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ABSTRACT

In modern literature it is generally assumed that ear canals
have little to no effect on the directional components of
head-related transfer functions and thus, on spatial per-
ception of sound. Therefore, in most spatial audio appli-
cations today, sound propagation is only considered up to
the blocked entrance of the ear canal. To challenge this
assumption, a study was conducted using custom-made
3D printed replicas of a subject’s outer ears including
complete ear canals with microphones embedded at the
eardrum position. The replicas were mounted in a cheek
simulator and set up on a rotary table in an anechoic cham-
ber. Transfer functions from an external source to both the
ear canal entrance and to the eardrum positions were mea-
sured. Measurement data were acquired for the horizontal
and the frontal planes. Using these to validate simulation
parameters, transfer functions from other directions were
calculated through numerical simulations. The effect of
the direction of arrival on ear canal transmission was es-
timated. Study findings are compared to and contrasted
against previous studies carried out on real human ears.
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1. INTRODUCTION

In spatial audio rendering over headphones, accurate
Head-Related Transfer Functions (HRTFs) are necessary
for correct perception of sound localisation and immer-
sion [1,2]. Nowadays HRTFs are usually measured and/or
simulated up to a microphone placed at the entrance of
a blocked ear canal, which assumes that ear canal trans-
mission is directionally independent [2, 3]. While several
studies exist that support this assumption [4–8], we would
like to challenge it in this paper with the help of a new
approach.

Studies involving acoustic measurements in human
ears are challenging due to the human factor. It is not
easy to fix the precise measurement positions, which leads
to repeatability issues. This can cause high measurement
uncertainty, as well as limit the amount of data that can
be reliably acquired. For instance, while in [6] the au-
thors measured source positions covering the full sphere
at 10 degree resolution, their data does not include mea-
surements at the eardrum. Conversely, in [7], several po-
sitions inside the ear canal were investigated, including at
the eardrum, but only three directions of arrival were cap-
tured.

In this study, thanks to a recently published database
of human geometries including ear canals up to the
eardrum [9], we were able to manufacture precise repli-
cas of a pair of human outer ears, including pinnae and
complete ear canals. This allowed us to perform highly
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repeatable measurements as well as to have the same ge-
ometry available for simulations. Furthermore, micro-
phones were embedded into the replicas at the eardrum
positions. This way, accurate data could be acquired at as
many source positions as desired. Although these replicas
do not exactly reflect the acoustic behaviour of real ears
due to mismatches in material properties and the lack of
a movable eardrum, they allow for precise comparison of
HRTFs measured on real human geometries with micro-
phones located at the ear canal entrance to those measured
at the eardrum position, and thus investigate the direc-
tional dependence of ear canal transmission. This paper
constitutes one part of a three-paper study based on these
replicas and their geometries (see [10, 11]).

2. METHODS

2.1 Manufacturing ear replicas

Full outer ear replicas with ear canals were produced using
the randomly chosen 9th subject from the IHA database of
human geometries [9]. The replicas were manufactured in
two parts, with 3D printed pinnae and silicone inner ear
canals (Fig. 1a). The pinnae parts were printed in two
materials, one rigid and one flexible, to study the effect
of their acoustic impedance. Only rigid pinnae measure-
ments are presented in this paper, while the effect of the
material choice is investigated in [10].

(a) Full replica mounted on a
cheek simulator

(b) Inner ear canal with an in-
tegrated microphone

Figure 1: 3D printed ear replica

Using modified negatives of the ear canals and sil-
icone casting, calibrated Sennheiser KE-4 microphone
capsules were embedded at the eardrum positions (Fig.
1b). The full description of the manufacturing process can
be found in [12].

