Figure 4,
since the length is changed by a factor of .87
between the longest and shortest system,
and inertance is changed by a factor of ap-
proximately .92 between the same two sys-
tems, we would predict that ““simple”
wavelength resonances would be moved
upward in frequency by approximately
15% and “simple” Helmholtz resonances
would be increased in frequency by approx-
imately 4%. Again, these data indicate that
the hypotheses suggested previously can

redict general trends but not exact results.
Fn Figure 4, all five resonant peaks migrate
upwards as system length is decreased.
The three peaks which seem most sensitive
to tubing length (R2, R3 and R5) show more
movement on a percentage basis than the
two peaks which seem sensitive to tubing
inertance (R1 and R4). The exact change in
resonance location, however, does not
coincide closely with the predicted
changes. The upper cut-off of the system is
about 800 Hz l1:"|ighfe:r for the short canal
mold than for the long canal mold.

It has been demonstrated repeatedly
(Wansdronk, 1962; Dalsgaard et al, 1966)
that the sound pressure level developed in
a cavity by a hearing aid receiver is in-
versely proportional to the volume of the
cavity; that is, the larger the cavity, the
lower the SPL for a given volume velocity
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Fig. 4 Effect of simultaneous changes in tubing length and residual
ear canal volume in a typical coupling system. Data are shown for
short, average and long earmold canals.

input. Obviously a short canal earmold is
concomitant with a large residual ear canal
volume. We would anticipate, therefore,
that as the earmold canal is made shorter
the SPL developed in the ear canal (and,
thus, at the eardrum) will decrease. This
effect is also seen in Figure 4; the level de-
veloped at the microphone was about 3 dB
less for the short canal earmold than for the
long canal earmold. Because of the shifting
of resonances, however, this difference var-
ies from 0 dB to 10 dB in different fre-
quency regions.

In summary, there are two main effects of
changing the length of the hearing aid-ear
canal coupling system: (1) the high fre-
quency cut-off is higher for the short canal
earmold, and (2) the SPL developed at the
eardrum is lower for the short canal

earmold.

Effect of the Earhook

In many hearing aids the earhook is a
removable part of the instrument. The one
supplied by the manufacturer can be re-
moved and replaced if desired. Since the
earhook forms an important element in the
hearing aid-ear canal coupling, it is of some
interest to examine the effect on the output

of the system by changing the earhook.
Earhooks supplied with current hearing
aids range in length from about 20mm to
30mm, and in internal diameter from about
1.2mm to 1.5mm. Generally they can be
classified as short narrow, short wide or
long narrow. Comparisons of system out-
put using each of these earhook types in a
typical coupling system revealed no great
differences attributable to them. The short
narrow earhook seemed to perform best,
resulting in a 2-3 dB higher output in the
frequency range from 4500-6000 Hz.

One type of earhook, the “low-cut tone
hook”, did have a significant effect on the
output of the coupling system. This is basi-
cally a long narrow earhook with a very
small hole drilled just in front of the hearing
aid nozzle. Figure 5 shows the output ob-
tained from a typical hearing aid-ear canal
coupling system in which either a long nar-
row earhook (solid line) or a “low-cut tone
hook” (dotted line) was utilized. These data
were obtained using a 1.5 cm?® cavity rather
than a Zwislocki coupler. The solid line
shows the expected five peak pattern, very
similar to that shown in Figure 3. The dot-
ted line indicates that the low-cut tone hook
resulted in a considerable change in the
system output. Below 1000 Hz, for exam-
ple, the small hole in the earhook functions
very much like a side branch earmold vent
(see discussion of venting effects). The vent
associated resonance is seen at approxi-
mately 230 Hz. This is a Helmholtz reso-
nance involving the volume of air in the
coupler as the compliance element and the
mass of air in the coupler system medial to
the hole in the earhook plus the mass of air
in the hole itself as the inertance element.
The calculated location of this resonance is
212 Hz which agrees well with the mea-
sured location. Above this resonance, and
below about 1000 Hz, there is a 10-15 dB,
drop in the system’s output level. Above
1000 Hz five resonance peaks are seen.

It is likely that the origin of some or all of
these five peaks is considerably different
from the five peaks seen in the output of the
typical system. A tentative explanation is
included in the appendix.

From a practical point of view, the major
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Fig. 5 Effect of substituting a “low-cut tone hook” for a typical
earhook in an otherwise typical coupling system.
effect of this low-cut tone hook is a 10-15 dB
drop in level from 500-1000 Hz. The reso-
nance appearing at 230 Hz is probably too
low in frequency to be of much significance
in most hearing aid fittings.

Another factor which may be important
in using a “vented” earhook in the coupling
system is the lower gain available before
audible acoustic feedback begins. Observa-
tions of this earhook on one hearing aid,
however, did not indicate acoustic feed-
back to be a major problem.

Effect of Constrictions

A constriction occurs in the hearing aid-
ear canal coupling system when the diame-
ter of the sound input tubing becomes
smaller instead of remaining uniform or be-
coming larger as it does in the typical cou-
pling system. Usually the constriction con-
sists of a short length of tubing which is
used as a connector. It may be used to join
two pieces of #13 tubing or to connect the
#13 tubing to the earmold.

Figure 6 illustrates the effect of a constric-
tion consisting of 9.0mm of tubing (I.D. =
1.1mm) inserted between two sections of
#13 tubing (44mm and 22mm in length).

The nul—put of the coupling system incor-_

porating the constriction is compared with
the output obtained from a coupling sy stem
consisting simply of 75mm of #13 tubing.
The constriction increased the total iner-
tance of the sound input tubing by a factor
of 1.25 (approximately) without changing

the length of the system. This leads to the

prediction that R1 and R4 should migrate
dnwnward in frequency by 11.7%, whereas
R2, R3 and R5 should remain unchanged.
In general, these predictions are verified by
the data in Figure 6. R1 and R4, however,
actually migrate by 6.9% and 7.3%,
respectively.

From a practical point of view, the most
significant effect of the constriction in the
transmission path is the lowering of R4
since this results in lower high frequency
cut-off in the system with the constriction.
In general, decreased high frequency cut-
off can be expected to result whenever a
constriction is incorporated within the cou-
pling system.
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Fig. 6 Effect of a 9mm long constriction in a coupling system consist-
ing of 75mm of #13 tubing.

Effect of Cavities

It has been amply demonstrated
(Dalsgaard et al, 1966; Lybarger, 1972) that
the size of the “recess cavity” in an earmold
used with a body-worn hearing aid (the
cavity behind the snap ring which accom-
modates the nubbin of the insert-type re-
ceiver) may affect the high frequency cut-
off of the coupling system: if the recess cav-
ity is too large the high frequency cut-off is
decreased. Consequently, it has generally
been recommended that the recess cavity in
the earmold be kept as small as possible.

Constructing an earmold with a large re-
cess cavity is equivalent to placing another
Helmholtz resonator in the system. In this
resonator the volume of air in the recess
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cavity provides the compliance element
and the mass of air in the earmold tubing
medial to the cavity provides the inertance
element. The presence of the cavity has re-
latively little effect on the output of the sys-
tem below the resonant frequency of the
cavity-earmold bore combination. At the
resonant frequency, a peak Eéﬁlpears at the
output of the system. Above this resonance
the impedance of the earmold bore be-
comes large relative to the impedance of the
cavity. Hence, much of the high frequency
energy which would otherwise appear at
the output of the system is filtered out by
the cavity resulting in a decreased high fre-
quency cut-off.

It has been suggested (Goldberg, 1977)
that this principle could be utilized in the
hearing aid-ear canal coupling for over-
the-ear hearing aids to improve the high
frequency output. The technique involves
incorporating a cavity of controlled size into
the earmold at a known location along the
earmold bore. The cavity volume and bore
length and diameter are chosen to give a
resonant peak at the desired frequency.
The presence of this peak effectively boosts
the high frequency output. It should not be
forgotten, however, that the output above
the resonance will be decreased relative to
the output of the same system without the
cavity. Hence, the potential exists for de-
creasing the high frequency cut-off of the
system and the cavity must be carefully
“tuned” if this is to be avoided.

Figures 7a and 7b exemplify the use of
this technique to boost high frequency out-
put. In Figure 7a the solid line was obtained
using a coupling system consisting of a
subminiature receiver, approximately
69mm of #13 tubing, 6mm of earmold bore
(I.D. = 2.5mm) and a Zwislocki coupler.
The dotted line was obtained when a small
cavity (volume approximately .042cm?®) was
incorporated into the system at the begin-
ning of the earmold bore section of the
sound input tubing. The Helmholtz reso-
nance between the cavity and the earmold
bore medial to the cavity occurred at ap-
proximately 5000 Hz. The resonant peak
imparted a satisfactory high frequency tilt
to the output without significantly lower-
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Fig. 7a Useful high frequency boost achieved by use of a cavity in the
earmold.
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Fig. 7b Possibly detrimental high frequency boost achieved by use of a
cavity in the earmold.

ing the high frequency cut-off of the
system.

The solid curve of Figure 7b was obtained
using a coupling system consisting of a
subminiature receiver, 75mm of non-
standard tubing (I.D = 1.4mm) and a Zwis-
locki coupler. The dotted curve was ob-
tained when the last 12.6mm of tubing was
replaced by a cavity (volume approximately
.075cm) and a bore section 9.5mm long (I.D
= 2.0mm). The cavity/bore resonance in
this system occurred at approximately 3000
Hz and resulted in a considerable boost in
this region. However, unavoidable de-
crease in level above the resonance caused a
lowering of the high frequency cut-off of
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the system by approximately 1000 Hz. It is
conceivable that there may be some hearing
aid fittings in which this lowering of the
high frequency cut-off is of no conse-
quence; however, this will not usually be a
desirable outcome. In general, as long as
the cavity/bore combination is tuned to re-
sonate at or slightly above R4, a useful high
frequency boost will be obtained without
an undesirable lowering of high frequency
cut-off.

Effect of Damping

As discussed previously, an element of
acoustic resistance dissipates acoustic
energy through frictional losses due to col-
lisions of air particles. This results in less
energy appearing at the output of the cou-
pling system. Usually, acoustic resistance
elements are employed in a hearing aid-ear
canal coupling system with the intention of
reducing the height of some or all of the
resonant peaks in the output. Both the
value of resistance used and its physical
location within the system are important
factors in determining the actual amount of
damping achieved for any particular reso-
nance. This issue has been discussed by
several investigators (Studebaker, 1974;
Lybarger, 1978a; Knowles and Killion,
1978).

To explain the behavior of an acoustic
resistance element in a hearing aid-ear
canal coupling system, it is helpful to con-
sider a simple electroacoustic analogy in
which electrical voltage is analogous to
sound pressure, electrical current is analo-
gous to the rate of flow of air particles
through a small section of the tubing, and
electrical resistance is analogous to acousti-
cal resistance. A moment’s consideration of
Ohm’s law (voltage = current x resistance)
will result in the conclusion that for a given
value of resistance, the voltage dropped
across the resistor will increase in direct

proportion to the current flowing through.

the resistor. In the analogous acoustical
system, therefore, the sound pressure
“dropped” in a given acoustic resistance
element will increase in direct proportion to
the flow of air particles through it. It fllows
that effective damping of a particular re-

sonant peak requires that the acousticresis-
tance element be placed in the system at a
location in which the flow of air particles for
that resonant mode is high.

Reference to Figure 2 shows that
maximum flow of air particles (antinodes)
occurs at specific locations within the tub-
ing for the first three resonant modes of a
quarter wave resonator. The reader will re-
call that the peaks designated R3 and R5 in
the output of a typical coupling system are
thought to represent the second and third
quarter wave resonant modes of the sound
input tubing, respectively. Furthermore,
the peak designated as R1 is thought to be
influenced by (or partly comprised of) the
fundamental quarter wave resonance of the
sound input system. In addition, the peak
designated as R2 is considered to be partly
comprised of a half wave resonance of the
sound input tubing. Although not shown
in Figure 2, resonant modes for a half wave
resonator also may be described in terms of
patterns of nodes and antinodes which re-
present regions of minimum and maximum
particle flow, respectively. The fundamen-
tal resonant mode (which corresponds to
R2) is characterized by an antinode at each
end and a single node in the middle of the
tubing element.

