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L. INTRODUCTION

This report discusses the fabrication and acoustical evaluation of (j
the Zwislocki Tusert Earphone Coupler (Zwislocki, 1970, 1971).  The

evaluation is based on the use of insert and "button' type earphones

used with a standard earmold. While the entire coupler can be used for
calibration of circum- and supra-aural earphones, this application was

not within the $cope of the sudy. The coupler has been proposed for

calibration of either vented or "high~frequency emphasis" earmoids (open

canal earmolds). The evaluation for this mode of operation will be the

subject of another report, "

The Zwislocki coupler was designed to approximate for earphone cali-
bration purposes the dimensional and acoustic characteristics of the average
human ear. As such, the coupler has a simplified concha and ear canal. The
concha and part of the ear canal can be removed leaving a bottom portion
(the insert earphone coupler) which simulates the ear canal between an ear-
mold tip and eardrum (Fig. 1). The eardrum impedance is simulated by four
"resonator" branches, designated RL, R2, R3, and R4, FEach branch consists
of a tube leading from the "canal” to a cavity and three of them contain
combinations of Feltmeral discs and spacer washers to increase damping.

A 1/2" condenser microphone™™ is threaded into the bottom of the coupler
to sense pressure at the effective eardrum,

The report begins with a discussion of the coupler fabrication. Next,
a comparison of the Zwislocki coupler, a sample of 11 human ears, and the
2cc coupler is made using the criteria of insert earphone. pressure response,
Then, an evaluation is presented in terms of "eardrum! impedance and earphona <:
response variability. ‘

In addition to an evaluation of the Zwislocki coupler, several modifi-
cations ‘in design are suggested, including increase of resistance in one
branch and incorporation of a capillary tube for static pressure release,
In an effort to reduce earphone response variability, a recommendation is given
to specify measured branch resistance values rather than combinations of
sintered metal discs and spacer washers for use in the branch cavities. The
effect of deviations from preferred resistance values on earphone ré5ponse is
given, and a simple method is described to measure acoustic resistance of the
coupler branches in situ.

2. COUPLER CONSTRUCTION

2.1 General Considerations

Six Zwislocki couplers were fabricated of brass using the con-
struction drawing from Zwislocki (1971, p. 40). Required tooling included
special drills for each branch and various punches for the sintered metal
disc and washer assemblies used in branches R2, 3, and R4. The coupler bodv
was machined into the form of a rectangular block. This shape provided well
defined reference planes for further machine operations, All critical di-
mensions were held to within F0.001'" as specified by Zwislocki (1971).  The
drawvings were quite’complete, with the exception noted in the next paragraph,

“Feltmetal, a brand of sintered metal, is a trademark of Huyck Corporation, C:?-
Milford, Conn. ~
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2.2 Damping Disc Assemblies

Branches R2, R3, and R4 employ combinations of sintered metal discs
and branch cavity entrance holes. No diameters of the discs were given in
the construction drawing (2wislocki, 1971), the only instruction being,
"Press into place and avoid compressing Feltmetal discs''; ‘The original
punched discs, as fabricated for this evaluation, were several thousandths
of an inch undersized relative to the cavity diameters, to avoid compressing
the discs in a loading operation. However, Mr. Klock of Zwislocki's labora-
tory indicated it was their intent that the discs be slightly oversized.
Suitable disc diameter size relative to cavity diameter is +0.0005, -0.0000".
These discs were punched and then inserted in their cavities with a piece
of plastic tubing, pressure being applied only along the edges of the discs,

2,3 Tooling Variations

If the coupler is to be duplicated in individual laboratories,
attention should be given to tooling requirements. Inherent tooling precision
limits provide a source of uncontrolled coupler dimensional variation.