2.2 Measurements

Measurements were performed in an anechoic chamber
with a cut-off frequency of 100 Hz, using a computer-
controlled turntable and a full audio bandwidth measure-
ment loudspeaker embedded into the chamber wall. With
the ear replicas mounted onto a GRAS 43AG cheek sim-
ulator positioned in the far field, 1.66m away from the
source, horizontal (Fig. 2a) and frontal plane (Fig. 2b)
measurements were performed with a 5 degree resolution.
The frontal plane rather then the more usual median plane
was chosen due to it having more variation in incidence
angles with respect to the ear canal. Only the ipsilateral
half-spheres were covered, since contralateral measure-
ments would not be representative for an ear replica with-
out an artificial head. Two sets of measurements were ac-
quired for each ear, one using the integrated eardrum mi-
crophones, and another using DPA 4560 CORE Binaural
Headset Microphones at the ear canal entrance positions.
The measurements were repeated, first without changing
the setup, and then repositioning the binaural microphones
by taking them out and putting them back in.

All measurements were performed using sine sweeps
in the bandwidth from 100 Hz to 20 kHz. Reference
measurements using the binaural microphones and match-
ing calibrated KE-4 capsules, but without the ear repli-
cas present (Fig. 2c), were recorded to perform free-
field equalisation as defined in [1] by dividing the mea-
sured complex spectra Si by the reference spectrum Sref .
These free-field equalised transfer functions are further re-
ferred to as Pinna-Related Transfer Functions, or PRTFs,
PRTFi = Si/Sref .

(a) Horiz. plane (b) Frontal plane (c) Ref. meas.

Figure 2: Anechoic chamber: measurement setup
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2.3 Simulations

Taking the same geometries that were used to manufacture
the replicas, matching PRTFs were also acquired via free-
field FEM simulations in COMSOL®. In addition to the
measurement positions, the ipsilateral half-spheres were
covered at 5 degree resolution in both azimuth and ele-
vation. Three microphone positions were considered: at
the eardrum, at the binaural microphone positions keep-
ing the ear canal open, and blocking the ear canals at the
position matching the binaural microphones. The sim-
ulations were performed with rigid boundary conditions
(BCs) as well as using measured acoustic impedances of
the materials, of which a more detailed description can be
found in [10]. The simulations using impedance boundary
conditions produce results that are significantly closer to
the measurements around resonances (example shown in
Fig. 3), so only they are used in this study. Here and below
all graphs are plotted in 1/96th octave resolution.
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Figure 3: Simulated vs measured PRTF: binaural
mic position, example for one direction

Another important note is that, while it was originally
supposed that the binaural microphones would block the
ear canal, it is clear when comparing measurements to
simulations (Fig. 3) that their response is much closer to
the open ear canal case. Indeed, after subsequent exami-
nation it became apparent that not only is the foam fitted
onto the binaural microphones quite acoustically transpar-
ent, but it also does not fully block the ear canal when in-
serted. To investigate the effect of keeping the ear canal
open, both sets of simulations, with blocked and open ear

canals, were kept for processing.

2.4 Choice of metric

In order to study the dependence of ear canal transmission
on the direction of arrival, an objective metric is neces-
sary. Firstly, the ear canal transmission is estimated by the
difference between eardrum PRTFs (PRTFed) and binau-
ral PRTFs (PRTFbin), as calculated in eq. 1, producing
a PRTFdif for each direction. Since both PRTF mea-
surements are performed using the same setup except for
the position of the microphone, calculating their ratio can-
cels out the response of the cheek simulator, isolating the
ear canal effects. To further simplify the results, diffuse-
field equalisation can be used [2], resulting in Directional
Transfer Functions, or DTFs (eq. 2). Index i here stands
for the incidence angles, with Ni as the number of direc-
tions of arrival in a given dataset. Since Common Transfer
Functions, or CTFs, (eq. 2), are directionally indepen-
dent, ear canal transmission differences DTFdif , calcu-
lated with DTFs instead of PRTFs, will still have the same
dependence on direction (eq. 3).