We would anticipate that an acoustic re-
sistance element placed at an antinode for a
particular resonant mode would cause the
maximum possible damping (for that value
of resistance) for that resonant peak,
whereas the same element placed at a node
would be relatively ineffective in damping
that resonant peak.

In a “simple” Helmholtz resonator, the
resonance is produced at a frequency for
which the wavelength is much greater than
any dimension of the resonating elements.
Under these circumstances, the flow of air
particles in the inertance element would be
expected to be almost uniform throughout
its length (i.e., there is no pattern of nodes
and antinodes). These conditions occur, for
instance, with the Helmholtz resonance as-
sociated with an earmold vent. One would
anticipate, therefore, that a given acoustic
resistance element within the vent would
provide the same amount of damping re-
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gardless of its placement. When the length
of the inertance element producing the
Helmholtz resonance is a significant pro-
portion of a wavelength of the resonant
frequency, the flow of air particles is not
uniform everywhere in the tubing. Con-
sequently, placement of the resistance ele-
ment is an important factor in determining
the damping of such a resonance. Recall
that R4 is thought to be primarily a Helm-
holtz resonance, but it is produced at a fre-
quency which is between the second and
third quarter wave resonant modes of the
“sound Input tubing. It is difficult to predict
a priori the damping of R4 which will be
achieved by a resistance element at differ-
ent locations within the sound input tub-
ing. The same set of considerations applies
to the damping of R1.

These principles are demonstrated in
Figures 8a and 8b. These data were ob-
tained using a coupling system consisting
of a modern subminiature receiver, 75mm
of #13 tubing and a 1.5cm3 cavity. A 680
ohm mesh screen damping element was
used and its effect on the height of Rl
through R5 was measured with the damper
located at the coupler end of the tubing (the
Omm position), and also at 15mm, 30mm,
45mm, 60mm and 75mm from this end.
Figure 8a depicts the amount of damping
(in decibels) observed in each damper posi-
tion for the three resonant peaks desig-
nated R1, R3 and R5. Figure 8b shows the
analogous data for the two resonant peaks
designated R2 and R4.

The data in Figure 8a are perfectly consis-
tent with the damping predicted from a
consideration of the locations of nodes and
antinodes shown in Figure 2. In Figure 2 the
first node is shown to have a single location
of maximum flow of air particles which oc-
curs at the open end (analogous to the 0Omm
position). As one progresses towards the
closed end of the tube, the flow of air parti-
cles decreases monotonically. One would
predict, therefore, that for a given acoustic
resistance, maximum damping of this re-
sonant peak would occur with the resis-
tance element placed at the Omm position
with progressively less damping occuring
as the damping element is moved towards

the 75mm position. This pattern appears
very clearly in the R1 data in Figure 8a.

Similarly, the damping of R3 shown in
Figure 8a reflects the two antinode pattern
depicted in Figure 2 for the second resonant
mode. Also, the damping shown for R5
reflects the three antinode pattern depicted
for the third resonant mode. In general,
when the damping element is placed at or
near an antinode, maximum damping oc-
curs; when the damping element is placed
at or near a node, minimum damping
occurs,
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Fig. 8a Damping of R1, R3 and R5 achieved by a 680 ohm mesh screen
damping element placed at six locations in a 75mm coupling system.
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Fig. 8b Damping of R2 and R4 achieved by a 680 ohm mesh screen
damping element placed at six locations in a 75mm coupling system.

Figure 8b demonstrates the damping
achieved for R2 and R4 with the same 680
ohm damping element. The pattern of the
results for R2 clearly suggests the influence
of a fundamental half wave resonance since
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maximum damping is found with the
damper located at either end (antinodes)
and minimum damping found with the
damper in the middle of the tubing (the
only node location).

The damping achieved for R4, also seen
in Figure 8b appears to be very much influ-
enced by the distribution of antinodes
which characterizes the third quarter wave
resonant mode (see Figure 2): maximum
damping is achieved when the damper is
placed at predicted antinode locations. The
result is a damping pattern very similar to
that seen for R5. In fact, the only substantial
difference in the results shown for R4 and
R5 is in the amount of damping achieved at
the 75mm position. With the damper in this
location low damping is measured for R5
(this is consistent with expected behavior
for a wavelength resonance) but high
damping is measured for R4 (this is consis-
tent with behavior expected for a Helm-
holtz resonance).

Several general statements may be made
concerning the effectiveness of acoustic re-
sistance elements in damping the reso-
nances of a hearing aid-ear canal coupling
system for ear-level hearing aids utilizing
modern subminiature receivers. First, all
resonances, regardless of their origin, are
maximally damped (for a given acoustic re-
sistance) when the damping element is
placed at the Omm position. This position
would correspond to the tip of the earmold
canal. Second, the peaks identified as R2
and R4 are equally well damped when the
damping element is placed at the receiver
end of the system (the 75mm postion), but
R1, R3 and R5 are very poorly damped by a
damper in this position. Third, when the
damping element is placed in a position
intermediate between 0mm and 75mm, its
effect on the various resonant peaks will
differ according to its exact location within
the system and may be predicted rea-

sonably well using the data in Figures 8a

and 8b.

Figure 9 shows output curves for an un-
damped typical coupling system (dotted
line); the same system with a 680 ohm
damping element at the tip of the earmold
(Omm position) (dashed line); and again

with the 680 ohm damping element at the
junction of the earhook and the #13 tubing
(approximately a 42mm position). Observe
that the damping obtained in both posi-
tions can be predicted in a relative sense
from Figures 8a and 8b. The absolute values
of damping are different in Figure 8 proba-
bly because the typical coupling system in-
corporates more inherent damping than
does the simpler system used to obtain the
data shown in Figures 8a and 8b.
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Fig. 9 Output curves for an undamped typical coupling system and
for two damped coupling systems (with the damping element at a
different location for each curve).

Clearly, the most effective location in the
coupling system for a damping element is
at the tip of the earmold canal. This fact has
been known to hearing aid designers for
many years. A damping element in this
location is not a practical choice, however,
since cerumen and moisture may accumu-
late in the damper resulting in a radical
change in its properties, or complete block-
age of the sound input tube. If a single
damping element is to be placed within a
typical coupling system, the optimal loca-
tion will depend upon the desired out-
come. For example, a damper at the 60mm
position (within the earhook approximately
5mm from the nozzle of the hearing aid)
will give approxirnately equal damping of
all resonances although no peak will be
maximally damped. A damper at the 15mm
position (far enough back from the earmold
tip to be protected from debris in the ear
canal) will give relatively effective damping
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of low frequency resonances (R1 and R2)
while providing little damping for the high
frequency peaks R4 and R5, thus imparting
some high frequency emphasis to the
output.

It is important to note that the data
shown in Figures 8a, 8b and 9 were ob-
tained using a single 680 ohm mesh screen
damping element. If a damper of larger or
smaller value is used, a larger or smaller
amount of damping will be seen, although
the relative effects should remain the same
as long as the damping element does not
significantly exceed the characteristic im-
pedance of the tubing in which it is located
(approximately 1400 ohms for #13 tubing;
3000 ohms for the earhook). If the damper
has an acoustic impedance greater than that
of the tubing in which it is located, the
damper takes on the characteristics of a
high impedance termination and the reso-
nance pattern of the tubing may be substan-
tially changed.

Improving the Acoustic Transformer

The reader will recall the typical coupling
system which incorporates three sections of
tubing with progressively increasing inter-
nal diameter, has the properties of an
acoustic transformer for higher frequen-
cies: the increasing cross-sectional area of
the sound input tubing results in better
high frequency transmission through the
system than would occur if the diameter of
the entire length of tubing remained con-
stant and equal to that of the first section, or
if the receiver were coupled directly to the
ear canal. An important aspect of the typi-
cal coupling system is the extension of the
section of #13 tubing completely through
the earmold to its medial tip. The acoustic
transformer action of the coupling system
can be improved by shortening this section
and cementing it only a few millimeters into
the earmold bore. The remaining length of
the earmold bore then constitutes another
section of tubing with slightly increased
diameter (the internal diameter of a bore
drilled to accommodate standard #13 tub-
ing will be approximately 3.0mm). As a re-
sult, the sound input tubing will consist of
four sections rather than the typical three;
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the mouth of the “horn” will be larger and
the high frequency transmission will be bet-
ter than seen with a typical coupling sys-
tem. This technique for improving the
acoustic transformer action of the coupling
system (illustrated in Figure 10) has been
recommended by at least one hearing aid
manufacturer for several years. Lybarger
(1978a) gives credit to Knowles for having
first suggested this technique.

The amount of high frequency boost
achieved by this earmold modification de-
pends upon the [effective] length of the
final section of tubing (i.e., the ““earmold
bore’’ section). The maximum effect is seen
at the frequency corresponding to a quarter
wave resonance for this section. Killion
(1977) suggests a length of 17mm, and
Lybarger (1978a) favors a range of approx-
imately 16-19mm. Earmolds made to these
recommendations have a maximum boost
in the 4500-5500 Hz region. The increase in
high frequency output relative to the out-
put of the typical system is 5-7 dB.

As the length of the earmold bore section
decreases, the region of maximum effect
moves to higher frequencies and the effect
seen in the frequency range useful for hear-
ing aids (up to about 6000 Hz) is smaller. If
the measured length of the bore section is
as short as 10mm, the boost in the 4-6 kHz
region is about 3 dB.

Fig. 10 Schematic illustration of the earmold portion of a four section
coupling system with a uniform section of earmold bore (left) and with
a “belled” section of earmold bore (right).

Figure 11 shows the effect of an earmold
bore section of 14mm. The solid curve pro-
vides a reference condition: it was obtained
using a coupling system consisting of a
subminiature receiver, 75mm of #13 tub-
ing, and a Zwislocki coupler. The dotted
curve represents the output of the system
when a section of #13 tubing was shor-
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tened to 61mm and the remaining 14mm of
the sound input tubing was provided by
the earmold bore (I.D. = 2.9mm). An aver-
age boost of about 4-5 dB is seen in the
4-6 kHz region and the high frequency
cut-off is extended by approximately 500
Hz.
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Fig. 11 lllustration of improvement in high frequency output due to

use of wider earmold bore section in the coupling system. A uniform
bore section (dotted) and a belled bore section (dashed) are compared
with a coupling system consisting of 75mm of #13 tubing (solid).

The maximum length of this fourth sec-
tion for any given coupling system is lim-
ited by the length of the earmold canal por-
tion. Three to five millimeters of earmold
bore are required for firm cementing of the
section of #13 tubing. The remaining
length of the earmold bore then determines
the length of the fourth section.

To determine a typical length, the ear-
mold bore was measured for each of a sam-
ple of 52 earmolds (mainly skeleton and
shell types) fabricated by an earmold labo-
ratory for over-the-ear hearing aids. Im-
pressions for these earmolds had been
taken by at least ten different audiologists.
The average length of the earmold bore was
14.3mm and the standard deviation was
2.76mm. If these figures are representative
of typical earmolds, it would appear that

relatively few earmolds for post-auricular

hearing aids have canal portions long
enough to permit cementing of the #13 tub-
ing and still permit a fourth section length
of 16mm or more. Killion (1977) has
suggested that this problem could be
solved by the use of a piece of #9 tubing

(I.D = 3.0mm) to extend the earmold bore
laterally to the desired length. Another sol-
ution would be to employ a standard (full)
earmold style rather than the skeleton or
shell molds which are typically used with
such hearing aids.

