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Impulse Response Measurement of Individual Ear Canals
and Impedances at the Eardrum in Man
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Impulse of vidual
Ear Canals and Impedances at the Eardrum

in Man

Summary

The impulse response measurement 1s a simple method

Zur praktischen Uberprufnng dieser Methode wurden
elruge Mes-

wc]che her Ergebnisse
llefem Auch stimmen die Impedamzwenc gut mit der

1o determine in onc step (I) the i
tional area function of human ear canals and (II) the
plane-wave termination impedance at the eardrum
for a frequency range of 1- 20 kHz.

iiberein, die berechnet wurde.

Des weiteren wird iiber Einzelergebnisse der Messung
am hen fiir acht Personen berichtet. Wenn deren
i i mit Hlll'e der Achti Fla-
in eine trans-

formiert wurden, konnten die Abweichungen zwischen
stark werden ver-

Firstly we give the and solu-
tion for the “inverse problem™ of calculating an arbi-
trary area function from its impulse response. To ex-
amine this method in practice some test measurements
were petformed with custom-made brass tubes which

glichen mit der Annahme eines Rohres konstanten Quer-
schnitts. Die Referenzebene fiir die gewihlte AbschluBim-
pedanz liegt 5 mm vor dem Gehorgang und in der Nahe
des Anfangs des geneigten Tmmmell‘clls Die erzielten

immen mit Daten und Litera-

yield excellent results. Also the i values
match well to the horn impedance which could be
calculated analytically.

Individual results from the measurement of hu-
mans are reported for 8 subjects. When their imped-
ances were transformed to a common reference plane
by means of the actual area functions, the deviations
between individual subjects were slgmf camly re-
duced to the
The reference plane of the chosen termination imped-
ance is S mm in front of the ear canal end quite near
the bcgmnmg of the mclmcd eardnun. The achieved
results arc in ical data and

turwerten der Trommelfellimpedanz iiberein.

Mesure de la réponse impulsionnelle du conduit
auditif et de Pimpédance au tympan chez Phomme
Sommaire
La mesure de la réponse impulsionnelle est une technique
simple pour déterminer a la fois (I) le profil individuel de
section du conduit auditif et (II) I'impédance en onde
plane & 'emplacement du tympan pour une bande de
fréquences allant de 1 4 20 kHz.

Tout d‘abord nous donnons la solution théorique et

published values of the eardrum impedance.

Messung der Impulsantwort individueller
Gehorginge und Ifellimped

beim Menschen

Zusammenfassung
Die Mcssung der lmpulsamwon ist eine em[ache M:tho—
de zur () der i

i ion des i Gehé: und
(Il}der A an der Stelle des

in einem Frequenzbereich von 1-20 kHz.
Zuerst wird die theoretische und numerische Losung
{ur das i inverse walem der Berechnung einer beliebigen
aus der

inverse» qui consiste 4 détermi-
ner un proﬁl de section arbitraire & partir de la réponse
impulsionnelle. Pour tester la validité de la méthode,
nous avons procédé & des mesures sur des tuyaux de
cuivre construits i cet effet; les résultats sont excellents.
Les valeurs d'impédance coincident bien aussi avec celles
d'un pavillon, que I'on peut déterminer analytiquement.
Des mesures sur oreilles humaines ont été faites avec le
concours de huit sujets. Lorsque 'on raméne leurs impé-
dances d’entrée 4 un plan de référence commun en utili-
sant le profil de section réel, la dispersion interindividu-
elle se trouve sensiblement réduite par comparaison avec
Ies calculs effectués en supposant le conduit de section
constante. Le plan de référence choisi est 4 5mm du
fond auditif, tout prés du bord externe du tympan. Les
résultats obtenus sont en accord avec les données anato-
miques et les valeurs publiées d’impédance du tympan.
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L. Introduction

