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Abstract

Thanks to a recently published database of individual
human geometries including pinnae and complete ear
canals, it is now possible to create precise ear canal repli-
cas. Furthermore, microphone capsules can be embedded
in the replicated ear canal geometries for clean reference
measurements at the eardrum position, which was done
by the authors in a previous study. This idea is extended
here by manufacturing full outer ears using 3D printing
and silicone casting, in such a way as to be compatible
with the KEMAR artificial head. This allows for accu-
rate and repeatable acoustic measurements of individual
outer ear geometries with easy access to sound pressure
data within the ear canal. Various materials are used in
the 3D printing process and their effects on the acoustic
measurements are investigated. The available outer ear
geometry also makes numerical simulations possible, al-
lowing cross-validation between measured and simulated
data.

Introduction

Within a study of individual acoustics of ear canals, var-
ious acoustic measurements of human ear canals needed
to be performed. These measurements, though, are of-
ten complicated and unreliable, necessitating the use of
flexible probe microphones with little control over their
position, high noise levels and low repeatability. To de-
velop a measurement methodology giving the best re-
sults, a system with fewer physical variables and higher
repeatability was desirable. Thus a set of individual sili-
cone ear canal replicas with integrated microphones were
designed, using the scan data from the IHA database of
human geometries [1]. These replicas and the study itself
are described in detail in [2].

This paper belongs to a different study within the same
project, in which full outer ear replicas, including the ear
canals and the pinnae, were produced. This was done
to investigate their behaviour in free field, including the
directional effects of the pinnae and the ear canals them-
selves. In this work, a process of producing such full
outer ear replicas, compatible with a KEMAR artificial
head, is presented.

Silicone Ear Canal Replicas

While the manufacturing process of the single-piece sil-
icone ear canal replicas is better described in [2], it is
helpful for the understanding of the subsequent sections
to include its brief description here.

The scan data from the THA database [1] were manipu-
lated using Rhinoceros 3D software to create negative ear
canal shapes (see figure 1), which were then 3D printed
and cast with silicone in a vacuum chamber, eliminating
bubbles. The 3D printed negatives could then be safely
removed from the castings due to their shape.
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(a) CAD model

(b) 3D print

Figure 1: An ear canal negative with a microphone holder

An additional advantage of this method is that it al-
lows the inclusion of a specially designed holder, into
which a microphone capsule can be glued. This pro-
tects the capsules during the casting process, and then,
when the negatives are removed, the thin wall connect-
ing the microphone holder to the ear canal negative (see
figure 2) breaks, leaving the microphones embedded at
the eardrum position.

In our case, pre-calibrated Sennheiser KE-4 microphones
were used, for their good frequency response and low cost.

Figure 2: Cross-section of the microphone holder



Figure 3 shows the full set of individual ear canal replicas
with integrated microphones that were produced from
the THA database geometries [1].

Figure 3: Silicone ear canal replicas with integrated
Sennheiser KE-4 microphones

Full Outer Ear Replicas

For the current study, in order to perform Head-Related
Transfer Function measurements using the custom repli-
cas, it was decided to use the interface of the GRAS
KEMAR artificial head. This allowed us to mount our
system either to the artificial head itself, or to the GRAS
Cheek Simulator to perform simpler monaural measure-
ments. Another important advantage, since producing
both the pinna and the ear canal in one part would have
presented a much harder challenge, was that each replica
could be manufactured in two parts and connected using
the existing GRAS hardware (see figure 4).

Figure 4: Full outer ear replica in two parts, mounted on a
GRAS 43AG cheek simulator (inner ear canal part without a
eardrum microphone)

Pinnae

The outer parts were modelled by taking the KEMAR
connection interface (see figure 5b) and integrating the
pinna geometry into it (see figure 5a). The positions
were defined to be as close as possible to the position
of the ears on the individual scans as overlayed onto the
KEMAR head. Figure 5b also shows a triangular inden-
tation used for the alignment of the outer and the inner
parts, to ensure a correct fit.