Another earmold modification which is
basically an attempt to improve the acoustic
transformer action of the coupling system s
the “belled canal” (illustrated in Figure 10).
This modification is accomplished by drill-
ing the canal portion of the earmold into the
shape of a funnel with the widest portion
opening into the ear canal cavity. For this
modification to be effective, the funnel
shape should extend as far as possible into
the earmold. Again, 3-5mm of earmold
bore are needed for firm cementing of the
#13 tubing. The dashed curve in Figure 11
shows the system output when the 14mm
fourth section of the earmold used to obtain
the dotted curve was “‘belled” to a diameter
of 5.5mm at the tip of the earmold. The
main result of this modification was to ex-
tend further the high frequency cut-off by
approximately 500 Hz. |

Finally, it is of some interest to note that
although the traditional method of
maximizing high frequency response has
been to use a short earmold canal, this may
not be the most effective technique. Figure
12 contrasts the output of a typical three-
section coupling system utilizing a short
earmold canal (solid curve) with the output
of a four section coupling system utilizing a
medium length earmold canal. The length
of the fourth (earmold bore) section was
15mm (dotted curve).

The two curves have been matched on
the height of R1. The total length of the
system producing the solid curve was
68mm. The total length of the system pro-
ducing the dotted curve was 73mm. De-
spite its longer measured length, the four-
section coupling system clearly reveals a
relatively better high frequency output
than the three-section system. A further
advantage of the four-section system is that
the longer canal length reduces the likeli-
hood of acoustic feedback problems as a
consequence of leakage around the
earmold.
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Fig. 12 Comparison of high frequency output achieved with a typical
three section coupling system utilizing a short canal earmold (solid)

and a four section coupling system utilizing a medium canal earmold
(dotted).

INNOVATIVE COUPLING SYSTEMS

In recent years, two novel hearing aid-
ear canal coupling systems have been pro-
posed (Killion, 1976; Carlson 1974). Al-
though the two systems are very different,
they share a common approach which
views the coupling system as a unit rather
than a collection of discrete elements, each
of which may be varied independently.
Another aspect which is shared by both
systems is that implementation of each
proposed coupling system requires com-
munication and cooperation between the
manufacturer and the individual fitting the
hearing aid. This represents a break with
the traditional position in which the opti-
mal coupling system has been chosen by
the person fitting the hearing aid (it is rec-
ognized, of course, that manufacturers
have always made recommendations re-
garding appropriate coupling for their hear-
ing aids). Neither system can be employed
entirely at the discretion of the hearing aid
fitter; both require some parhmpahﬂn by
the manufacturer.

The Twin-Tube Approach

Carlson (1974) proposed the use of a cou-
pling system which is specifically designed

to eliminate }JEH](S in the output which are
due to wavelength resonances. He noted,
as shown in Figures 8a and 8b, that modern
subminiature receivers are not efficiently
damped by acoustic resistance elements
which are located near the receiver,
whereas a damper location near the ear-
mold tip, while effective, is not a practical
choice for long term use. The system he
proposed to solve this dilemma results in
cancellation rather than damping of most
wavelength resonances. Cancellation is
achieved through the use of an additional
length of tubing located as a side-branch on
the typical coupling system. Thelength and
internal diameter of the side-branch tube
are equal to the length and internal diame-
ter of the portion of the sound input tubing
which extends from the sidebranch to the
tip of the eamold. This sidebranch tube is
terminated in a rigid cap. The result is a

arallel combination of two identical
engths of tubing, one terminated in a low
impedance (the ear canal), and the other
terminated in a high impedance (the rigid
cap).

is discussed in the previous section con-
cerning wavelength resonances, pages
13-18, the input impedance of the tubing
with the high impedance termination will
be minimum at odd numbered multiples of
the quarter wavelength frequency and
maximum at even numbered multiples of
the quarter wavelength frequency. The
input impedance of the tubing with a low
impedance termination will be minimum at
even numbered multiples of the quarter
wavelength frequency and maximum at
odd number multiples of the quarter
wavelength frequency. As a result, one
parallel branch of tubing always presents a
relatively low impedance and the impe-
dance of the load seen by the receiver is
thus controlled by dampers located in
series with each branch. When these dam-
pers are chosen to have an acoustic resis-
tance equal to the characteristic impedance
of the tubing, the total effect is to eliminate
virtually all wavelength effects in the sys-
tem; R1, R3 and R5 essentially disappear
from the output, while R2 and R4 are still
present but are damped. The resulting fre-
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quency response has the following prop-
erties: (1) it is much smoother than seen
with a typical system as, for example, in
Figure 3; (2) the high frequency output is
decreased in the region where it would
normally be boosted by R3 and R5; and (3)
the overall output level is somewhat de-

eased due to energy losses associated
with the damping elements. This system
results in a frequency response with a
smaller peak-to-dip ratio than that seen in
the output of a typical system. In exchange
for this smoother response, however, it is
necessary to sacrifice output level, espe-
cially in the higher frequencies.

Carlson suggested methods which could
be used to conceal the side branch tube in
over-the-ear and eyeglass hearing aid
styles. Provision for addition of the side
branch tubing would have to be made by
the hearing aid manufacturer. The actual
installation of the side branch tube and
damping elements would be made in some
cases by the manufacturer and in other
cases by the hearing aid fitter.

The “Earmold Plumbing”’ Approach

An approach which has been whimsi-
cally entitled ““earmold plumbing” has
been developed by Killion and discussed in
several papers (Killion, 1976, 1977, 1978a;
Knowles and Killion, 1978). The primary
aim of this approach is to improve the
acoustic transformer properties of the typi-
cal coupling system with the intention of
increasing the high frequency output of the
system. Secondarily, acoustic damping is
strategically employed to reduce the height
of resonant peaks.

As discussed earlier, the typical coupling
system, consisting of three sections of tub-
ing of gradually increasing diameter, re-
duces, to some extent, the impedance mis-
match between the receiver and the ear
canal. It was also noted earlier that the use

of a four-section sound input tubing can

provide better high frequency transmission
than that of a three-section system. The
earmold plumbing techniques discussed by
Killion utilize sound input systems which
consist of five or six sections resulting in
greatly improved transmission of high fre-
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quency energy to the ear canal.

Several sound input systems have been
described by Killion (1976, 1977, 1978a).
These have been designated according to
the high frequency cut-off and the increase
in level from 1 kHz to the high frequency
cut-off. The most recent papers have fo-
cused on a “6R12"” design (6 kHz cut-off;
rising 12 dB from 1 kHz to 6 kHz) and an
“8.5R8" design. It is important to note that
these designations describe the system
output only when measured using an ear-
simulator coupler such as the Zwislocki
coupler. An ear simulator coupler will itself
provide about 7 dB of gain at 6 kHz relative
to 1 kHz. Hence, if 6R12 or the 8.5R8 sys-
tems are evaluated using a “flat” coupler
such as 2cm?® cavity, the high frequency
slope will appear less steep. 1

There are two requirements of the ear-
mold plumbing systems which can only be
fulfilled by the hearing aid manufacturer;
they are beyond the control of the indi-
vidual fitting the hearing aid. First, these
coupling systems are designed incorporat-
ing a small capacitor across the receiver
terminals inside the hearing aid. This
capacitor boosts the high frequency output
by 1-3 dB and produces a smaller peak-to-
dip ratio (i.e., a smoother frequency re-
sponse curve). The coupling systems may
be used without the capacitor at the ex-
pense of some high frequency outputand
slight increase in peak-to-dip ratio. Sec-
ond, it is necessary for the hearing aid to
utilize a modern subminiature receiver
which presents a high acoustic source im-
pedance at all frequencies of interest, and
that this receiver be driven by an essentially
constant current electrical source. These are
engineering considerations which are con-
trolled by the manufacturer. Without this
high impedance source, the 6R12 and 8.5R8
coupling systems produce a different out-
put spectrum (this will be discussed in
more detail below). Earmold plumbing sys-
tems which can be driven successfully by a
low impedance source are currently under
development (Killion, 1978b).

The 6R12 sound input system is a five-
section system incorporating about 27mm
of #13 tubing and 18mm of earmold bore of
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which the lateral 8mm has an
I.D. = 3.0mm and the medial 10mm has
[.D. = 4.0mm. The #13 tubing is slipped
about 5mm over the earhook of the hearing
aid such that the actual length of #13 tub-
ing in the system is 22mm. In addition, two
680 ohm mesh screen damping elements
are located in the # 13 tubing, 20mm and
35mm from the tip of the earmold,
respectively.

Prototype systems may be constructed
from lengths of plastic tubing which have
the appropriate internal and external
diameters. Figure 13 shows the output of
one such prototype 6R12 system (solid line)
compared with the output of a typical
three-section system (dotted line) with
each system coupled to a Zwislocki coupler
and driven by a receiver with the same elec-
trical input. The relative smoothness and
high frequency emphasis of the 6R12 sys-
tem is obvious. The purpose of presenting
the data in Figure 13 is to demonstrate the
output control which is available to the
hearing aid fitter through modifications of
the acoustic aspects of the coupling system.
Thus, the data were obtained without the
capacitor across the receiver since this mod-
ification is not available to the hearing aid
fitter. The omission of the capacitor results
in slightly less high frequency output: the
rise in level from 1 kHz to the high fre-
quency cut-off is 10.5 dB rather than 12 dB.
The high frequency cut-off obtained with
this 6R12 system was 5.4 kHz rather than
6.0 kHz. The reason for this discrepancy is
not obvious but might be related to small,
unintentional changes in the designated
dimensions. Nevertheless, it is clear that
the 6R12 coupling system can provide a
relatively smooth, rising frequency re-
sponse at the average eardrum. Many hear-
ing aid fitters would feel that this is more
desirable than the highly peaked low fre-
quency emphasis output obtained with the
typical coupling system. It is also important
to note that little sacrifice in output level is
necessary to obtain this more desirable
spectrum since the overall output level of
the two systems is very nearly the same. In
practical terms, this results in efficient bat-
tery consumption when the 6R12 system is

RELATIVE LEVEL I|dB|

T
5dB
. =

——— § seclion system |6R12)

sweneeae 3 g@Clion system

0.2 0.5 1.0 2.0 50 100
FREQUENCY |kHz)

Fig. 13 Comparison of output obtained from prototype frve section
coupling system a “6R12 earmold’” (Killion, 1977) and a typical three
section system.

used.

As noted earlier, it is necessary for the
hearing aid receiver in the 6R12 system to
be driven by an essentially constant current
electrical source if the desired output is to
be obtained. Since the electro-mechanical
coupling of the receiver is beyond the con-
trol of the hearing aid fitter, it is of interest
to assess the change in output spectrum to
be expected if the electrical source impe-
dance is low (constant voltage) rather than
high (constant current). Figure 14 shows
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Fig. 14 Comparison of 6R12 earmold and subminiature receiver out-
put with essentially constant current drive (solid) and essentially
constant voltage drive (dotted). These curves have been matched at
1 kHz.

the output spectra obtained using a 6R12
system with essentially constant current
drive (solid line) and with essentially con-
stant voltage drive (dotted line). These
curves have been matched arbitrarily at
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1000 Hz. Clearly, the high frequency em-
phasis is not obtained when the receiver is
driven by a low impedance. Nevertheless,
the output observed (dotted curve) is rela-
tively smooth and broad-band and may still
be more desirable than the output obtained
from the typical coupling system.

Solutions have been suggested (Killion,
1978a) for some of the problems which may
occur in implementing a 6R12 coupling
system.

If only a shell-style earmold is available,
the earmold bore may not be long enough
to incorporate the 3mm and 4mm portions
of the system (about 22mm of earmold bore
is needed). In this case, sections of plastic
tubing of the appropriate dimensions may
be used lateral to the earmold. Also, if the
dimensions of the ear canal are oval rather
than round and the final section of 4mm
diameter cannot be accommodated, Killion
(1978a) has noted that the same result can
be obtained utilizing a section of approxi-
mately the same cross-sectional area (for
example, a 3 x Smm oval).