While data of imped: ex-
ist for the eardrum in the low frequency range, only
limited and contradictory data are available above
4kHz [1-4]. Obviously, high frequency measure-
ments demand more sophisticated test equipment and
some theoretical i mvcsugauons on the effects of acous-
tic wave pr The low

tions of the ear canal - lumped acoustical element or
uniform tube — do not hold when the wavelengths
become comparable to the geometrical dimensions.
For the 4/4 criterion, the equivalent frequency would
be 12 kHz but a severe degradation in measurement
reliability must be expected down to a few kHz. The
problem may be minimized in experiments with ani-
mals by cutting the ear canal short to realize a micro-
phone position just in front of the eardrum. However,
for the in vivo measurements of humans this method
cannot be applied and thus we must determine the
impact of ear canals on the impedance determinations
on an individual base.

This treatment can be achieved by knowing both
the impedance at some reference point and the ear
canal area function of individual ears [5]. When we
neglect the spanal extent of the eardrum and its vibra-

b N

T en2e

Fig. 1. The principle idea for determining the area function
by impulse response: Each step at the border of two tube
slices will produce a reflection. Its amplitude describes the
amount of change and its arrival time the place of change.
The superposition by multiple reflections will inhibit a direct
solution for more than one area step, instead it demands the
solution of an “inverse problem™.

area change. However, this principle situation is com-
plicated by multiple rel'lectmns Although of smaller

itude, they i i the direct
reflections at laler times. So lhc exact determination of
cross-sectional area fi d ds the solution of

tion in ei to the pl

solution, the theory is exact. Unfortunately, Hudde's
experimental solutions turned out to be very sensitive
to the shape of the cross-sectional area functwns, only

an “inverse problem”.
These inverse problems are well known in all parts
of phySlCS n.ud cnnscqucmly several solutions exist for,

the straighter ear canals were rcsolvcd

eg, or remote sensing. To
our ki dge, the most elegant solution was pro-

The early insight into these li d the
development of a concurrent method for ear canal
determination [6]. After some initial and encouraging
results the approach was complemented by an
impedance calculation. Now it forms a complete pro-
cedure for the in vivo determination of human “ear-
drum impedances” up to 20 kHz - or strictly speakmg
for the determi of pl ter
impedances at the beginning of the inclined human
eardrum.

2. The algorithm

The principle idea of determining an area function
from purely acoustical measurements is evident: Sup-
pose, a tube of varying diameter is approximated by a
number of tube slices. The cross-sectional area func-
tion is piecewise constant with discrete steps at the
junction of two slices. Each step will reflect portions of
the incoming wave. In case of a spike each reflection
appears as a little spike also (see Fig. 1). The location
of the sought area step is related to the impulse delay,
while the signal amplitude determines the amount of

posed for an acoustical problem and given by Sondhi
and Gopinath [7). Their goal was to measure the
changes in cross-sectional area function of human vo-
cal tracts during vocalization. The derived solution is
analytical, so it does not demand the approximation
of a stepwise constant area function. Adapted to our
problem, the relevant results are summarized below.
Given a tube with volume V(x)fromx =0tox = a,
the univocal solution for ¥ (x) can be derived from
(notice: g =c=1)
a
v@=]f@d )
with an auxiliary function f (a, ) which is defined by
the Fredholm integral equation of
1a
f@n+s Jh(it—th)f@ndr=1 |t|Sa. (2
e
The impulse response h,(r) is determined from the
convolution integral of the unit-volume velocity im-
pulse u(t) and the reflected pressure response p(r) by

