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ABSTRACT

The acoustic input impedance of the human ear canal is a
complex function of frequency, reflecting ear canal acous-
tics and middle and inner ear mechanics. It contains in-
formation about the sound pressure at the eardrum and is
therefore useful for the individualized equalization of in-
ear hearing devices. For clinical applications, it can pro-
vide insight into pathological conditions of the ear. To
achieve any of the above, it is necessary to determine the
ear input impedance with high accuracy. For the vali-
dation of impedance measurement system across the en-
tire frequency range up to 16 kHz, for frequency-domain
smoothing of measured impedances, as well as for the
design of high-frequency couplers, knowledge of the re-
quired spectral resolution would be helpful. In this study,
minimum relative bandwidths of resonance peaks across
the entire frequency range for 41 digitized right ear canal
geometries from the IHA database were analyzed, using
3D FEM simulations to determine the input impedance
for three different residual ear canal lengths. Results in-
dicate that minimum relative bandwidths decrease from
about 0.05 at 5 kHz to around 0.01 at 16 kHz.
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1. INTRODUCTION

The input impedance of the ear canal can be used in differ-
ent applications. A number of studies investigated the vi-
ability of employing wideband procedures as a diagnostic
tool to ascertain the condition of the middle ear in clinical
trials, e.g. [1], [2], [3]. Hence, established medical prod-
ucts integrating these procedures are already available.
The main principles of these methods can be found in [4]
and [5]. A second class of applications uses the input
impedance to estimate the sound pressure at the eardrum,
which can potentially be implemented in in-ear hearing
systems for individualized equalization aiming at acous-
tic transparency, e.g. [6]. For the validation of impedance
measurement system across the entire frequency range up
to 16 kHz, for frequency-domain smoothing of measured
impedances, as well as for the design of high-frequency
couplers, knowledge of the required spectral resolution
would be helpful. This knowledge should be based on
the level of spectral detail that would be expected in real
ear canal measurements. To this end, the current study an-
alyzes the relative bandwidths of resonances in 3D FEM
simulated input impedances of 41 ear canal models from
the IHA database [7], [8] for different lengths.

2. METHOD

2.1 Ear canal geometry

The IHA database, containing 3D geometries of torso,
head, and complete outer ears with ear canals and
eardrums, is being developed. The creation of these ge-
ometries was previously described in [7]. For the present
contribution, geometry models of the right ear canal of
41 subjects in the database were used. In a first step,
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the centerline of each ear canal was determined using the
vmtk toolbox [9]. The entrance of the ear canal was then
defined as the first plane that is perpendicular to the cen-
terline and intersects the ear canal walls in a way that a
closed loop of polygon vertices was created, similar to the
method described in [10]. The first and second bends were
initially identified through visual inspection and then fur-
ther refined by locating the nearest local torsion or cur-
vature maximum along the centerline. Of each ear canal,
three versions were derived by cuts with planes perpendic-
ular to the centerline, located at the entrance and at the first
and second bends, see fig. 1. The eardrum was identified
by the following procedure: first, cross-sectional polygons
of the medial end of the ear canal were interpolated, and
the points with the maximum curvature in the rim region
were defined as border points between ear canal wall and
the eardrum. Then, the plane with the smallest possible
distance to the border points of all cross-sectional poly-
gons was calculated. The tympanic rim was then defined
as the intersection of this plane with the 3D geometry.
Sometimes, this resulted in unrealistically large eardrums.
In these cases, the rotation of the plane was manually ad-
justed.