The 8.5R8 coupling system, as the desig-
nation implies, extends the output to al-
most 9 kHz with an accompanying high
frequency boost of about 8.0 dB above 1
kHz. This is a six-section coupling system
in which the final section has a 5.0mm
diameter. A large ear canal is required for
the implementation of this system.

THE ACOUSTIC SEAL

In the foregoing discussion, the assump-
tion was made that the earmold in the cou-
pling system described provided a good
acoustic seal (i.e., that there was no signifi-
cant leakage of acoustic energy from the ear
canal around or through the earmold to the
outside air). When the low-cut tone hook is
used, potential exists for the escape of
acoustic energy to the outside air but this
leakage does not involve the earmold. In
many hearing aid-ear canal coupling sys-
tems, there is significant acoustic leakage;
either unintentionally or intentionally
created. The effect of this acoustic leakage
on the spectrum and level of the signal re-
ceived at the eardrum is often quite impor-
tant and warrants close scrutiny. Effects of

intentional and unintentional acoustic
leakage will be discussed separately.

Intentional Acoustic Leaks: Vented and Open
Earmolds

Intentional acoustic leaks are created by
boring an additional hole (known as a vent)
through the earmold. Earmold vents may
be wide or narrow, long or short, un-
obstructed or damped. In the extreme case,
the vent may be so large that nothing re-
mains of the canal portion of the earmold
except the minimum amount necessary to
retain the sound input tubing. This variety
of vented earmold is known as an “open”
earmold. The issues involved in open
molds are slightly different and are dis-
cussed separately.

Measurement Procedures

Several studies have shown that mea-
surements of the effects of earmold vents
using 2cm® couplers are not good estimates
of those same effects observed in real ear
canals (Studebaker and Zachman, 1970;
Cooper and O’'Malley, 1975; Studebaker,
Cox and Wark, 1978). Conversely, it has
been shown that when an excellent acoustic
seal is achieved by the earmold (i.e., thereis
no leakage around the earmold), measure-
ments of the effects of earmold vents in real
ear canals and in a well sealed Zwislocki
coupler gives essentially the same results
(Studebaker and Cox, 1977). The data re-
ported here revealing the effects of earmold
vents were obtained using a Zwislocki
coupler.

Acoustic Effects of Vented Earmolds

Vented earmolds have been incorporated
into hearing aid-ear canal coupling systems
for at least 30 years (Berger, 1974). For the
most part, the use of a vent has been rec-
ommended with the purpose of achieving a
high-pass filter effect (Grossman and Mal-

- oy, 1944) thereby attenuating undesirable

low frequency energy; however, the pre-
cise acoustic effect of any particular ear-
mold vent in areal ear is not easy to predict.

The effects of earmold vents obtained
when the earmold is mounted on a hard-
walled cylindrical cavity such as 2cm? cav-
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ity have been measured by numerous in-
vestigators (Dalsgaard et al, 1966;
Studebaker and Zachman, 1970; Cooper et
al, 1975; Lybarger, 1975; Sung et al, 1975).
A number of investigators have reported
measurements made in real ear canals
(McDonald and Studebaker, 1970:;
Studebaker and Zachman, 1970; Weather-
ton and Goetzinger, 1971; Lybarger, 1975;
Studebaker and Cox, 1977; Studebaker et
al, 1978). From these and similar studies,
an overall picture of the acoustic effects of
earmold vents has gradually emerged.

In describing the acoustic effects of ear-
mold vents, several variables must be con-
sidered. First, the configuration of the
vent is of considerable importance. A
“parallel” vent is one in which the vent
bore opens directly into the ear canal cav-
ity, whereas a “side branch” vent is one in
which the vent bore opens into the main
bore of the earmold, some distance lateral
to the ear canal cavity. These two config-
urations are shown schematically in Fig-
ure 15. Second, the length and diameter of
the vent are important and, in a side
branch configuration, the length and
diameter of the main bore medial to the
vent opening are also important.

PARALLEL SIDE - BRANCH
GDﬂF IGURATION CONFIGURATION
Fig. 15 Schematic illustration of parallel and side branch vent
configurations.

In general, the acoustical effects of ear-
mold vents may be described in terms of
two loosely defined frequency regions: a
low frequency/resonance region, and a
high frequency region. These regions are
illustrated in Figure 16 for both a side

branch and a parallel vent. These data and
those in Figures 16, 19 and 20 reflect the
output into a Zwislocki coupler of a sub-
miniature receiver working into a typical
coupling system incorporating a vent. The
data in Figures 16, 19 and 20 are plotted to
show the spectrum of a signal in the ear
canal (or “ear-like” coupler) when a vented
earmold was used relative to the spectrum
of the same signal in the ear canal when an
unvented (but otherwise identical) ear-
mold was used. A data point on the zero
line indicates that the ear canal level at
that frequency was identical with both
earmolds. A negative data point indicates
that the sound level was lower with the
vented earmold, whereas a positive data
point indicates that the sound level was
higher with the vented earmold.

As Figure 16 indicates, the presence of a
vent in the earmold typically reduces the
level of low frequency energy in the ear
canal. This “low frequency cut” decreases
rapidly at a rate of 14-20 dB per octave as
the curve slopes upward towards a peak
which may or may not actually rise above
the zero dB reference line. Both curves in
Figure 16 reach the peak at approximately
500 Hz. The cut-off point between the high
frequency region and the low frequency
resonance region is defined here, some-
what arbitrarily, as one-half an octave
above the peak frequency.
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Fig. 16 Typical acoustical effects of a parallel vent (dotted) and a side
branch vent (solid). The data are plotted to show the spectrum
measured in the simulated ear canal with the vented earmold relative
to the corresponding spectrum measured with an unvented earmold.

The Low Frequency Resonance Region
Most of the studies of acoustic effects of
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earmold venting reported to date have fo-
cused on the effects observed in the low
frequency/resonance region. In this region
both side branch and parallel vent config-
urations have similar general effects: a
vented earmold results in a decrease in the
low frequency energy reaching the ear-
drum relative to the level present when an
unvented (standard) earmold is used. Im-
mediately adjacent to this low frequency
drop in level, a resonance region is seen in
which the levels at the eardrum may be
greater when the vented mold is used than
with an identical, but unvented, mold. This
pattern may be observed in the data shown
in Figure 16 although the magnitude of the
effects is clearly different for the two vents.
The resonant frequency for both vents was
approximately 500 Hz. The ear canal level at
resonance, however, was actually 9 dB
greater for the parallel vented earmold than
for the corresponding unvented mold,
whereas the ear canal level measured with
the side branch vented earmold never ex-
ceeded that observed with the correspond-
ing unvented mold. In addition, the extent
of the low frequency transmission loss was
greater for the side branch vent than for the
parallel vent (13.0 dB versus 5.5 dB at
300 Hz). These data are typical but the ab-
solute values are specific to the particular
vents portrayed. Other examples of side
branch and parallel vents will not necessar-
ily yield the same absolute data values.
Studebaker and Zachman (1970) pre-
sented data in support of the hypothesis
that these effects were attributable to the
combined action of a Helmholtz resonator
and a side branch acoustic filter. They pos-
tulated that a Helmholtz resonance is pro-
duced between the compliance of the air in
the ear canal cavity and the mass of the air
in the vent bore (for a parallel vent) or in the
vent bore plus the main bore medial to the
vent (for a side branch configuration). Sub-
sequent investigations by Studebaker and

Cox (1977) have also substantiated this

hypothesis. This resonance is referred to
hereafter as the “vent-associated” reso-
nance. The approximate frequency of the
vent-associated resonance may be calcu-
lated using the formula:

Cox

f=5500 /7T &
IV (Hz)
where: a = radius of vent (cm)

| = effective length of vent (cm)

V = equivalent of volume at the reson-
ant frequency of ear canal/eardrum
enclosed by earmold (cm?®)

A side branch acousticfilter is formed when
an alternative pathway for acoustic energy
branches off a continuing pipe. The general
theory of side branches was developed by
Kinsler and Frey (1962). Certain aspects of
the theory are quite useful in interpreting
the effects of venting in earmolds. It is
necessary, however, to draw a distinction
between a “side branch vent” and a “side
branch acoustic filter””. As Figure 17 shows,
both side branch and parallel vent config-
urations can be thought of as forming side
branch acoustic filters.

PARALLEL VENT
CONFIGURATION
EAR
—> SOUND INPUT TUBING CANAL [ DRUM
CAVITY
SIDE-BRANCH VENT
CONFIGURATION
| EAR
—> SOUND INPUT TUBING CANAL/DRUM
CAVITY

Fig. 17 Conceptualization of both types of vent configurations as side
branch acoustic filters.

The presence of a side branch on a con-
tinuing pipe such as an earmold main bore
produces an impedance discontinuity at
the junction. At this discontinuity, some
proportion of the incident sound energy is
transmitted past the side branch and on
down the main pipe; some proportion is
transmitted into the side branch and the
remainder is reflected back towards the
source.

As long as the length of the vent is short
relative to a wavelength — a condition
which holds for almost any vent at frequen-
cies below 1000 Hz — the transmission
coefficient (the proportion of the incident
energy which is transmitted past the vent
and on down the main pipe) may be calcu-
lated fairly conveniently.” The theoretical
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results indicate that the proportion of the
incident energy which is transmitted past
the side branch is very small at low fre-
quencies and increases steadily to almost
100% at high frequencies (Kinsler and Frey,
1962). Studebaker and Zachman (1970) and
MacDonald and Studebaker (1970) com-
pared calculated transmission coefficients
with measured low frequency drop in level
for several different earmold vents of side
branch configuration. At very low frequen-
cies, the measured and calculated trans-
mission losses coincided very closely.
These data support the hypothesis that at
low frequencies the vent may be thought of
as a side branch acoustic filter. As the reso-
nance region is approached, the vent-
associated resonance is superimposed
upon the low frequency transmission loss,
causing this loss to be less than the calcu-
lated magnitude.

The absolute magnitude of the low fre-
quency transmission loss is determined by
the impedance of the vent bore (which is
largely an inertance) for both vent config-
urations. Vents with lower inertance (i.e.,
shorter, wider bores) produce a greater low
frequency transmission loss. This has been
shown in real ears and/or couplers by
numerous investigators (MacDonald and
Studebaker, 1970; Studebaker and
Zachman, 1970; Weatherton and Goet-
zinger, 1971; Lybarger, 1978a,b). For a
parallel vent the location of the vent-
associated resonance is also determined by
the inertance of the vent bore. In a side
branch configuration, however, the iner-
tance which enters into the production of
the vent-associated resonance is comprised
of the inertance of the vent bore plus that of

*The assumption is made that the main pipe is
terminated without reflection. This assumption
1s obviously not met in the typical coupling sys-
tem since the main pipe is terminated in the ear
canal cavity and impedance discontinuities exist
at the tubing-ear canal junction and at the ear-
drum. Perhaps this assumption is not critical in
the case where two systems which differ only in
the presence or absence of the side branch are
being compared.

the earmold main bore medial to the vent.
Hence, in a side branch vent, the inertance
which results in the low frequency cut is
different from the inertance which enters
into the production of the vent-associated
resonance, whereas in a parallel vent these
two inertances are identical. As a conse-
quence, and as demonstrated in Figure 16,
when a side branch and a parallel vent have
the same vent-associated resonant fre-
quency, the low frequency transmission
loss will tend to be greater for the side
branch configuration. This effect was noted
by Cooper et al (1975).