p(01= [t~ Dutrdr. ®
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To calculate the volume ¥V (x) at x = g, h;(f) must be
known by measurement in the interval 0 <t <2a nslice = 1
The sought area function A (x) follows by differentia- 1hy, |60
tion of eq. (1). o1 f 1
Obviously, the impulse response hy (1) is the time-
transformed input impedance Z(x) at x = 0. While voly = 244,
well defined in theory, the impulse response which is area; = voly -1
more related to the actual measurements of sound
pressure levels by a microphone is given by nslice =2
1 By ok fi 1
B =5()+h, (), @ o1 om|,[al_ |1
N motlo 3 1
derived from Bk 01 2 1
‘
= (A (t—1)pw(t)de 5
pr()=[hy (= 1)pwl) ® vl = 2% (/i +f2)
with pw(t) as the incoming source signal and py(t) areay = vol = (voh +1)
corresponding to the measured microphone voltage. nslice = 3
To utilize h,(¢) the necessary modifications of eq. (2)
were proposed in [6, 8); the most general proof, howev- (l) (l) g ’(’)‘ :2 :3 ? :
N . A . - . 2 2
er, is given by Sondhi & Resnick [9] in the relation 00100H|,|Al_|1
. h 00100 H| ™|t
2h, (1) = hy (8} ~ [ hy (D) by (t — T)de ©) hhh 0010 I 1
° hy by iy 0 0 1 h 1
which substitutes egs. (1), (2) by
2a voly = 2* (fi+f2+h)
Vie) = gf(a.t)dt—a U] areay = voly— (voly + 1)
and @ | mlice=4

Sfla,n+ }h,(t+‘r)f(a,2a+r)dr=1 0<rsg2a.

The numerical solution of eq.(8) is efficiently per-
formed by the Levinson-algorithm which is applicable
to the whole class of Toeplitz-matrices, see ¢.g. [10]. In
Fig. 2, we sketch the final matrices for solving egs. (8),
(7) as used for this study.

While now the solution of the inverse problem is
simple, determining the impulse response h, (t) impos-
es additional difficulties. The deconvolution by eq. (5)
is “ill posed”, minimal perturbations cause severe nu-
merical instabilities. To overcome these problems, a
modification of Tikhonov’s regularization procedure
[11] was used by calculating

ho=(RY-Py+aB)™" - By pr, ©)

where By is the Toeplitz-matrix of the source signal
Pw E is the unit matrix, and the upper index T'denotes
posed matrices. The op for the regulariza-
tion factor « depends on the actval signal to noise
ratios.
Once the area function of a tube is known, the
Iculation of the ination il d at any
plane from the given impulse response is straight for-
ward. Measuring two known termination standards,
¢.g., hard wall and infinite tube, yields the source sig-

Fig. 2. The algorithm for area determination by egs. (7) and
(8): The solution can utilize the Toeplitz structure of the
matrix and is performed most efficiently by a modified Levin-
son recursion.

nal p,(r) and the source impedance Z;(w). Any third
determination of pr(¢) is sufficient to obtain the input

d Zg(w) at the microphone. This result can
be transformed by means of chain matrices or lattice
filters (see Fig. 3).

Our actual measurements were evaluated up to
20kHz for the impedance calculation and up to
60 kHz for the area functions. To maintain precise
results in this frequency range the effect of losses can-
not be neglected as was done in the preceding formula,
The necessary corrections should, however, preserve
the simplicity of the algorithm to yield an overall sim-
ple approach. To reach this aim was easy for the
impedance transformations, we just introduced the
complex wavenumber 10

kfmm™]=18-107*f[Hz] —j7.5- 107 /f[Hz]

to Fig. 3. The specific numerical values were derived
for viscosity losses of a cylindrical tube with 4 mm
radius neglecting dispersion effects [t12a—13].
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Fig. 3. Calculation of the impedance Zy at the eardrum: The
area function of the ear canal is approximated by small slices
and determined by inversion of the impulse response. The
transformation from Zg at the microphone to any other
termination plane is based on the product of chain matrices
K, and Ky,

A comparably exact correlation for the area func-
tion in egs. (7) to (9) must also depend on the square
root of frequency. However, this correction would sig-
nificantly i the time-b: lculati In-
stead we tried the most simple approach of frequency
independent compensation. Given in dB/m, it will
progressively increase the later reflections of p (t) be-
fore the deconvolution is performed in eq. (9). We ad-
justed the attenuation factor to 2.6 dB/m empirically
which compensated best in the fit of different area
functions. To our surprise, this value can also be ob-
tained as the solution of the exact, ie., frequency de-
pendent calculation of attenuation losses by eq. (10)
for f = 24 kHz. The empirical choice turns out to be
reasonable since 24 kHz is just the approximate spec-
tral mean of the utilized impulse source by spark dis-
charge.