3. - ACOUSTICAL EVALUATICON
3.1 Coupler - Real Ear Earphone Response

Sound pressure measured in 11 human ears and converted to eardrum
pressure was .compared to that measured in a 2cc coupler cavity (ANSI 53.3-1980)
and the Zwislocki insert earphone coupnler under identical exciration conditions.
The results of these measurements (Sachs and Burkhard, 1971) are summarized in
Fig. 2. While the earphone response using the 2cc coupler differs noticeably
from that in the real ear, the response using the Zwislocki coupler matches rhe
mean response of ears within 2 dB up to 7.0 Kiz. The Zwislocki coupler, as
originally constructed, produced a response curve with some irregularity in
the 600 to 1000 Hz region. = This irregularity resulted from low acoustic re-
sistance in branch Rl. When the resistance was increased, as will be discussed
in section 4.2, there was closer agreement between ear and coupler responses
in this frequency range. )

3.2 Coupler - Real Ear Impedance

A Zwislocki acoustic bridge was used to evaluare the "eardrum'
impedance of one of the six Zwislocki couplers (XD-960-S1). Figs. 3 and &
show impedance measurements Ffor this coupler and a coupler constructed in
Zwislocki's laboratory (LSC-MKV), and the median eardrum impedance of 22 sub-
jects, 10 male and 12 female (Zwislocki, 1971, pp. 13-15). All medsurements
wvere performed in the laboratory of Sensory Communication on the same acoustic
bridge, Coupler XD-960-51 was made with slightly undersized damping discs
in branch R2, R3 and R4, to avoid compressing these discs during the loading
operation. The impedance of this first attempt at coupler duplication is shown
as squares and the impedance of the same coupler loaded with the preferred
oversized discs as triangles. The principal effects of increasing disc
diameter are: (1) ah increasc in resistance at most frequencies (Fig., &)
and (2) a decrease in the frequency of zero reactance from 4700 'z to
4200 liz (Fig. 3). Note that the LSC-MRV coupler exhibits zero reactance at



an even ‘lower frequency (3700 Hz) and the real ear median crosses at a

lower frequency still (3000 Hz). A match of the frequency of zero reactance
between coupler and ear is considered by Prof. Zwislocki to be an important
parameter for coupler acceptability. At 2500 Hz and below the reactance (T
of the couplers XD-960-S1 and LSC-MKV match the ear reactance equally well.

3.3 Earphone Response Sensitivity to Disc Placement

Using-a single insert earphone, response repeatability was
examined on a second coupler, XD-960-S2. Repeatability was tested by re-
pPlacing the Feltmetal material in branches R2, R3, and R4 with new discs,
The ‘range of responses encountered is indicated in Fig. 5. There is a
2 dB spread in fesponse around 1200 Hz and around 4 KHz.  Above 5 KHz, where
the earphone response is no longer controlled by the impedance of the side
branches, the variations are much smaller.

regions was a result of resistance variations in branches R2, R3, and R4,
Specifically, the variations were attributed to disc location uncertainty
in the cavities and/or lack Of resistance uniformity in the Feltmetal material,

4, MODIFICATIONS
4.1 General Construction

It is recommended that the outside surface of the coupler body
be machined into the form of a rectangular block before branch cavities
are drilled. ‘This shape, shown by dashed lines in Fig, 1, provides well
defined reference planes for further machining operations, in addition to (;
leaving more threads in the branch cavities of the coupler body in which the
branch screw plugs are inserted. Acoustical performance ig unaffected by
this modification.

4,2 Branch R1 Damping Change

It is recommended that the damping in Branch R1 be increased by
narrowing and shortening the entrance tube. TFig. 6 shows the revised design,
The portion of the Rl entrance tube contained in the main coupler body remains
unaltered. With this change, the original design value of 750 Ccgs acoustic
ohms is increased to about 1200 ohms. Comparison of pressure response measura-
ments, on a number of real ears and the Zwislocki coupler, demonstrated that
the larger resistance is required for a better match,  Fig. 2 shows the effect
on earphone response of modifying branch RI, :