The High Frequency Region

The effects of earmold vents in the high
frequency region have been the subject of
relatively little investigative effort. Cooper
et al (1975), Studebaker and Cox (1977) and
Lybarger (1978b) have reported that side
branch and parallel vent configurations
have quite different effects in the frequency
region above the vent associated reso-
nance. When a parallel vented earmold is
used, no significant decrease in level is ob-
served relative to the unvented earmold
levels in the region above the vent-
associated resonance. On the other hand,
when a side branch vented earmold is used,
the high frequency levels in the ear canal
are observed to be less than the analogous
levels measured with an unvented ear-
mold. These effects are seen for the two
vents shown in Figure 16. Studebaker and
Cox (1977) hypothesized that the high fre-
quency effects observed when side branch
vents are used are due to the combined
effects of two separate factors: (1) the
changing input impedance of the vent and
the continuing main bore, and (2) the re-
flected wave produced by the impedance
discontinuity at the junction of the ventand
the main bore.

Recall that at the junction of the side
branch and the main bore of the earmold a
portion of the incident energy is reflected
and the remainder is transmitted either into
the branch or along the continuing bore.
The proportion of the energy which is re-
flected depends upon the combined impe-
dance presented at the junction by the vent
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bore and the continuing main bore (Kinsler
and Frey, 1962). By analogy with electrical
circuits, the transmitted energy may be
thought of as distributed between the side
branch and the main bore according to the
reciprocal of their impedance ratio (Ford,
1970). The air in the vent bore behaves
primarily as an acoustic inertance and,
therefore, its impedance increases as fre-
quency increases. The air in the continuing
main bore also behaves as an inertance;
however, the total impedance of the con-
tinuing main bore is comprised of a series
combination of this inertance and the im-
pedance of the ear canal/eardrum which
terminates it. Calculations reveal that the
impedance of this combination increases at
a faster rate with frequency rise than does
the impedance of the vent bore. As a conse-
quence of these rising input impedances,
less and less of the incident energy is
transmitted down the continuing main
bore and into the ear canal as frequency
increases. More and more energy is either
reflected back towards the source from the
junction joint or is transmitted into the
vent.

Figure 18 illustrates the output of a typi-
cal coupling system incorporating a side
branch vented earmold (dotted line) and
the output of the same coupling system
with an unvented earmold (solid line). The
wavelength resonances (R2, R3, R5) appear
at slightly higher frequencies when a side
branch vented earmold is used than with an
identical but unvented mold. This seems
logical since one expects to see in the vent-
ed condition a strong reflected wave
originating at the junction of the vent and
main bore, rather than at the earmold/ear
canal interface. We could expect the effec-
tive length of the system to be reduced re-
sulting in higher frequency wavelength
resonances. The reduction in effective
length, however, is usually not as great as

the length of the main bore of the earmold

medial to the vent. In the vent portrayed in
Figure 18, this portion of the earmold was
about 13mm in length, whereas the reduc-
tion in effective length which may be calcu-
lated by comparing the solid and dotted
lines in the figure is in the range of 3-8mm.

Resonance peaks which are sensitive to the
total inertance of the sound input tubing
(R1 and R4) may also migrate upwards in
frequency when a side branch vent is intro-
duced into the coupling system. This is
probably due to a slight decrease in the total
inertance of the sound input tubing which
results from the introduction of a parallel
inertance (the vent).

The same data seen in Figure 18 were
shown with vented plotted relative to un-
vented molds similar to the side branch
vent example in Figure 16. If one compares
Figures 18 and 16, it becomes clear that the
pronounced peaks in the side branch vent
curve in Figure 16 (solid line) at 2300 Hz,
3700 Hz and 6700 Hz are the result of up-
ward migration of peaks designated as R2,
R3 and R5 in the vented condition. In addi-
tion, the slight perturbations in the curve at
1050 Hz and 5200 Hz are the result of very
small upward shifts in R1 and R4.

In practical terms, this slight upward
shifting of resonance peaks is of relatively
little importance. Hence, the pronounced
pattern of peaks and dips which is seen in
the high frequency region for the side
branch vent in Figure 16 is probably not of
much consequence in the fitting of hearing
aids.
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Fig. 18 Output into a simulated ear canal of a typical coupling system

incorporating a side branch vent (dotted) and the output of the same

coupling system with an unvented earmold (solid).

In contrast, the relative decrease in high
frequency sound level in the ear canal,
which is observed for the side branch vent
in Figure 16, is an outcome which is almost
never desired in the fitting of a hearing aid.
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If a side branch vent is employed, the con-
sequence of a high frequency drop in level,
together with the vent-associated reso-
nance, can be an effective emphasis of low
frequencies rather than the anticipated
high frequency emphasis.

The magnitude of the high frequency
transmission loss due to a side branch vent
is largely controlled by the length and
diameter of the portion of the main bore
which is medial to the junction of the vent
and the main bore. The shorter and wider
this portion of the system, the less high
frequency transmission loss observed.
Studebaker and Cox (1977) recommended
that side branch vents be employed only
when the physical size of the ear canal was
too small to permit the drilling of a parallel
vent which would be large enough to pro-
duce the desired amount of low frequency
transmission loss. If the canal portion of the
earmold is sufficiently large to accommo-
date only a small diameter parallel vent, itis
possible to improve the low frequency fil-
tering effect of such a vent by progressively
widening the vent bore towards the lateral
surface of the earmold. Figure 19 shows the
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Fig. 19 Acoustic effects of a uniform bore parallel vent (solid) and of
the same vent with the bore widened laterally (dotted). Data are

plotted to show the spectrum measured in the simulated ear canal

with each vented earmold relative to the corresponding spectrum
measured with an unvented earmold.

result of such a modification. The solid line
shows the effect of a parallel vent 13mm
long and 1.3mm in diameter. The ear canal
level at 200 Hz is only 3.5 dB less with the
vented mold than with the unvented mold.
The dotted line depicts the effect when the
lateral 5-6mm of this vent was widened to a
diameter of 2.5mm. This maneuver re-
sulted in a vent which produced a 12 dB

5.0

drop in level at 200 Hz relative to an un-
vented condition. The vent-associated res-
onance appeared at a slightly higher fre-
quency as a result of the decreased iner-
tance of the wider portion of the vent. Note
that the desirable high frequency charac-
teristics of a parallel configuration were
maintained.

If use of a side branch vent is unavoid-
able, the vent should be drilled to intersect
the main bore as close to the tip of the
earmold as possible in an effort to minimize
high frequency transmission loss. Lybarger
(1978a) reported that this high frequency
loss can be further reduced by widening the
portion of the earmold bore which is be-
tween the opening of the vent and the ear
canal cavity. Figure 20 shows the result of
this modification on the earmold which in-
corporated the side branch vent portrayed
in Figures 16 and 18. In the original ear-
mold, the portion of the main bore medial
to the vent was 13mm long and 1.8mm in
diameter. The ventitself was 7mm long and
1.8mm in diameter. This side branch con-
figuration is shown again as the solid curve
in Figure 20. The dotted curve shows the
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Fig. 20 Acoustic effects of a side branch vent when the earmold main
bore medial to the vent was 1.8mm in diameter (solid) and when this
portion of the main bore was 3.2mm in diameter (dotted). Data are

plotted to show the spectrum measured in the simulated ear canal
with each vented earmold relative to the corresponding spectrum

measured with an unvented earmold.

effects of the same vent when the main bore
portion of the earmold was widened to a
diameter of 3.2mm. The decreased impe-
dance of this portion of the main bore re-
sulted in significantly less high frequency
transmission loss in the vented condition.
The vent-associated resonance appeared at
a higher frequency as a result of the de-



30 Cox

creased inertance of the wider main bore
section.

Damping in Vents

The effects of placing acoustic resistance
material, such as lambswool, in the vent
bore have been described by Studebaker
(1974) and Lybarger (1978a). Both inves-
tigators noted that the amplitude of the
vent-associated resonance is reduced con-
siderably by even small amounts of acoustic
damping material placed in the vent bore.
As the resistive component of the side
branch impedance is increased by the
damping material, however, the transmis-
sion of low frequency energy down the con-
tinuing main bore improves, resulting in
less low frequency transmission loss than
with an undamped vent. There is, there-
fore, an inescapable trade-off between the
amount of low frequency transmission loss
and the height of the vent-associated reso-
nance. When moderate to heavy damping
is placed in the vent bore, the height of the
resonance and the low frequency transmis-
sion loss are both reduced to zero and the
vent is essentially eliminated from the

system.
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Fig. 21 Output of a parallel vented coupling system incorporating
different amounts of damping in the vent.

Figure 21 presents an example of these _

effects. The dotted line represents the fre-
quency response obtained in a Zwislocki
coupler from a subminiature receiver
coupled to a 30mm length of tubing when
an undamped parallel vent was present in
the system. The vent-associated resonance

is seen as a “hump”’ in the curve at approx-
imately 650 Hz. The dashed line shows the
result obtained when a small amount of
damping material was placed in the vent
bore: the height of the vent-associated res-
onance has been reduced by 6 dB and the
low frequency transmission loss at 300 Hz
has also been reduced by about 4.5 dB. The
solid line reveals results obtained when a
larger amount of damping material was
placed in the vent; this output is essentially
the same as the one which could be ob-
tained if no vent were present in the system
— both thelow frequency transmission loss
and the vent-associated resonance have
been eliminated.

The reader will recall that when an acous-
ticresistance element is placed in the sound
input tubing, the location of the element is
of considerable importance in determining
the amount of reduction achieved in the
height of peaks R1 through R5. By contrast,
when an acoustic resistance element is
placed in the vent bore, the location of this
element is not a factor in determining the
amount of reduction achieved in the height
of the vent-associated resonance. The same
damping effect is observed for a given
amount of acoustic resistance whether the
material is placed medially, laterally or in
the middle of the vent length. This occurs
because particle flow rate is relatively uni-
form throughout the vent bore since all di-
mensions of the vent/ear canal resonator
are small relative to a wavelength at the
resonant frequency.

Adjustable Venting Systems

In recent years several adjustable venting
systems have come into widespread use.
These systems provide the hearing aid fitter
with a means of varying the dimensions of
the vent bore, presumably altering its
acoustic effect, ‘until the “optimal” vent is
found. Probably the most popular adjusta-
ble systems are those which include a set of
inserts, each of which is a push-fit into a
precisely bored hole in the lateral face of the
earmold. A length of vent bore extends
from the insert to the medial surface of the
earmold. Two systems will be discussed
here: the select-a-vent (5.A.V.) system and
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the positive-venting-valve (P.V.V.) system
(Haigh, 1973). Each system includes six in-
serts, one of which is simply a plug. The
remaining five inserts each incorporate an
opening of a different diameter. The two
types of inserts are illustrated in Figure 22.
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Fig. 22 Schematic illustration of the vent inserts in the 5.A.V. and
P.V.V. adjustable venting systems.

The P.V.V. insert is thimble-shaped,
2.5mm deep and 4.0mm in outer diameter.
The inserts incorporate centered holes
which have diameters of 0.51mm, 0.79mm,
1.57mm, 2.39mm or 3.17mm. The thickness
of the floor of the insert (and therefore the
measured length of each hole) is approxi-
mately 0.5mm. The S.A.V. insert is a solid
cylinder 4.7mm long and 3.6mm in outer
diameter with a hole which extends its full
length. Inserts with holes which have
diameters of 0.79mm, 1.19mm, 1.57mm,
1.98mm and 2.36mm are provided.
Lybarger (1978a,b) has reported data ob-
tained using a set of S.A.V. inserts which
differed slightly in their hole diameters
from those used here. The measured length
of each hole is 4.7mm.

The acoustic effects of vents incorporat-
ing adjustable venting systems are, in prin-
ciple, exactly the same as those discussed
above for uniform bore vents. The data pre-
sented in Figures 23, 24 and 25 were ob-
tained using a parallel vent configuration
incorporating the adjustable venting sys-
tem, as illustrated in Figure 22. It is, of
course, also possible to incorporate these
venting systems into a side branch vent
configuration. Use of a side branch config-
uration, however, will result in a high fre-
quency transmission loss as noted above.

In assessing the effects of adjustable
venting systems, it is necessary to evaluate
a number of factors which do not arise in

considerations of traditional uniform bore
vents. Several of these factors are discussed
below.