2.2 3D FEM simulation

For the three variants of the 41 right ear canals, input
impedances Zec were simulated with COMSOL Multi-
physics (6.2) using the 3D finite element method. A
normal velocity was assigned to the lateral surface of
the residual ear canals as an excitation. Furthermore,
the eardrum surface was assigned the impedance of the
ear drum and the entire inner ear, according to [11]
as implemented in COMSOL. The Helmholtz equation
was solved, whereby thermo-viscous effects at the ear
canal walls were defined as a boundary condition of the
Helmholtz equation, as described in [7] on the basis of
[12] and [13], and added to the skin impedance. The val-
ues for the skin impedance model are provided by COM-
SOL as an approximation of the experimental data ob-
tained in [14]. For frequencies up to 20 kHz, sufficient
spatial resolution of the sound field was ensured (max. el-
ement size of 0.5 mm for boundaries, 1 mm for the vol-
ume domain, quadratic (Lagrange) element order). The
simulations were run at linearly distributed frequencies
between 0.1 and 20 kHz with a frequency resolution of
20 Hz. This corresponds to two hundredths of an octave
at 4 kHz, which is the frequency region of first resonances
for longer ear canals. The input impedance Zec resulted

Figure 1. Right outer ear of subject 3 in the IHA
database with planes at the entrance, first and second
bend (marked blue) and identified eardrum.

from the ratio of the average sound pressure pec to the vol-
ume velocity on the input surface qec,

Zec =
pec
qec

. (1)

2.3 Relative bandwidth calculation

All computed input impedances were interpolated to a
1 Hz resolution using a cubic spline interpolation. Sub-
sequently, all resonances with a prominence of at least
3 dB were located. For resonances and anti-resonances,
the phase response of the input impedance shows a charac-
teristic rise and a fall, respectively, as exemplarily shown
in Fig. 2. All peaks with a corresponding phase zero
crossing from +25 to -25 ◦ were examined. In addition to
the harmonics of the first resonance, less prominent side
resonances without zero crossing appeared occasionally.
These were removed from the analysis. The intersection
points of the level of Zec with a constant line at 3 dB
below the respective maximum mark the frequencies of
the interval [f−3dB,low f−3dB,high] for the absolute reso-
nance bandwidth. The frequency fmid was then defined
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at the arithmetic mean of that interval. The relative reso-
nance bandwidth was finally calculated as

BWrel =
f−3dB,high − f−3dB,low

fmid
. (2)

Figure 2. Input impedance for the right ear canal of
subject no. 3 cut at the entrance plane.

3. RESULTS

The upper three diagrams in Fig. 3 show the relative res-
onance bandwidths for ear canals cut at the entrance, the
first and the second bend, respectively. Resonances are
numbered and sorted by color. For the longest ear canals,
up to five resonances were found in the frequency range
considered here. The relative resonance bandwidth ap-
pears to decay exponentially with logarithmic frequency.
The bottom diagram shows all data and a fit using a non-
linear regression model given by

BWrel = 0.26 · e(−0.28·10−3·fmid/Hz) + 8.1 · 10−3. (3)

This model resulted in an adjusted R2 of 88.4%.

4. DISCUSSION

Relative resonance bandwidths were calculated for 3D
FEM simulations of input impedances on 41 right ear
canals of three different lengths. The first resonances
occur around 4.5-5 kHz in long ear canals, with relative
bandwidths varying between 0.05 and 0.12. Towards
higher frequencies, relative bandwidths decay to about

0.01 with decreasing inter-individual variability. A non-
linear model was fitted to this frequency-dependent be-
havior. The decrease of relative bandwidths with fre-
quency is not surprising, since skin and eardrum are
acoustically effective mainly in the mid-frequency range,
and their impedances increase at higher frequencies.
Keeping in mind that the simulations (a) did not use the
higher damping of typical ear canal walls as observed,
e.g., in [11] and (b) used an eardrum model that has of-
ten been criticized for giving too high impedance values,
it appears to be safe to assume a minimum relative band-
width of 0.01 for the frequency range of human hearing,
i.e., up to 16 kHz.

Figure 3. Relative resonance bandwidths of Zec.
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5. CONCLUSION

Relative bandwidths of resonances in the input impedance
of human ear canals, computed using 3D FEM simu-
lations with highly conservative assumptions regarding
damping effects, are about 0.01 at 16 kHz and larger at
lower frequencies. Real ear canals can be expected to ex-
hibit substantially larger relative bandwidths. This result
can be used to define the required spectral resolution of
impedance measurement systems.
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