PRTFdif, i =
PRTFed, i

PRTFbin, i
(1)

DTFi =
PRTFi

CTF
, CTF =

P
i(PRTFi)

Ni
(2)

DTFdif, i =
DTFed, i

DTFbin, i
= PRTFdif, i ·

CTFbin

CTFed
(3)

The CTFs calculated from right ear measurements are
shown in Fig. 4, computed with minimum phase to avoid
non-causal DTFs. Although the direction sampling here
is not spherically uniform, and these CTFs are thus not
strictly correct, ear canal resonances can be clearly seen
in them, with a positive quarter-wave resonance at the
eardrum and a negative half-wave resonance at the ear
canal entrance.

Once the per-direction DTFdif is calculated, a metric
needs to be chosen to quantify the effect of the direction of
arrival. One option is to calculate the maximum Spectral
Difference (SDmax), which shows the total spread of dB
values per frequency (eq. 4). Since this is very sensitive
to outliers, a more usual metric is the Directional Spread
(DS), defined in [7] as the standard deviation (σ) of the
magnitude in dB of the ear canal transmission difference,
calculated over the incident angles i (eq. 5). Both are
shown in Fig. 5, taking the right ear measurements as an
example.
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Figure 4: Measured right ear CTFs

In order to be consistent with previous research, di-
rectional spread is used as the main assessment metric of
this study.

SDmax = max
i,j

�
20 · log10

|DTFdif, i|
|DTFdif, j |

�
(4)

DS = σi (20 · log10 |DTFdif |) (5)
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Figure 5: Measured right ear: SDmax and DS

3. RESULTS

3.1 Measurements

3.1.1 Experimental spread

In reality, a calculated directional spread will include two
components: the true directional dependency, and any er-
rors due to measurement uncertainty. However, repeated
measurements with the same source position would create
the same errors as when the source position is changed.
Thus, in the hypothesis of zero directional dependency of
the ear canal, measured directional spread would not be
equal to zero, but rather equivalent to the experimental
Spread (ES), defined in [7] as the standard deviation of
the dB magnitude of measurement repetitions (σrep) av-
eraged across the directions of arrival (eq. 6). A com-
parison between the two metrics can be used to verify the
existence of a true directional spread. The negative con-
clusions in [7] are based on them matching, as can be seen
in Fig. 6.

ES =

P
i (σrep (20 · log10 |DTFdif,i|))

Ni
(6)

Fig. 6 also shows our calculated experimental spread
for two cases: a DTFdif measurement that was repeated
without modifying the setup, and another where the bin-
aural microphone was taken out and put back in, reposi-
tioning it slightly. The significantly lower values from our
experiment are consistent with a higher repeatability of
our setup compared to measurements on human ears, al-
though more repetitions and ideally more ear geometries
would provide higher confidence in these results.
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Figure 6: Experimental spread: repeated vs reposi-
tioned vs Hammershøi and Møller
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3.1.2 Directional spread

Directional spread was calculated separately for the right
and the left ears, because they show significantly different
behaviour (Fig. 7).
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Figure 7: Directional spread: measurements

While being similar at high frequencies, particularly
above 10 kHz, the right ear directional spread has a 6dB
peak around 3.6-4 kHz, which is not present in the left
ear measurements. Additional peaks at 9 kHz and 15kHz,
which might be harmonically related to the first one, are
present in both left and right ear results, albeit at differ-
ent amplitudes. These results persist for measurements
repeated after repositioning the binaural microphones.
While the reason for this discrepancy is not readily ap-
parent, a possible explanation is offered in section 4.

3.2 Simulations

3.2.1 Measurement dataset

As described in section 2.3, the simulations were per-
formed for source positions covering the ipsilateral half-
spheres for each ear. However, in order to make a direct
comparison, a sub-set of source positions on the horizon-
tal and frontal planes, matching the measurement dataset,
was analysed first.