Effect of the Vent Bore

As has already been discussed, the mag-
nitude of the low frequency transmission
loss which occurs when a vent is incorpo-
rated into the coupling system is deter-
mined by the impedance of the vent. In the
case of an adjustable vent this impedance is
comprised of the impedance of the vent
bore beyond the insert as well as the impe-
dance of the insert itself. Hence, if the im-
pedance of the insert is to be the dominat-
ing factor, impedance of the vent bore be-
yond the insert must be kept as small as
possible. To accomplish this, the vent bore
should be as short and wide as possible
(Lybarger 1978a).

Figure 23 illustrates the importance of the
dimensions of the vent bore beyond the
insert on the acoustic effect of the adjusta-
ble vent. Here, the data are plotted to show
the levels in the Zwislocki coupler when the
vented earmold was used relative to the
analogous levels observed when an un-
vented earmold was used. In Figures 23, 24,
and 25, the unvented reference condition
was an earmold in which no vent bore was
present (i.e., the vented earmold with the
vent bore plugged laterally was not used as
the reference condition).

The solid line in Figure 23 shows the ef-
fect of a parallel vent incorporatinga P.V.V.
insert (1.57mm diameter) with a vent bore
beyond the insert 15mm in length and
1.3mm in diameter. The dotted line illus-
trates the effect of the vent incorporating
the same P.V.V. insert when the 15mm
vent bore beyond the insert was enlarged to
a diameter of 2.4mm. Observe that al-
though the same P.V.V. insert was used in
both vents, the acoustic effect of these two
vents was clearly very different in terms of
both the low frequency transmission loss at
a given frequency and the location of the
vent-associated resonance. The same ef-
fects can be demonstrated with the S.A.V.
inserts. In general, a longer, narrower vent
bore beyond the insert will result in a lower
frequency location for the vent-associated
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resonances with all inserts. In addition, the
differences observed in the effects obtained
with different inserts will be greater with a
short, wide vent bore than with a long,
narrow one.
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Fig. 23 Acoustic effect of P.V. V. insert #3 in conjunction with a vent
bore beyond the insert 1.3mm in diameter (solid) and with a vent bore
beyond the insert 2.4mm in diameter (dotted). Data are plotted to
show the spectrum measured in the simulated ear canal with each
vented earmold relative to the corresponding spectrum measured with
an unvented earmold.

Effect of the Insert

Figure 24 depicts the acoustic effects of a
parallel vent incorporating each of the
P.V.V. inserts. The vent bore beyond the
insert was 15mm in length and 2.4mm in
diameter. Two findings are immediately
apparent: first, the five inserts did not re-
sult functionally in five different vents. The
five inserts actually produced only two dif-
ferent vents since the two smaller diameter
inserts produced effects which are func-
tionally indistinguishable from each other
as did the three larger diameter inserts.
Lybarger (1978a) reported data obtained
using P.V.V. inserts with a vent bore be-
yond the insert4.6mm in length and 3.0mm
in diameter. With this short, wide vent
bore, the two smaller diameter inserts pro-
duced results which were different from
each other but the three larger diameter
inserts still gave essentially indistinguish-
able results. Second, the range of effects
obtainable from the smallest to the largest
diameter insert is not very great; the fre-
quency of the vent-associated resonance
changed from about 540 Hz with the two
smaller diameter inserts to about 680 Hz
with the three larger diameter inserts. The
low frequency transmission loss for a given
frequency is about 7-8 dB greater for the

large diameter inserts than for the small
diameter inserts. A comparison of Figures
23 and 24 reveals that the effect of changing
the diameter of the vent bore beyond the
insert is potentially much greater than the
effect of changing the hole size in the insert
itself.
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Fig. 24 Acoustic effects of a parallel vent incorporating each of the
P.V.V. inserts. Data are plotted to show the spectrum measured in
the simulated ear canal with each insert relative to the corresponding

spectrum measured with an unvented earmold.

The set of curves in the upper portion of
Figure 25 compares the acoustic effects of a
parallel vent incorporating each of the
S.A.V. inserts. The vent bore beyond the
insert was 13mm in length and 2.5mm in
diameter. The five inserts produced a fairly
evenly spaced set of distinct curves. The
range of the effects across inserts was again
restricted. The frequency of the vent-
associated resonance changed from 480 Hz
with the smallest diameter insert to 650 Hz
with the largest diameter insert; the low
frequency transmission loss at a given fre-
quency was about 10-11 dB greater for the
largest diameter insert than for the smallest
diameter insert.

This set of curves has been extended up-
ward in frequency to reveal the effect in the
ear canal of the quarter wave resonance
which developed in the vent bore when
S.A.V. inserts were used with a wide vent
bore. (This resonance was much smaller or
absent when the vent bore was 1.9mm in
diameter.) The 6.5 dB notch observed at
6500 Hz for the dotted curve appears to be
due to the resonant behavior of the vent
bore beyond the insert. This bore, termi-
nated by the insert, seems to be a quarter
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wave resonator which enters its first reson-
ant mode at 5800 Hz or above (the effective
length of the bore appears to become shor-
ter as the hole in the insert becomes wider).
The reader will recall that the input impe-
dance of the quarter wave resonator is
minimum when it is in a resonant state. At
the resonant frequency, therefore, the vent
bore absorbs some of the energy which
would otherwise be present in the ear canal
resulting in an antiresonant notch in the
spectrum measured in the ear canal relative
to the analogous spectrum measured with
an unvented earmold. As long as hearing
aids do not supply significant functional
gains above about 4 kHz, an antiresonance
at 6 kHz or above is of no practical signifi-
cance. If extended high frequency amplifi-
cation is considered, however, as in Pascoe,
(1975), such an antiresonance may well be
undesirable.
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Fig. 25 Acoustic effects of a parallel vent incorporating each of the
S.A.V. inserts. The set of curves in the upper portion show the
spectrum measured in the simulated ear canal with each vent insert
relative to the corresponding spectrum measured with an unvented
earmold. The curve in the lower portion shows the spectrum mea-
sured when the vent bore was occluded laterally with the “plug”

insert relative to the spectrum measured with an unvented earmold.

Effect of Plugging the Vent
e 25 shows the

The lower curve in Figur
effect of closing the 13.0 x 2.5mm vent bore
laterally using the S.A.V. plug insert. The
data show the spectrum in the Zwislocki
coupler measured with an earmold with a
laterally plugged vent relative to the analo-
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gous spectrum measured with a traditional
unvented earmold. As illustrated, the pre-
sence of the plugged vent results in a signal
level in the ear canal which is about 0.5 dB
lower than that observed with the tradi-
tional earmold. This occurs because the
volume of air in the vent bore increases
slightly the total equivalent volume of the
ear canal/eardrum cavity, thereby decreas-
ing the overall level developed in the cavity
for a given input signal. In addition, the
quarter wave resonance of the vent bore,
which occurs at 5800 Hz, results in an an-
tiresonant notch in the ear canal of 8.0 dB at
that frequency. These data are typical of
results found with laterally plugged vent
bores.

Predicting the Acoustic Effect of Venting

Adjustable venting systems are attractive
to the hearing aid fitter because their ap-
parent flexibility allows the selection of an
optimal venting arrangement for an indi-
vidual on a posteriori basis. (The reader
should recognize from a consideration of
Figures 24 and 25 that the actual flexibility
offered by adjustable venting systems is
usually limited to a range of frequencies
perhaps 200 Hz wide.) This flexibility is an
attractive feature for current venting prac-
tice since it is often difficult or impossible to
select vent parameters (such as: length,
diameter, configuration, damping) a priori
which will, if properly executed by the
earmold laboratory, give the desired acous-
tic result. ,

Attempts have been made to improve the
precision with which vent parameters can
be appropriately selected and specified by
the hearing aid fitter. Lybarger (1978b) has
tabulated the acoustic effects of numerous
vent parameters as a function of frequency
from 200 Hz to 1600 Hz. His data include
effects of vent length from 6.3mm to
22.0mm and diameter from 1.0mm to
3.0mm for uniform bore parallel vents. A
range of length and diameters is also
specified for uniform bore side branch
vents. In addition, he provides data on the
effects of P.V.V. and S.A.V. inserts in
parallel vent configurations in which the
vent bore beyond the insert is varied in



34

length and diameter. (The S.A.V. inserts
used by Lybarger incorporated holes of
slightly different dimensions from those
used to obtain the data in Figure 25.) Refer-
ence to these tables should make it possible
either to predict with reasonable accuracy
the acoustic effect of a vent which is in
hand, or to specify with some precision the
values desired on various vent parameters
in a yet-to-be fabricated earmold.

Another approach to the prediction of
venting effects has been presented by
Studebaker and Cox (1977). They con-
structed a simple, lumped parameter elec-
trical model of the hearing aid-ear canal
coupling system incorporating either a side
branch or parallel vent. The effect of any
vent of known dimension could be pre-
dicted with considerable accuracy using
this model by: (1) calculating the values of
the various inertances and compliances in
the system, (2) transforming these into
analogous electrical quantities, substituting
these quantities into the model, and (3)
measuring the effect on the voltage de-
veloped in the simulated ear canal. Such a
model could conceivably be developed for
clinical use.

Egolf et al (1978) have successfully mod-
eled the hearing aid-ear canal coupling sys-
tem via computer. This approach also may
hold considerable promise for clinical use
as computer technology becomes more
widely available.

Acoustic Effects of Open Earmolds

As mentioned previously, an earmold
vent may be made so large that only a very
small portion of the earmold canal remains
(just enough to retain the sound input tub-
ing in the ear canal). This variety of vented
mold is called an “open” mold. On occa-
sion, even the small remnant of earmold is
omitted and the sound input tubing is al-
lowed to lie freely in the ear canal. The
resulting arrangement is called a
mold” fitting. The acoustic difference be-
tween a no-mold fitting and an otherwise
identical open mold arrangement is minor
except perhaps in the case of a very small
ear canal in which even the small bulk of the
canal portion of the open mold may effec-
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tively occlude the canal.

Open earmolds and no-mold fittings be-
have acoustically as if they are earmolds
with maximally large parallel vents. Figure
26 shows the acoustic effect of one example
of a no-mold fitting. These data were ob-
tained using a subminiature hearing aid re-
ceiver and a typical coupling system incor-
porating 45mm of #13 tubing. These items
were placed on the right ear of a KEMAR
manikin in the position they would occupy
in an over-the-ear hearing aid. The ear
canal/eardrum of the KEMAR was simu-
lated by a Zwislocki coupler. First, the sec-
tion of #13 tubing was bent and extended
into the “‘ear canal” approximately 10mm
(no earmold was used). The receiver was
driven electrically with a broad band, flat
spectrum noise and the sound level de-
veloped at the eardrum position was mea-
sured by the coupler microphone. Second,
a standard (unvented) earmold with a canal
portion extending 10mm into the ear canal
was added to the coupling system. The re-
ceiver was again driven with the same elec-
trical signal and the sound level developed
at the eardrum position was measured. In
Figure 26, the results obtained in the no-
mold condition are plotted relative to the
results obtained in the standard mold con-
dition. The data reveal a pattern which is
characteristic of parallel vents but in which
the low frequency transmission loss is
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Fig. 26 Acoustic effect of one example of a no-mold fitting. Data are
plotted to show the spectrum measured in the simulated ear canal
with the no-mold fitting relative to the corresponding spectrum
measured with an unvented earmold.
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greater and the vent-associated resonance
occurs at a higher frequency than that seen
with more typical vented earmolds. The
low frequency transmission loss in this
example is 10.5 dB at 1 kHz and the vent-
associated resonance occurs at 2.6 kHz.
Comparison of Figure 26 with Figures 19, 24
and 25 clearly reveals that the no-mold fit-
ting results in a much greater attenuation of
low frequency sound level than that seen
with these conventional parallel vents.