3. Test results

In practice, the accuracy of deconvolution and imped-
ance determination depends crucially on a well suited
acoustic source. The main criteria are (I) the acoustic
impulses must be reproducible to allow for averaging,

ie.,, S/N improvement, and a single calibration run to
determine p, and Z;, (II) the rise-time must be very
short (50 ps) to yield a reasonably well-posed decon-
volution by eq. (9), (1) the source spectrum should be
flat for the fi range of i d

ments (100 Hz-20 kHz), (IV) in the same range, the
source impedance should be free of poles and zeros.

With respect to these requirements, a number of
acoustic transducers were tested. We used dome
tweeters from different manufacturers, an oscillating
plasma column, a free running spark discharge utiliz-
ing an high voltage capacitor and finally its triggered
version based on an ignition coil. The best impulse
source, found at the date of the measurements, was the
free running spark discharge with a repetition rate of
approximately 3 sec. Atthough we had severe prob-
lems with source wavelet variations initially, they
could be fixed by experiments with electrode form and
material and, even more important, the instruction to
avoid any near-electrode air motion for a whole test
session. With these precautions, the acoustic advan-
tages of the spark source were so evident that it was
chosen in spite of the well known difficulties in safety
and electrical interference.

Fig. 4 shows the final experimental arrangement. To
avoid reflections from the source or the left tube end,
the tube lengths were designed to be appropriate for
time wi: ing the impulse The i
of standing waves between electrodes and microphone
was reduced by inserting damping material in be-
tween. Above 23 kHz, some higher modes can propa-
gate. Their impact was found to be most dependent on
how the microphone was attached to the tube. Differ-
ent insertion depths and microphones were tested, the
best results were achieved with a condensator micro-

Fig. 4. Principle components of the mecasurement sct-up:
The sound source is a free running spark discharge with a
repetition rate of approximately 3 sec. It triggers a transient
recorder for the A/D-conversion. Between electrodes and
microphone, the tube is filled by damping material.
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phone of 3 mm diameter (B & K 4138) which was set
flush to the tube wall.

In Fig. 5, the source wavelet is shown with a peak
amplitude of 128 dB for 10 psec and a total length of
200 psec. The reflections are caused by the closed tube
end and yield the source reflectance r; at the micro-
phone. The attenuation factor 2.6 dB/m of the previ-
ous chapter could be verified by the decay in reflected
amplitudes.

To test the accuracy of the whole approach a set of
12 different brass tubes with precisely known area
functions was constructed. In any session for one tube,
24 measurements were performed and the 16 most
correlated source wavelets were averaged. The area
function determined by this joint impulse response
was in very good agreement to the corresponding
brass tube’s data for all geometries. The most critical
case of a stepwise changing, unconcentric tube is
shown in Fig. 6; the achieved result indeed justifies the
neglection of higher modes in our calculations.

‘While testing area functions was simple, it was sig-

Fig. 6. Area determination for a brass tube: The unconcen-
tric geometries are chosen to obtain an experimental esti-
mate for the maximum influence of higher mode distortion.
The delayed increase for the step at 19 mm shows the effec-
tive acoustic area function.

impedance determinations. These tests depend on
known impedances with magnitudes similar to the
d eardrum imped. From the few theoreti-

nificantly more difficult to verify the of

—=— 1 order reflaction by hard wall
= 2 order reflection by dampng materol
fl—

Fig. 5. Source signal and source reflectance: The source sig-
nal has a length of 200 psex, its peak amplitude is 128 dB for
10 psec. At later times, multiple reflections from the hard wall
are visible which allow for calculation of the source reflec-
tance r;. Due to the damping material and the optimized
microphone coupling, its values are very smooth.

cal solutions that can be calculated analytically, the
most appropriate one for our purposes was a conical
horn in an infinite wall [12b, 14]. Instead of the throat
impedance Z,,, we chose a transform value Zy to
exclude possible higher mode distortions at the throat.
Then once again theory and experimental results
agreed very well (see Fig. 7).