Fig. 8 shows the comparison between the measure-
ment and the simulation results for matching source posi-
tions. Curiously, both the open and the blocked ear canal
simulations follow the left ear measurements much better
than the right ear ones. However, the open ear canal sim-
ulations do include similar series of peaks in the vicinity
of 4 kHz, 9 kHz and 15 kHz. While they don’t reach the
amplitude of the ones from the measurement data, their
frequencies are consistent enough to suggest a link.
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Figure 8: Directional spread: simulations vs mea-
surements, same source positions

3.2.2 Full dataset

When calculating the directional spread of the full simu-
lation dataset by combining the two half-spheres from the
left and the right ear data, the difference between blocked
and open ear canal simulations becomes more apparent.
As can be seen in Fig. 9, the directional spread of the
open ear canal simulations have a peak series comparable
to that of the right ear measurements, while the blocked
ear canal simulations do not.
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It also shows a comparison of the simulation results
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to the data extracted from [7]. They match the blocked ear
canal simulations quite well below 9 kHz, but curiously,
have additional peaks around 10 kHz, 14 kHz, and 16 kHz.

4. DISCUSSION

Two significant features can be isolated in the results of
this study. The first, as discussed in the previous section,
is the presence of a peak series around 4 kHz, 9 kHz and
15 kHz in the directional spread of (mainly) the right ear
measurements and of the open ear canal simulations (Fig.
7-9). The second is the fact that while directional spread
results are consistent with previous research (apart from
the 4 kHz peak), our experimental spread values are much
lower at frequencies above 5 kHz (Fig. 6).

The peak series discrepancy might be explained by
the following considerations: firstly, its frequencies match
the half-wave resonances of a tube roughly the length of
the ear canal, and secondly, it is only present in open
ear canal simulations. Since no peak has been observed
around 4 kHz in previous research involving human ears,
our conclusion is that it must be due to a directionally de-
pendent open ear canal resonance, present in the replicas
because of their low acoustic damping compared to real
ears. It is possible that this effect is present in real ears as
well, but with the higher damping, the resonance would be
much smaller and would not result in an observable effect,
except at higher frequencies (Fig. 9).

While these assumptions alone do not explain the lack
of the 4 kHz peak in left ear measurements, it is probable
that the binaural microphone was obscuring the ear canal
better in that case, leading to results more closely resem-
bling those typical of a blocked ear canal behaviour. Fur-
ther study is needed, including measurements with prop-
erly blocked ear canals, e. g. using the technique de-
scribed in [3].

The more interesting finding of this study is the
difference between the directional and the experimental
spreads, which was not observed in any of the previous
studies [4–8]. The observed lower experimental spread is
consistent with our assumption that the ear replicas used in
our study would provide highly repeatable measurements
compared to human subjects. Moreover, a similar trend
is present in simulation results (Fig. 9), which, at least in
theory, have no experimental spread. This indicates a sig-
nificant directional dependence of ear canal transmission
at frequencies above 5 kHz.

Whether or not this high-frequency directional depen-
dence can make a difference to perception is not yet clear.

In [11] we begin to investigate this question by applying a
perceptual model to HRTFs simulated on head geometries
from [9].

5. CONCLUSIONS

Using a pair of full outer ear replicas, directional measure-
ments were conducted in an anechoic chamber, with bin-
aural microphones at the ear canal entrances and micro-
phone capsules embedded at the eardrum positions. Sim-
ulations were performed on the same ear geometries, ex-
tending the source position dataset to a full sphere with a
5 degree resolution in both azimuth and elevation.

Both sets of acquired data were processed to obtain
the directional spread, a metric quantifying the direc-
tional dependence of ear canal transmission. This was
contrasted against the experimental spread to control for
repeatability errors. Two discrepancies were observed:
a peak series around 4, 9 and 15 kHz present in some
datasets, and a significant difference between the direc-
tional and experimental spreads at frequencies above 5
kHz. The first is most likely due to the experiment setup
and can likely be eliminated by performing binaural mea-
surements with properly blocked ear canals. The second
discrepancy, however, provides a strong indication of ex-
isting directional dependence of ear canal transmission at
higher frequencies.

Since the low number of repetitions and the fact that
only a single pair of ears was used could have affected
our results, a further investigation with a more rigor-
ous repeatability analysis and more subject geometries is
planned. The ears will also be mounted on an artificial
head to include source positions from the contralateral
half-spheres.
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