4.3 Pressure Equalization and Earmold Leak

The Zwislocki insert earphone coupler, as designed, does not
provide for static pressure equalization. It ig fecommended that the coupler
body ‘incorporate a high resistance lealk using the technique described in
ANST-724.9-1949., A 0.024" diameter hole should be drilled along a diagonal
of the recommended rectangular shaped body resulting in a hole 0.4" long (see
Fig. 1). A 0.020" Bent wire should be insertod into this hole. Because of

r—
R



extreme variability in earmold fit, it is recommendéd that an intentional ’
acoustic leak to simulate the leak between an insert earmold and ‘the human

ear caunal, should not be incorporated, Rather, the coupler should simulate
the conditions of the best (i.e., "perfect") acoustic fit in earmolds, Any
desired leak may then be introduced to study the effect of such a leak.

4.4 Branch Yole Centering

The original design (Zwisldcki, 1971) specified branch holes
located off~center relative to the branch cavities axes to keep these holes
as close to the 1/2" microphone diaphragm as practical. From discussions
with Prof. Zwislocki, it was concluded that a coupler employing branch holes
that are centered on the axis of each branch cavity would simplify and
improve uniformity in machining operations and, at the same time, might not
alter the acoustic characteristics, Some evaluation of this alternative
design has been carried out, but more data are needed before it can be
specified,

4.5 Acoustic Resistance Specification

Since much of the earphone respounse variability is due to variations
in branch resistances, it is desirable to specify preferred resistance values
in the. finished coupler rather than simply the number of discs and washers
required. Such a specification would enable any laboratory ‘to use whatever
branch or type of damping element that would yield these resistances (assuming,
of course, that the total branch inertance and compliance are not altered),

It should be recalled that the design parameters were tentatively
derived from an electrical network analog (Zwislocki, 1971, p. 72). The
final specification of discs and washers was empirically adjusted to provide
a '"best fit" to eardrum impedance and ear canal pressure distribution. - The
following table lists resistance values for each branch. These values, as
measured on coupler XD-960-S2, were chosen so that the coupler gave a best
match to the mean human ear as judged by ‘earphone response measurements,

Branch Resistance
R1 Original 750 ohms
Modified 1200 ohms

R2 650 ohms
R3 970 ohms
R4 340 ohms

The effect on response of varying the branch resistance around
their preferred value was studied with an electric analog. The reason
for investigating this resistance variation follows from observations in
Figs. 7 through 10, They show the effect of changing the damping disc
and washer combinat®ons in branches R1 through R4, respectively, “As an
example, when the R2 branch resistance (Fig. 8) is changed according to the
disc and washer loading shown, the greatest change .in -the earphone response
curve occurs at frequencies below the resonance frequency fn. No discs in
branch R2 produces curve B with a response deviation of =2,6 dB at 1400 1z,

-



showing the effect of too little resistance. Two discs and -one washer in

RZ, as in curve ¢, produces a maximum deviation of about +0.7 dB at 1200 1z,
showing the effect of too much resistance. The maximum deviation in ear- (j
phone response from nominal value (regardless of frequency) was measured in

& network analog (Fig. 11),

It can be seen that the accuracy of the earphone response is ’
directly related to the precision of the resistance in the branches. For
example, Fig. 11 shows that a 207 deviation in the resistance of branch R2
causes as much as a 0.4 dB change in earphone response. -Accurate branch
resistance of the material, as well as the size, location, and shape of
the discs should be well controlled. When Feltmetal discs were ‘replaced
with new ones in branch R2 (the only criterion being the proper number of
discs and washers), resistance was sometimes as much as two times the
nominal (650 ohms) value,

A means for deciding if the coupler is damped correcti within
o by
predetermined tolerance limits for earvhone response is desirable.  The
plots of response variation vs, branch resistance in Fig. 11, together with
the technique of measuring branch acoustic resistance in situ, given in
section 5, provide the basis for determining the resistance characteristics
of the coupler quantitatively,