Of course, the ultimate error estimate must rely on
the combination of both approaches. We must exper-
imentally determine a non-constant area function and

Iculate the fi d termination i d on
the basis of these data. The results of this scenario are
shown in Fig. 8. In front of the acoustic load by the
conical horn (the “eardrum”) is a brass tube with its
varying diameter (the “ear canal”). Indeed the accura-
cy of our results has decreased but still the obtained
impedance shows sufficient similarity to the theoreti-
cal calculation. The common alternative to assume a
straight tube as in some previous publications about
eardrum impedance would depreciate all our results
above 2 kHz. )

The one problem not scen here but still left in our

is the of i
ments at low frequencies. Our results are only reliable
above 1 kHz, below this the short duration of the
source impulse caused problems in cases of more rigid
termination impedances like, e.g., the human eardrum.

4. The impedance at the eardrum

Given the excellent results for the test measurements,
it was surprising enough to find great difficulties in the
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Fig. 7. Theoreti lation and ial test i The radiation i

i Z,
of a massless piston in an infinite wall is given in [12b, 14] The lransfonnauon to Z,, at the plane of the horn throat is dnne
by [12b]. The reference plane of the test impedance Z,, is 8 mm behind the throat to avoid higher mode distortions. ——

computed, —— measured.

of in situ i at the human
eardrum. The new problems were due to the effects of
tube coupling to the ear canal. Seen analytically, we
introduced an additional unknown without further
ml‘ormanon and thus cannot resolve its influence. The

i for the g were already
described by Zwislocki [15] — keeping lhe measuring
device steady relative to the head and obtaining a
tight seal. For our measurements, his conclusions are
proven again:

“Considering the d:ﬂicultlcs arising from the anatomy
of the ear, the th 1 ision of the 1|
method itself becomes of secondary importance™

In the course of our investigation, it took us several
sessions with dozens of subjects to recognize all the
unknowingly introduced problems. As a final aim, we
wanted to reduce the effects of coupling to a pure
change in area function which can be resolved by the
presented theory. Fig. 9 shows, from back to forth,
three sets of ear insert systems utilized in our measure-
ments. Each set has cones with decreasing diameters
to allow for best seal in the individual ear canal en-

trances. The two cone sets in front are connected to
the measuring tube by brass adapters.

The first experiments were performed by means of
the cone set in the back row of Fig. 9. The best fitting
cone was screwed onto the measuring tube and then
the whole unit was inserted into the ear canal. When
analyzing the data in the following weeks, we found
that in most cases the insert cone was facing the ear
canal wall instead of the tympanic membrane. All
these membranes were contaminated by hard wall
reflections and thus the impedance determination
yielded unreasonable results.

For the second session, we chose the black plastic
inserts commonly used in otoscopes. They allowed for
a clear visualization of ear canal and tympanic mem-
brane. Once this position was reached, the measuring
tube was connected without remove, shift or tilt of the
insert. This time no hard wall reflections appeared but
the results were dominated by strong resonances at 8
and 16 kHz. It turned out that they were caused by
the air volume between the outer insert wall and the ear
canal since the narrow end of the insert was too small.

The third attempt was undertaken with our custom
made brass cones of larger end diameters. Additional-
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Fig. 8. The test impedance Z,, of Fig. 7 is connected via a narrowing to the measuring tube. Based on the experimental
determination of the area function, the impedance transformation yields good results. The assumption of a constant tube
diameter gives misleading values above 2 kHz. —— computed, — — measured, - - - - transformation with constant shape.

Fig. 9. Photo of different cone sets: Each row was used for a
whole measuring session. The cones have decreasing end
diameter from left to right. For the two sets in front, the
additional cone adapters to the measuring tube are shown at
right; the cones of the back row were screwed up directly.

ly, a little whole was drilled perpendicular to the cone
axis to avoid any air shifting through the tube when
sliding in the cone adapter. The ventilation hole is
closed by the inserted tube at its final position but
efficiently prevents any air motion that would other-
wise destabilize the spark discharge.