Figure 27 compares the ear canal spectra
in the no-mold and standard mold condi-
tions which were used to derive the curve
in Figure 26. This figure reveals even more
clearly the dramatic high frequency em-
phasis imparted to the signal in the ear
canal by a no-mold fitting. Note that the
typical resonant peaks (R1 through R5) re-
main visible in the no-mold response. Their
location is unchanged with the exception of
R5. The R5 peak behaves as if the effective
length of the sound input tubing is slightly
greater in the no-mold fitting at high fre-
quencies. Also note that the vent-
associated resonance, although present (as
shown in Figure 26), is not readily identifi-
able in the no-mold data curve.
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Fig. 27 Spectra measured in the simulated ear canal with a typical
unvented coupling system (solid) and a no-mold coupling system
(dotted).

Effect of Ear Canal Size

Berland (1971) used a probe microphone
to measure the signal present in real ear
canals when a hearing aid was fitted to each
subject’s ear via a no-mold arrangement.
Berland reported that the size of the sub-
ject’s ear canal had an important influence
on the obtained results. Subjects with nar-
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row ear canals (typical dimension: 9 x 5Smm)
did not experience as much low frequency
transmission loss with a no-mold fitting as
did subjects with normal or wide ear canals.
(The KEMAR'’s ear canal is round with a
diameter of 7.5mm.) Berland also reported,
however, that the gain available before
feedback with a no-mold fitting tended to
be greater for individuals with narrow ear
canals. His data indicate that 25-30 dB of
functional gain in the 2-5 kHz range was
often measured in narrow ear canals before
acoustic feedback was observed. In com-
parison, the achievable functional gain in
the 2-5 kHz range was usually 15-20 dB n
normal and wide ear canals.

Effect of Insertion Depth

The depth to which the sound input tub-
ing is inserted into the ear canal has an
effect upon the spectrum observed at the
eardrum. Deeper penetration into the ear
canal necessitates alonger sound input tub-
ing with resultant lower frequency reso-
nant peaks as shown earlier in Figure 4. In
addition, deeper penetration into the ear
canal probably increases the length of the
“vent” portion of the ear canal and de-
creases the “volume’” portion, thus reduc-
ing the low frequency transmission loss
and perhaps changing the frequency of the
vent-associated resonance. Figure 28 dem-
onstrates the result of changing the inser-
tion depth of a no-mold fitting on the
KEMAR manikin. These data were ob-
tained as described for the no-mold condi-
tion in Figure 26. The solid line shows the
spectrum measured at the eardrum posi-
tion with the sound input tubing (standard
#13 tubing) inserted approximately 14mm
into the ear canal. The total length of the
coupling system was 64mm. The dotted
line represents the spectrum measured at
the eardrum position with the sound input
tubing extending only about 3mm into the
ear canal. Thus, the total length of the cou-
pling system was 11lmm shorter (53mm).
Comparison of the two lines indicates that
the low frequency transmission loss was
greater for the 3mm insertion depth than
for the 14mm insertion depth. Addition-
ally, all of the system resonances occured at
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higher frequencies for the system with the
shorter total length (the dotted line). Again,
the vent-associated resonance is not readily

identifiable in these data although it can be
shown to be present.
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Fig. 28 Spectra measured in the simulated ear canal with two no-
mold coupling systems which differ in their total length and in the
depth of insertion of the tubing into the open ear canal.

The net result of decreasing insertion
depth is a general movement of the spec-
trum in the ear canal towards the higher
frequencies. The results shown in Figure 28
are somewhat at variance with those re-
ported by Courtois and Berland (1972) in
which they varied insertion depth by pull-
ing the tube 5mm out of the ear canal (i.e.,
they did not decrease the length of the cou-
pling system to achieve reduction in inser-
tion depth). These investigators reported
some decrease in high frequency levels
with reduced insertion depth which was
not observed in Figure 28 or in other similar
data. As Courtois and Berland (1972) point
out, however, reduction in insertion depth

is not a satisfactory means of increasing the_

low frequency transmission loss. A shallow
tube placement will probably result in a
reduction in available gain because of in-
creased acoustic feedback. In addition,
such a tube will be easily dislodged from
the ear canal.

Effect of Tubing Diameter

The internal diameter of the tubing
which is attached to the earhook of the
hearing aid has an effect on the signal in the
ear canal when a no-mold fitting is used
(Courtois and Berland, 1972; Lybarger,
1978a,b). As discussed earlier, decreasing
the diameter of a section of tubing increases
its inertance and its acoustic impedance.
This change results in a lower output level
into the ear canal than with the wider tube.
In addition, resonances which are sensitive
to the total inertance of the sound input
tubing (R1 and R4) will appear at a lower
frequency for the narrower tubing. These
effects were described previously in con-
nection with Figure 3. The effects in a no-
mold fitting are shown in Figure 29. The
solid line depicts the spectrum measured at
the KEMAR’s eardrum position when a
no-mold fitting incorporating #13 tubing
(I.D. = 1.9mm) was used. The dotted line
represents the analagous specturm mea-
sured with a no-mold fitting incorporating
#16 tubing (I.D. = 1.3mm). The total length
of the sound input tubing was 64mm in
each condition and insertion depth was
about 14mm into the KEMAR'’s ear canal.
The data indicate, as expected, that the sig-
nal level at the eardrum position was lower
for the narrower tubing. In addition, both
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Fig. 29 Spectra measured in the simulated ear canal with two no-
mold coupling systems which differ in the diameter of the sound input
tubing.
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R1 and R4 occur at a lower frequency in the
system incorporating the narrower tubing
(R5 has also shifted downward in its loca-
tion). This movement indicates that the ef-
fective length of the narrower tubing was
2-3mm greater than that of the wide tubing
in this high frequency region. This effect is
possibly related to the loss of the acoustic
transformer action provided by the wider
diameter tubing.

Courtois and Berland (1972) reported
that use of a smaller diameter tubing in a
no-mold fitting frequently results in better
acceptance of the hearing aid by the hearing
impaired individual. Perhaps the explana-
tion for this behavior lies in the movement
of R1 towards lower frequencies when a
narrower tubing is used. As Figure 29 illus-
trates, the shifting of R1 for narrow tubing,
relative to R1 for the wide tubing, results in
a decrease in level of about 10 dB at 1100 Hz.
(However, there may be an increase in level

at lower frequencies.)

Effect of Direct Signal

When an open mold or no-mold fitting is
used, the relatively unobstructed ear canal
entrance offers an opportunity for the sig-
nal to pass directly into the ear canal much
as it would in an unaided ear. As a result,
the signal present in the ear canal at any
instant is a composite of this directly re-
ceived signal and the amplified version of
the same signal which has been routed
through the hearing aid. The portion of the
signal which enters the ear canal directly is
amplified by the normal resonances of the
ear canal and concha. In general these res-
onances supply 10-15 dB of gain in the 2-5
kHz range (Shaw, 1975). In addition, low
frequency energy which would normally be

blocked by an earmold gains access to the
eardrum in the open mold or no-mold fit-

tings. As a result, when a hearing aid is .

coupled to the ear canal using a no-mold
fitting, the signal measured at the eardrum
position consists of three components: (1) a
low frequency, directly received compo-
nent; (2) an amplified component in ap-
proximately the 800-4000 Hz range, and (3)
a high frequency directly received compo-
nent in approximately the 4-6 kHz range

which appears to be comprised mainly of
concha resonances. Figure 30 presents an
example of the signal measured at the
KEMAR'’s eardrum position when a hear-
ing aid was fitted to the KEMAR’s ear with a
standard mold (dotted line) and a no-mold
fitting (solid line). The level of the input
signal at the hearing aid microphone was
approximately 65 dB SPL in both conditions
and the peak gain provided by the hearing
aid (in the no-mold condition) was about
16.0 dB. Comparison of the standard mold
and no-mold results reveals that the ear-
drum level in the no-mold condition was
greater than that in the standard mold con-
dition at very low frequencies (about 200-
600 Hz) and at very high frequencies (about
4-6 kHz). These two regions of energy are
both received directly via the open ear
canal. Within the pass-band of the hearing
aid (about 700-4000 Hz) the eardrum level
in the no-mold condition is lower in the
700-1800 Hz range and higher in the 1800-
4000 Hz range than with the standard
mold. The pattern of these data is typical of
no-mold/open mold fittings although the
details differ with different hearing aids
and ear anatomy. The net effect is to pro-
vide a boost in the middle-high frequency
region while retaining both very high and
low frequency information in an unaltered
state. The major limitation on the use of
open mold/no-mold fittings is the occur-
ence of acoustic feedback at relatively low
gain levels.
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Fig. 30 Spectra measured at the KEMAR's eardrum position with a
hearing aid coupled to the ear canal using a standard, unvented
earmold (dotted) and using a no-mold fitting (solid).
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Cancellation Effects

Within the pass-band of the hearing aid,
when a no-mold fitting is used, amplified
and unamplified (directly received) ver-
sions of the same signal are present in the
ear canal simultaneously. These signals
combine according to their relative level
and phase relationships. Since the process-
ing of the signal by the hearing aid almost
always results in some phase shift, the pos-
sibility exists of cancellation between the
directly received and amplified signals.
Such cancellation does occur and is a more
prominent effect when the hearing aid gain
is at a low setting, thus causing the
amplified signal to be not too different in
level from that of the directly received sig-
nal. The result of this cancellation effect is
demonstrated in Figure 31 (Cox and

Studebaker, 1978). In this figure the dashed

line shows the signal at the KEMAR’s ear-
drum position with the open mold fitted
hearing aid turned off (the directly received
signal). The dotted line demonstrates the
signal at the eardrum position when the
output of the hearing aid has been tape
recorded and played back through a hear-
ing aid receiver thus providing no oppor-
tunity for unamplified signal to enter the
ear canal. The dotted line shows, therefore,
the signal which would be present at the
eardrum position in this open mold fitting if
there was no directly received sound
energy. The solid line represents the signal
at the eardrum position with the hearing
aid turned on. The solid line depicts, there-
fore, the combination of the signals repre-
sented by the dotted and dashed lines and,
hence, represents the signal as it actually
occurs in an open mold fitting. Note that
there are several frequency regions (ap-
proximately 800, 2000 and 3600 Hz) in
which the level of the two signals combined
(the solid line) is actually less than the level
of the signal provided by the hearing aid

alone (the dotted line). This effect is pre- -

sumably due to cancellation between the
amplified and directly-received signals.
The exact location and extent of this cancel-
lation effect in open mold fittings varies
with different hearing aids. It is a curious
phenomenon but is probably of little or no
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Fig. 31 Spectra measured at the KEMAR’s eardrum position with an
open mold fitted hearing aid. The directly received signal is shown by
the dashed line; the amplified signal is shown by the dotted line; and
the combined amplified and directly received signal is shown by the
solid line.

Eractical significance in most hearing aid
ttings.

Unintentional Acoustic Leaks

All of the previous discussion has been
predicated on the assumption that no unin-
tentional acoustic leaks existed around or
through the earmold. Yet, unintentional
acoustic leaks do frequently exist around
the periphery of custom fabricated ear-
molds. A small leak may even be desirable
to prevent excessive air pressure within the
ear canal. Experience has shown that some
measurable amount of acoustic leakage oc-
curs with almost all earmolds, although the
magnitude of the leak varies considerably
across individuals and earmolds.

Limited information is available concern-
ing the magnitude and variability of acous-
tic leaks associated with custom earmolds.
The acoustic impedance of the leak existing
around a standard earmold was measured
and averaged across four subjects by As-
pinall and Morton (1957). Lybarger (1978a)
constructed a simulated earmold incor-
porating a leak with the specified impe-
dance and measured the effect of that leak
on the signal spectrum at the Zwislocki
coupler microphone. The effect of the leak
was similar to that expected of a long, small
diameter, parallel vent: the low frequency
transmission loss was about 1.5 dB at
200 Hz and the ““vent-associated reso-
nance” reached a maximum level of about
1.0 dB greater than that of the “unvented”
(i.e., no leakage) condition at about 500 Hz.
Hence, the presence of this “average’ leak
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had no significant effect (from a practical
point of view) on the spectrum measured in
the ear canal when a standard earmold was
used.