4,6  Earphone Adapters for Zwislocki Coupler

A set of four adapters that are threaded on to the Zwislocki
insert earphone coupler were designed and constructed. These adapters are B
for use with button type and regular insert type earphones, or with regular <;
earmolds, and simulate HA-1, HA-2, and HA-3 Lype connections, Prawinegs for
these adapters, designated XD-951, 952, 953 and 961, are given in Figs, 12
through-15,

5. ACOUSTIC RESISTANCE MEASUREMENT
Several methods exist for measuring the amount of resistance in each

branch. One method is given below, based on the following low frequency
analog of the central or main cavity and one branch of the coupler:

H i Cv —é Ly
6 [ ___t Rp
- T

Ch

$
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An earphone with low effecrive compliance and good low frequency response

is used to excite the coupler. Cy and Cs are the low frequency compliance of
the main coupler cavity and the earphone, respectively, Rp is the branch re-
sistance, Lp is the branch inertance, and Cp is .the branch compliance, Two
measurements are performed. for each branch:

Measurement #1-

Seal off all four resonators from the main cavity ‘and produce a
response curve.

Measurement #2:

Seal off all resonators except the branch "b". Remove the screw-

on cap making Cp = o and exposing the branch resistance, Ry, and the
inertance, L1y, to the atmosphere., The Feltmetal disc assembly must
still be held in its normal position. Record a second response curve
on the same chart paper.

The two response curves cross at a frequency, f1, independent of
resistance, given by

The maximum difference, DBmax, at a frequency above f1 is noted which is
simply related to anleCV. For convenience, the conversion function is
plotted in Fig. 16. Rb can then be computed from the values read from
Fig. 16, and the value Cy computed from cavity dimensions.

An example of the measurement is shown in Fig. 17, for branch R2,
using three combinations of "Feltmetal" discs. All curves pass through the
common frequency fi = 550 Hz. Calculation of branch resistance for the
three conditions and Cy corresponding to 0,47 cc is as follows:

Curve - DBlax anleCv ‘ Rp
B 1.9 1.1 950 ohms
C 4.5 0.56 480 ohms
D 8.0 0.31 -~ 270 ohms

An easy method of sealing off the resonators is to insert a. thin sleeve
into the cavity whose outside diameter closely matches inside diameter of the
main coupler cavity., Fig. 18 shows a design for the sleeve. A large notch
on one end enables the sleeve to be placed so that any ‘one branch entrance
hole is exposed for measurement {2 by rotating the sleeve. If the slecve is
replaced up side down in the coupler, all branches are sealed for measure-
ment #1. With the slecve in place, the net volume for the main cavity is
0.47 cc. This technique of sealing off branches enables each branch Feltmetal
disc assembly resistance to. be evaluated ”iﬂ‘ﬁiﬁin and to remain untouched
after the measurement is completed.

At first glance, one would think that Lp, the branch inertance, can



also be obtained from this method knowing f1 and Cv; A word of caution:
The Ly, so measured includes the inertance produced by the open ended

branch cavity, This extra inertance can be quite significant; in fact,
it is about equal to the normal branch inertance in the fourth branch.

6.  SUMMARY

Six Zwislocki earphomne couplers were fabricated according to the
construction drawing in Zwislocki (1971). After some initial experimen-
tation and discussion with Prof. Zwislocki, it was determined that the
damping disc diameters in three of the four coupler branch elements should ™
be slightly oversized compared to the cavity diameters in which they are
inserted to provide an interference fit without disc deformation. An
evaluation of the coupler's acoustic "eardrum' impedance showed it was in
fair agreement with published impedance curves (Zwislocki, 1971, pp. 13-15).
The insert earphone response -on the Zwislocki coupler agreed with that
on the mean (N = 11) human ear within +2 dB up to 7 KHz. Earphone response
variability depends critically on the damping constants of the coupling
branches. This variation 1s approximately 2 dB (total spread) in the vicinity
of 1200 Hz and 4000 Hz. This degree of uncertainty may be acceptable in
areas of research where a device that simulates the car is needed, - The
variability, however, is larger than would be acceptable for an acoustical
standard,

Several minor modifications appear to be desirable, First, the
damping should be increased in branch R1 to obtain earphone responses
on the coupler which more closely match those on the average human ear,
This change will have relatively small effect on the complete coupler's
performance for supra- and circum-aural ‘and other full ear earphone cali-
brations. Second, it is recommended that a high resistance static pressure
equalization "leak!" be employed in the coupler body.