The measurements start by visual inspection
through the inserted cone and the subsequent tube
attachment. Then some test measurements are per-
formed to monitor the reflections -at the junction of
cone and ear canal. The corresponding signal ampli-
tudes can be further minimized by slightly rotating the
tube and pulling the pinna manually. Fig. 10 shows by
a typical example which magnitude of these reflections
remains. This residue may be caused by the sudden
change in cross-sectional areas from circular cone to
oval-shaped ear canal. Once the optimal adjustment is
achieved, the subsequent procedure is as for the test
measurements: 16 out of 24 signals are averaged to
determine the area function and the termination
impedance. The session was performed with 8 subjects
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— 5 men and 3 women in the age of 20 to 35 years; all
our reported results are achieved by this third attempt
documented in Fig. 11 [16].

In order to compare any termination impedances of
the human ear canal, they must be specified for a
common reference plane. Planes that are defined by
some fixed distance from the cone end are unreason-
able because the insertion depths vary significantly
between subjects. It would be possible to determine
the individual distance to the tympanic membrane by
manually inserting a stick; but this is a tedious and
risky approach in routine sessions. Distances deter-
mined this way also show deviation because the point
of contact depends on the lateral stick position rela-
tive to the eardrum’s tilt. To our opinion, the best
solution would be to adjust the reference plane by
some properties of the measured impedance itself. Sur-
prisingly enough, this is possible with the typical im-
pulse response for our sessions shown in Fig. 10.
There are two significant peaks, both of them arise
from reflections in the zone of the eardrum. The first
one does change in magnitude with each subject, the
latter is always dominant and is about half as big as
the source pulse. This second peak causes the rigid-
wall behavior of the termination impedance for higher
frequencies. The effect is very pronounced and con-
stant for all subjects, it was firstly reported by Hudde
[4]. He found impedance values at the eardrum which
are above 10 kHz comparable to a hard wall termina-
tion. Utilizing this knowledge, we can derive a com-

Source
wivelat —=+=Reflections —=
5
Plane of min
o S il
eardrum impedance PéokZ
o Peok1l
Minimal ! l !
VEAVAL
Van) ,._»—/\\’7 N\
30 § VY B0 psec
.%"'Ploce"of eardrum

by measurement of
penetration depth

Coupling of
earcanal / tube

Fig. 10. Impulse response for an actual measurement of hu-
man ear canal and eardrum: The coupling between cone and
car canal must be adjusted to minimize the reflections at
350 psec. When inserting a measuring stick manually, it indi-
cates contact with the eardrum at a point which corresponds
to a reflection between peak 1 and peak 2.

Fig. 11. Photo of the measuring tube: The spark discharge is
located in the cubic brass box at top, a condensor micro-
phone with preamplifier is attached below. The measuring
tube continues for 75 cm at top of the box (not seen), its lower
end is connected to the eardrum via a set of cones with
different end diameters to fit best the individual size of ear
canals.

mon reference plane for the transformed impedances
to lie some millimeters in front of the cause for peak 2.
According to our observations, this reflection is
caused by the far end of the inclined tympanic mem-
brane since mechanical distance controls yielded place
short before peak 2 when a stick was inserted until
eardrum contact was felt.

To avoid possible misunderstandings it is necessary
now to discuss in more detail what we mean by the
term “impedance at the eardrum” The eardrum is
inclined and does not interact with incoming waves at
a single point. The sound energy is reflected not only
by parts of the eardrum but as well as by the walls of
the middle ear [17]. The eardrum itself vibrates in a
variety of frequency dependent modes. So any point
impedance determined physically at the eardrum
would only express a very local behaviour. Instead, by
our investigations we want to determine the effective
acoustic behaviour of the eardrum for sound propa-
gating in the ear canal. It is best characterized by the
ratio of plane wave reflections to the incident wave at
some median eardrum location, so the reflection coef-
ficient r () would be the appropriate parameter. If we
assume locally constant geometry, any minor change
in the reference plane of r(w) would just affect the
phase angle but not the absolute value and thus ease
the comparisons. However, the eardrum reflectance is
not a common parameter in literature, from all the
papers about the eardrum behaviour it is only given in
[4, 18—-19]. So here we report both, the reflection coef-
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Fig. 12. Planc wave reflectance at the eardrum by different
authors: Both results are based on a reference plane where
the phase spectrum between 10 to 20 kHz is most similar to
a fictitious plane S mm in front of an hard wall. — Joswig,
——— Hudde (1983b), - - - - 5 mm before rigid wall.