The models were then printed on an Objet printer. This
particular printing technology has the benefit of using
support material which can be washed away, and thus is
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suited to the complex shape of the models. Two different
materials were used for the pinnae: flexible TangoBlack-
Plus FLX980 (see figure 6) and rigid Rigur RGD450 (see
figure 7). Printed pinnae with varying material proper-
ties will allow us to investigate the effect of the printed
ears’ acoustic impedance on the measurements.

(a) Outside view (b) Inside view

Figure 5: CAD model of the left pinna, inner part modelled
to fit the KEMAR interface

(a) Left pinna (b) Right pinna

Figure 6: Pinnae 3D printed in flexible TangoBlackPlus
FLX980 material

Figure 7: Pinnae 3D printed in rigid Rigur RGD450 mate-
rial, mounted on a KEMAR artificial head
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Inner Ear Canals

The inner ear canal parts were produced in a similar way
to the silicone ear canal replicas described above. Neg-
atives were designed in CAD (see figure 8), including
holders for microphone capsules. The main difference
between these and the previous models lies in the base:
a special recess was added to accept a modified GRAS
GR1874 Ear Simulator Holder ring, which allows the sil-
icone cast to be held in the KEMAR ear simulator inter-
face. A triangular alignment bump, corresponding to the
indentation on the outer part, was added here as well.

Figure 8: CAD model of the inner ear canal negative, in-
cluding a base for the GRAS GR1874 Ear Simulator Holder

ring

The ring was inserted into the recess before casting, and
thus bonded to the silicone (see figure 9). These cast
parts can be then mounted in place of ear simulators,
either to the cheek simulator (see figure 4), or on the
inside of the KEMAR head (see figure 10).

Figure 9: Inner part of the ear canal casted from silicone,
with a modified GRAS GR1874 Ear Simulator Holder ring

Material Impedances

Since both 3D printing and casting using 3D printed neg-
atives allows for production of arbitrary shapes, cylin-
drical samples of various lengths were easy to manufac-
ture (see figure 11). These were used to measure the
acoustic impedances of the materials with the help of an
impedance tube [3].
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Figure 10: Full outer ears mounted on a KEMAR artificial
head, inside view

Figure 11: Material samples for impedance tube measure-
ments

Preliminary Results

While the main results of the study are out of this paper’s
scope, some preliminary results are presented here, com-
paring measurements of the replicas to COMSOL simu-
lations with matching geometries. Figure 12 shows input
impedance of an ear canal replica, measured with a cus-
tom ear mould, and figure 13 shows the transfer function
from an ear mould to the eardrum microphone.

The COMSOL simulations were defined to match the ex-
perimental setup, with matching positions of sources and
receivers at the custom ear mould and at the eardrum.
The source was defined by a constant normal velocity
of the source elements. Losses due to thermal and vis-
cous dissipation were included using a thermoviscous
boundary layer at the ear canal walls, while rigid bound-
ary conditions were used at the remaining boundaries.
The acoustic input impedance was evaluated by dividing
the complex pressure by the volume velocity at the in-
put, while the transfer function was calculated as the
ratio of the complex pressure at the eardrum micro-
phone and at the source in the custom ear mould. The
input impedance measurement was performed using a
1-dimensional approximation and a Norton equivalent
model of the source.

The results show a good match up to 10 kHz, consid-
ering some mismatch at low frequencies most likely due
to acoustic leakage during measurements. Above 10 kHz



Ear canal input impedance
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Figure 12: Ear canal input impedance: measurement vs

COMSOL simulation

Ear canal transfer function
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Figure 13: Ear canal transfer function: measurement vs
COMSOL simulation

the 1-dimensional assumption used in the measurements
shows its limitations, and the mismatch becomes more
significant, especially in the input impedance. It is also
noticeable that the simulations show slightly less damped
resonances, which can be rectified in the future by adding
the acoustic parameters of the materials to the simula-
tions.

Conclusions and Future Work

In this paper, an overview of the method of producing
complete individual outer ear replicas was described. We
were able to manufacture them in two parts, with 3D
printed outer parts and silicone cast inner ear canals,
making them compatible with the KEMAR artificial
head. Using a previously developed method, micro-
phones were embedded at eardrum positions.

These replicas allow us to perform a three-part study,
which will be reported in papers planned to be published
later this year: [4], [5], [6].
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