On the other hand, when a vented ear-
mold is used, the effect of a small uninten-
tional leak can be quite significant. This is
demonstrated in Figure 32 (Cox and
Studebaker, 1978). This figure contains two
sets of curves: the upper set shows spectra
measured in a real ear canal (using a probe
microphone) with a coupling system con-
sisting of a subminiature hearing aid re-
ceiver, a short length of tubing and a stan-
dard earmold; the lower set of curves pre-
sents analogous spectra measured with the
same earmold now incorporating a parallel
vent. In each set, the dotted line shows the
spectrum measured with the earmold worn
normally (no particular efforts were made
to prevent acoustic leakage), and the solid
line shows the spectrum measured after
considerable efforts had been made to pre-
vent acoustic leaks.
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Fig. 32 Spectra measured in a real ear canal with an earmold incor-
porating a “'typical” leak (dotted) and with a maximally sealed ear-
mold (solid). The upper curves show the data for an unvented ear-
mold. The lower curves show the data for a parallel-vented earmold.

Comparison of the two upper curves in-
dicates that the acoustic leakage displayed
by the standard earmold was similar in ef-
fect to that described earlier for an ““aver-

age’”’ leak — amounting to a 1 dB reduction
in level at 200 Hz. In contrast, comparison
of the two lower curves reveals a relatively
large effect below about 1 kHz which is
attributable to the presence of the acoustic
leak: the height of the vent-associated res-
onance at 400 Hz is reduced 6 dB by the
presence of a leak which, by itself, has no
effect at 400 Hz.

Work with electrical models of hearing
aid-ear canal coupling systems has indi-
cated that the earmold acoustic leak con-
sists of an inertance in series with a large
resistance. The presence of this large resis-
tance results in a vent-associated resonance
of greatly decreased amplitude and some-
what increased frequency.

Since many vented earmolds also allow
some unintentional acoustic leakage
around their periphery, it seems likely that
the Helmholtz resonance which would
normally be produced by the combination
of the vent bore and the equivalent volume
of the ear canal/eardrum (the vent-
associated resonance) will be greatly de-.
creased in these ear canals due to the effect
of the unintentional leak. The magnitude of
the vent-associated resonance appearing in
the ear canal is inversely proportional to the
magnitude of the unintentional acoustic
leakage around the earmold.

Several investigations relative to the
acoustic effects of vented or open earmolds
in real ears have shown the vent-associated
resonance to be absent from the real ear
data, but present in the coupler data
(Studebaker and Zachman, 1970; Preves,
1977: Studebaker, Cox and Wark, 1978).
Other studies have revealed a measurable
vent-associated resonance in real ear canals
(McDonald and Studebaker, 190;
Studebaker and Cox, 1977). Cox and
Studebaker (1977) have shown that when
the unintentional acoustic leakage from
vented earmolds is eliminated, the vent-
associated resonance and the low fre-
quency transmission loss measured in real
ear canals is very similar to that seen in an
ear simulator coupler such as the Zwislocki
coupler.

Occasionally the use of an earmold vent
has been recommended to provide en-
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hancement of low frequency output
(Lybarger 1967, and 1978a; Goldberg,
1977). This recommendation is intended to
take advantage of the vent-associated reso-
nance since it often results in a relative in-
crease in level in the resonance region over
the unvented response. As Figure 32
reveals, the height of this resonance is re-
duced by the presence of any unintentional
leakage around the earmold. As a result,
enhancement of low frequency levels will
occur in a vented earmold fitting only if the
earmold allows no significant acoustic leak-
age around its periphery.

Acoustic Feedback

When acoustic leakage occurs around or
through an earmold, some proportion of
the hearing aid’s output is radiated back
into the outside air adjacent to the earmold.
Some of this radiated signal reaches the
microphone of the hearing aid, thus com-
pleting a feedback loop from output to in-
put. When the proportion of the hearing
aid’s output being fed back to the hearing
aid’s microphone is equal to the gain of the
hearing aid at that frequency, and is in
phase with the input, an audible squeal
(oscillation) known as ““feedback’” will oc-
cur. The appearance of audible oscillation
due to acoustic feedback imposes an abso-
lute limit on the gain available with any
given hearing aid/earmold combination.

Effect on Frequency Response

Even when the conditions necessary to
produce audible ““feedback’” do not exist, a
fraction of the hearing aid’s output is often
fed back to the hearing aid microphone
after transversing one or more acoustic
leakage pathways. This ‘“sub-audible”
acoustic feedback combines with the signal
which is being presented to the hearing aid
from an external source resulting in a
change in the spectrum of the signal being
presented to the hearing aid. This changein
the input spectrum is reflected in a change
in the frequency response of the hearing
aid’s output into the ear canal. The manner
in which sub-audible acoustic feedback
changes the input to the hearing aid is illus-
trated in Figure 33 (Cox, 1978). This figure

illustrates the s of the signal being
presented to the microphone of the hearing
aid when no feedback was present (dotted
line) and when sub-audible feedback was
present (solid line). In each condition, the
same external signal was being presented
to the hearing aid from a nearby
loudspeaker. The data show that when
acoustic feedback from the hearing aid was
present, the spectrum of the signal being
presented to the hearing aid’s microphone
became much less flat, with several sizable
peaks and dips developing as a result of the
combination of external signal and fed-back

signal.
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Fig. 33 Spectrum of a signal at the microphone of a hearing aid when

no feedback was present (dotted) and when a relatively high level of

sub-audible feedback was present (solid).

The introduction of a vent into an ear-
mold (or use of an open/no-mold fitting)
serves to increase the level of acoustic feed-
back by providing a low impedance feed-
back pathway. As a result, a potential
side-effect of using a vented or open ear-
mold is an increased irregularity (greater
peak to dip ratio) in the hearing aid’s output
spectrum due to the effects of sub-audible
acoustic feedback. The effects of acoustic
feedback are superimposed on the effects of
the vent. Figure 34 presents an example of
the combined effects of sub-audible acous-
tic feedback and a side branch vent on the
frequency response of a hearing aid mea-
sured at the eardrum position of a KEMAR
manikin. The dotted line is the frequency
response of the hearing aid when coupled
to the KEMAR’s ear canal using an un-
vented earmold. The solid line shows the
frequency response of the same hearing aid
at the same gain setting when coupled to
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the KEMAR’s ear canal using a side branch
vented earmold. The gain setting of the
hearing aid was only a few decibels below
the level required to produce audible feed-
back in the vented condition. The reader
will recall that a side branch vent (in the
absence of acoustic feedback) produces a
low frequency transmission loss, a possible
vent-associated resonance, and a high fre-
quency transmission loss of variable extent.
In the example shown in Figure 34, a small
vent-associated resonance is seen at ap-
proximately 520 Hz. The low frequency
transmission loss associated with the vent
is quite irrelevant in this case since the hear-
ing aid itself provides little amplification for
the low frequencies which would normally
be reduced as a result of the presence of the
vent. The high frequency transmission loss
relative to the unvented mold result is ap-
parent, beginning at 600 Hz. In addition to
these effects, peaks can be seen in the vent-
ed mold response at 2200 Hz and 3600 Hz.
These peaks are attributable to the effects of
sub-audible acoustic feedback. It is charac-
teristic of side branch vents to result in high
frequency ‘““feedback peaks” (above ap-
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Fig. 34 Frequency response of a hearing aid with a coupling
incorporating a standard, unvented earmold (dotted) and with a
coupling system incorporating a side branch vented earmold com-
bined with sub-audible acoustic feedback (solid).

system

proximately 2 kHz), whereas parallel ear-
mold vents (and open/no-molds) typically
produce the greatest sub-audible feedback
effects in the mid-frequency range (approx-
imately 1-3 kHz). In Figure 34, the side
branch vent resulted in substantially re-
duced gain and increased response irregu-
larity instead of producing the anticipated
low frequency transmission loss. This is
clearly an undesirable outcome. It should
be noted that the peaks and dips in the
frequency response which are produced by
acoustic feedback are maximum when the
gain of the hearing aid is set, as it was for
these data, at a level just below that needed
to produce audible acoustic feedback. If the
hearing aid (closed loop) gain is set at alevel
10 dB or more below that level which pro-
duces audible feedback, these peaks and
dips are small (less than a few dB) or absent.

Effect on Available Gain

Audible acoustic feedback is the limiting
factor in determining the gain which can be
used in many hearing aid fittings, particu-
larly those involving vented, open or no-
mold coupling systems. It has been
suggested that the threshold for audible
feedback in a hearing aid/earmold combi-
nation might be affected by the location of
the hearing aid’s microphone (Grover and
Martin, 1974), or by the configuration of the
earmold vent (Johansen, 1975; Studebaker
and Cox, 1977). The possible effects of these
factors were investigated by Cox (1978)
using one parallel and one side branch
vent, matched in terms of the low fre-
quency transmission losses they produced
(the high frequency effects of the two vents
were characteristic of the two configura-
tions). Four hearing aids were used, two
with front-facing microphones and two
with rear (downward-facing) micro-
phones. For each hearing aid/earmold
combination the maximum overall (closed
loop) gain obtainable before audible feed-
back occurred was measured by subtracting
the overall SPL at the input to the hearing
aid from the overall SPL measured at the
KEMAR's eardrum position. (This method
of measuring gain produces results which
may be quite different from standard,



42 Cox

three-frequency averaging methods.) The
results, shown in Figure 35, indicate that
location of the hearing aid’s microphone
had a negligible effect on available
maximum gain, whereas vent configura-
tion seemed to exercise a considerable ef-
fect, with the parallel vent allowing 15 dB
more overall gain than the side branch
vent. These results are consistent with
those reported by Grover and Martin (1974)

and Johansen (1975). -

microphone

front rear
parallel 49.5 46.0 X=a7 7
vent 47.5 48.0 '
side-branch 31.0 31.0 %=32.6
vent 34.0 34.5 ]
X=40.5 X=39.9

Fig. 35 Overall closed-loop gain (dB) for two hearing aid microphone
positions and two vent configurations.

FINAL COMMENTS

As indicated in the introduction, this dis-
cussion has focused on the acoustic aspects
of the hearing aid-ear canal coupling sys-
tem which are accessible to the hearing aid
fitter and may be potentially manipulated
to achieve the optimal output. Although
general agreement has yet to be reached
concerning the frequency-gain characteris-
tic which is optimal in a hearing aid fitting,
there is consensus that high frequency in-
formation is necessary for good speech in-
telligibility and that low frequency energy,
while it provides a pleasing psycho-
acoustic quality, should not be too great if
maximum speech intelligibility is to be
achieved.

A sizable body of knowledge has ac-
cumulated about the acoustic behavior of
hearing aid-ear canal coupling systems. It
seems apparent that the typical, three sec-

tion coupling system may not be the best -

one to use in many cases since it tends to
de-emphasize the high frequency content
of the signal. It is hoped that the reader will
be able to utilize the information presented
here to modify the system’s output in the
desired direction.

APPENDIX

The presence of the small side-branch
orifice in the earhook introduces an impe-
dance discontinuity at that location which
probably divides the 75mm coupling sys-
tem into two effective lengths of approxi-
mately 10mm and 65mm. The impedance
discontinuity probably appears as a low
impedance termination to each section of
tubing. Calculations indicate that the pre-
sence of the side branch results in a reduc-
tion in the inertance of the tubing system by
a factor of .54. These considerations would
lead to the following predictions: (1) reso-
nant peaks which are sensitive to tubing
inertance should migrate upward by ap-
proximately 35%; (2) half wave resonances
of the longer section of tubing should ap-
pear at the output and the quarter wave
resonances characteristic of the typical sys-
tem output should disappear. The data
shown in Figure 5 only partially support
this interpretation.
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