ficient and the associated plane wave termination
impedance at the eardrum. The common reference
plane for all our subjects is determined by matching
the phase spectra to those of a fictitious place 5 mm in
front of a hard wall. The similarity is determined by
fitting least squares in the frequency range 10 to
20 kHz (Fig. 12), the transformations are performed
every half millimeter. By this definition, our results are
directly ble to Hudde's calcul: per-
formed for the same reference plane.

All the transformations are based on the actually
determined area functions of the ear canal. Fig. 13
shows the overlay of individual impedances and area
functions. The effective ear canal lengths, i.e., the dis-
tances from cone end to reference plane vary from 12
to 21 mm and indicate the great differencies in pene-
tration depths. To obtain an estimate for the systemat-
ic error that would otherwise be introduced by the
assumption of an uniform ear canal, the transforma-
tions in Fig. 14 are performed on the same input im-
pedances but with constant tube diameters. As already
mentioned in the introduction, the results have signif-
icantly greater deviation above 4 kHz

=== =— 1

(piana)

1
» s w s Yo I johansent975
Tam ' — Joswig
— "1

~ zy, teardrum)

Fig. 13. Individual ear canal area functions and impedances at the eardrum for 8 subjects: The common reference plane is
found by transforming the impedances every 0.5 mm and comparing the phase spectra (sec Fig. 12). The area functions are

in good agreement with [22] if a shift of 5 mm is applied also.
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Fig. 14. Calculation of impedances at the eardrum for straight ear canals: Based on the same data as for Fig. 13, we assume

a constant area function for the ear canal. The

yield larger between the subjects.

Any further interpretation of our impedance results
must be based on the eardrum’s inclination. In sound

to ear canal diameters with his standard

converted
deviati our results fit very well if we once again

propagation, the incident wave first reaches the outer
part of the eardrum resulting in peak 1. The mass of
the eardrum will dominate all reflections for higher
frequencies, so the decreasing gap to the ear canal end
will act as an acoustic horn. This smooth impedance
matching excludes greater reflections; once the end of
the gap is reached, the remaining energy is reflected in
peak 2. So the deviations found experimentally in the
time delay between the two peaks will indicate some
different inclinations of the eardrum. The values
derived from our data yield 4 to 7 mm for the effective
lengths of wave propagation along the tympanic
membrane and agree well with recent anatomical data
[20-21]. With this interpretation, the reference plane
for our termination impedance (5 mm in front of an
hard wall) lies in the zone of the real eardrum, approx-
imately at its beginning (“Top of Drum” of Fig. 1 in
21D

In an earlier attempt, Johansen [22] measured the
shape of the human ear canal. He determined its area
function by taking a rubber cast to obtain the volume
increment every 2 mm. In Fig. 13, we show his data

assume that the reference plane is located S mm in
front of the ear canal end. Another support for our
data is [23] reporting an average distance of 16 mm
between the tip of an ear mould and the contact to
eardrums (13 subjects with a range of 11 mm to
19 mm). We can compare these data since penetration
depths of even different couplings are primarily limit-
ed by the bony part of the ear canal. Assuming the
distance between our reference plane (near “Top of
Drum™) and the point where a probe touches the
eardrum to be 3 mm will fit both results quite well.
In Fig. 15 we compare published impedances at the
eardrum with a frequency range above 2 kHz [1-4, 23].
The curves do not yicld an overall agreement which is
isfe 'y, but il are strongly d
on the chosen reference plane. Hudde's [4] plane is the
same as ours, so similarities between both curves are
reasonable. In general, the other authors did not re-
port all necessary details and it is difficult to decide on
the location of their reference planes. Some indirect
hints exist, e.g, from the penetration depth we can
conclude that Morton and Jones [23] determined their
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Re{Zu}