Lf the uncertainty of earphone response determination is to be reduced
below the range of 2 dB, actual branch resistance values need to be measured
and adjusted in situ, A parametric study of resistance changes in a circuit
analog of the Zwislocki coupler showed that a 207 change in one branch re-
sistance could cause as much as a 0.4 dB change in earphone response. Acoustic
resistance of each branch in situ can be measured with response plotting
instruments.
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8. “APPENDIX: EARPHONE RESTONSE CURVES
Response curves are attached to this report to show the effects of (j
the 2cc and Zwislocki couplers on typical hearing aid type -earphones, ' The
earphones shown are as follows:

Knowles Electronics BK-1615 Figs, A-2, A-3

Knowles Electronics BP-1712 Figs. A-4, A-5

Audivox 9-C _ . Figs. A-6, A-7
Oticon CF-D-8 Figs. A-8, A-9

All earphones were driven by both constant current and constant
voltage. Each earphone was attached to the coupler cavities in two of
three ways, as shown in Fig. A-1. The condition where the earphone was
connected directly to the cavity with no intervening tube is designated
HA-3, 0 mm, and this condition was used with all earphenes. The button
type earphone (Audivox 9-C and Oticon CF-D-8) also employed the HA-2 con-
dition, in which an 18mm long x 3mm diameter tube is inserted between ear-
phone and cavity, Finally, the insert earphones (Knowles Electronics BK-1615
and BP-1712) were connected to the ‘coupler cavity by a series of threa tubes:
HA-2 plus 25mm of 2mm diameter plus 32mm of 1.5mm diameter. TIn this last
method .of attachment, the effect is shown of adding a damping element (770 cgs
acoustic ohms) in . the acoustiec transmission path, at the junction of the 3mm
and 2mm diameter tubes.

In all of these response curves, the increased pressure in the Zwislocki (&
coupler, relative to that in the 2cc coupler, is evident. At low frequencies,
the pressure difference is principally due to the total volume difference,
the Zwislocki coupler containing 1,2cc. As frequency increases, the effective
volume of the Zwislocki coupler decreases, providing a further increase in
the pressure difference between the two couplers. Small differences in the
frequency and "Q" of resonance peaks also appear when the responses on the
two couplers are compared.

Frequency shifts of the response peaks are 2.5% with the BP-1712 on
the long tube connection (Fig. A-5) and 87 with the Audivox 9-C on an HA-2
coupler (Fig. A-7). At the frequency of resonance, . the impedance of the
source (looking into the earphone tube from the coupler) is no longer high
relative to the coupler,  This peak frequency is determined principally by
the source inertance and the series combination of source and coupler com-
pliance.  Since the coupler compliance 1is smaller with the Zwislocki coupler,
the resonance frequency will, in general, be higher, as observed.

For the BP-1712 ‘with tube, the Q of the lowest resonance peak is 6.0
on the 2cc coupler and 4.3 on the Zwislocki coupler (Fig. A-5), Similarly
reduced Q's are evident in the BK-1615 and Audivox 9-C response curves,
The Q of these peaks is inversely proportional to both the total resistance
(including the source arnd series equivalent coupler resistance) and the com-
bined source and coupler compliance, The Q decreases apparent in the re-
sponses . on the Zwislocki coupler relative to the 2ce coupler are predicted

P
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quite well by the added ‘equivalent series resistance and reduction ‘in
compliance of the Zwislocki coupler. When .the damper is present in the
Knowles Electronics earphone ‘tubing (Fig. A-3, A-5), the Q is further
reduced as. discussed in Knowles Electronics Technical Bulletin E-6,

-10-
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Figure A-1
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