Fig. 15. Impedances at the eardrum by different authors: Except for our data, only the results of Hudde [4] are based on the
individual determination of ear canals. Both impedances are defined for the same reference plane while the other authors do
not describe this detail explicitly. —— Joswig, —— Hudde (1983b), - - - - Mehrgardt, Mellert (1977), — - - — Blauert, Platte
(1976), — - — Zwislocki (1970), — —- Morton, Jones (1956).

impedance in a plane 3 mm behind ours. Although

there is no compelling evcidence, this may also be true 15 Ns
for Zwislocki [1]. Fig. 16 displays his data derived e
from 22 subjects and our results. Their transformation 30
3Imm towards the middle ear gives excellent agree- Re {z2} »

ment in the reactance while resistance values still di-
verge above 3 kHz.

By our measurements it was not possible to resolve
any effects caused by the acoustic reflex. To test its
impact the reflex was elicited for three subjects con-
tralateral by white noise of 100 dB SPL. The addition-
al measurements were performed immediately after
the normal impedance determination, neither tube
nor insert were removed to ensure a precision of ap-
proximately 5% [24]. Nonetheless, no systematic
change was observable in the data.

Fig. 16. The agreement with Zwislocki [1] is enhanced signif-
icantly if our data are transformed 3 mm towards the middle
car. This transformation is based on a constant tube with the
specific wave resistance R = 9.2 x 10® Nsm~* as assumed in
[1) —Joswig + 3 mm to middle ear, -~-— Joswig, Zwi-
slocki (1970) ] 12 female, [ 10 male.
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One cxplanation would be that the reflex was elict-
ed all the time by the spark discharge pulse itself. All
of our investigations were performed at the same am-
plitude level, so no statement is possible about ampli-
tude dependencies. However, from other observations
we can conclude that a permanent elicitation is not

plementation into one unit could promise an universal
and easy to use tool suited for the clinical diagnostics.

probable by the impulse itself. Firstly, the subjective
sound impression was more that of a silent crack than
a big bang because of the short duration. Secondly,
the delay time of the acoustic reflex is at least 20 msec
[25]. With a recording time of only 3 msec, any signif-
icant effects must be caused by the previous impulse.
But the low repetition rate of about 3 sec would allow
for the reflex to decay before the next measurement
starts. So the lution must more probably be
contributed to the difficulties in determining rigid ter-
minations for lower frequencies. As stated before, the
spectral energy of the spark discharge source is not
sufficient here. Explaining the effect this way is also
consistent with other reports that found contributions
of the acoustic reflex only below 1.5 kHz [3-4, 26-28).

5. Conclusions

The impulse response measurement is an elegant and
reliable method to determine in vivo both the individ-
ual ear canal area function and the broadband termi-
nation impedance at place of the human eardrum. For
the impedances, the reference plane can be defined by
purely acoustic criteria without the need for mechani-
cal adjustment. The lmpeda.nce transformations based
on the actual area fi reduce the int bject
deviations significantly. The achieved results agree
well with anatomical data of the ear canal and some

All theoretical investigations and experiments were
performed at Lehrstuhl fir allg. Elektrotechnik und
Akustik of Ruhr-Universitdt Bochum. I wish to thank
Prof. Blauert for his support and Dr. Hudde for the
lnmal 1mpctus to this work and for the many valuable
Dr. Falk assisted the
with humans, a grant by Geers-Foundation, FRG sup-
ported part of the equipment. After joining the Institut
fiir Geophysik of RUB, Prof. Harjes enabled me to
conclude the data interpretation. The initial manuscript
received a very thorough review from Prof. Khanna.
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