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ABSTRACT
Although acoustics of the external ear has been studied extensively for auralization and hearing aids, the
acoustic behavior with insert headphones is not as well known. Our research focused on the effects of outer
ear physical dimensions, particularly to sound pressure at the eardrum. The main parameter was the length
of the canal, but eardrum’s damping of resonances was also studied. Two ear canal simulators and one
dummy head were constructed. Measurements were also performed from human ear canals. The study
was carried out both with unblocked ear canals and when the canal entrance was blocked with an insert
earphone. Special insert earphones with in-ear microphones were constructed for this purpose. Physics-based
computational models were finally used to validate the approach.

1. INTRODUCTION

It is well known that the outer ear contributes to the spec-
tral shaping of sounds we hear in everyday life [1]. Peo-
ple have different ears and different ear canals, hence the
sound pressure responses at people’s eardrums are not
similarly distributed. In part therefore, people perceive
sounds differently.

In normal listening situations the whole outer ear con-
tributes to the spectral shaping of sounds before they
reach the eardrum. The unblocked ear canal acts like
a quarter-wave resonator and hence amplifies the reso-
nance frequencies. The locations of these resonance fre-
quencies in the frequency domain depend mainly on the

effective length of the ear canal. The shape and size of
the pinna, and the curvature of the ear canal also have an
effect on the pressure frequency response at the eardrum.

Insert type earphones are increasingly popular when lis-
tening to music and together with mobile phones, yet
their behavior has not been studied thoroughly. The
sound transmission path from the insert earphone to the
eardrum is different from listening to loudspeakers or
acoustically open headphones. The sound wave travels
through the ear canal only, an ear canal that is sugges-
tive of a half-wave resonator. The half-wave resonance
frequencies are pronounced at the eardrum, and the lo-
cations of these frequencies depend once again on the
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length of the ear canal. In addition, the overall struc-
ture of the ear canal has an effect on the shape of the
frequency response at the eardrum [2]. Furthermore, the
pressure chamber effect and the occlusion effect (empha-
sis of own voice) are important factors regarding insert
earphones.

1.1. Goal of the study

Physical simulators, such as ear canal simulators and
dummy heads, have been used widely as substitutes of
human test subjects. (An overview of ear simulators is
presented in Subsection 1.2.) The accuracy to which
physical simulators can imitate the behavior of the outer
ear and the ear canal depends on how well different phys-
ical details have been taken into account. The goal of
our research1 was to learn what kinds of effects the dif-
ferences in physical parameters of the outer ear have
to its frequency response, both for open and occluded
canal. We aimed at constructing a physical dummy head
with adjustable ear canal features and having as accu-
rate human-like acoustical behavior as possible. Fur-
thermore, we aimed at putting up physics-based com-
putational models for mathematical understanding of the
problem.

Simple tube-like adjustable ear canal simulators were
found useful in determining the effect of the ear canal
length (details in Section 3). The frequencies of the
ear canal resonances and antiresonance notches found
in measurements were the same as those calculated with
physics-based formulas. The acoustic behavior of a sim-
ulator equipped with a damped eardrum was much like
that of the human ear canal.

In addition, a custom-designed dummy head used in our
measurements proved to be a fairly accurate model of the
human peripheral hearing (details in Section 3). We were
hence able, with good accuracy, to study the effect of
the differences in human ear canal lengths and eardrum
impedances.

Physics-based computational modeling with lumped and
distributed elements was also applied to open and closed
ear canal simulation (details in Section 4). For a sim-
plified open ear canal such model is very accurate. In
the case of an insert earphone feeding the canal the main
problem is to estimate a good acoustic Thévenin equiv-
alent for the earphone driver. With different model cali-
bration techniques we managed to get close to the behav-

1Parts of this paper are based on the MSc thesis of M. Hiipakka [3].

ior measured from the physical simulators and real hu-
man ear canal up to 10-15 kHz. These modeling efforts
help us to understand better how the insert earphones
work for individual listeners.

1.2. Overview of ear simulators

Originally ear simulators were primarily targeted for
hearing aid and audiometry headphone calibration. All
calibrators were designed to mimic the acoustic load of
real ears, or at least provide a load in the same range
with a real ear. Nowadays, ear simulators are increas-
ingly used for headphone and mobile handset calibration
as well. Ear simulators should be separated in three dif-
ferent categories: couplers, ear simulators, and head and
torso simulators (HATS).

Couplers are normally small volumes offering a reason-
able load for hearing aid and insert type of headphone
measurements. The sound pressure developed by an ear-
phone is not, in general, the same in the coupler as in a
person’s ear. However, these kind of coupler measure-
ments offer a practical and simple way to compare dif-
ferent kinds of earphones. Most of the couplers do not
simulate the ear canal and the measurements do not show
the resonance behavior of a real ear. This limits the us-
able upper frequency for the coupler measurements for
some applications. One common problem with couplers,
for insert headphone usage, is that the coupling is as-
sumed and designed to be very tight, with no leaks. For
insert headphones in real usage this is rarely the case,
and therefore coupler measurements tend to exaggerate
low frequencies.

Ear simulators for insert type of headphones and hear-
ing aids offer a more realistic representation of a human
ear. Ear simulators are designed to have standing wave
patterns similar to that of a real ear. The impedance is
also designed to mimic the real ear impedance. Occluded
ear simulators (commonly based on the ANSI S3.25 [4]
and IEC60711 [5] standards), define the acoustic transfer
impedance at the eardrum. The standards are defined in
the frequency range of 100 Hz - 10 kHz, thus the cor-
responding commercial simulators are calibrated in this
frequency range as well. The simulators offer a fairly
realistic representation of a human ear characteristic but
one of the main problems with these simulators is the
lack of a realistic ear canal entrance.

ITU-T has published a recommendation (ITU-T P.57 [6])
that extents the IEC60711 stantard by combining differ-
ent types of pinnae with the simulator. The ear canals
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Fig. 1: The adjustable ear canal simulator (ADECS)
mounted to a microphone stand. The eardrum micro-
phone has been moved from the eardrum towards the
canal entrance.

recommended in the ITU-T P.57 are comprised of a 10
mm long uniform tube, and as they are designed for tight
coupling of hearing aids, measurement results for in-
sert headphones yield exaggerated bass response. There
are also recommendations for leakage in the headset
coupling but due to the recommended construction, the
leakage simulators are only suitable for supra-concha or
larger headphones.

2. ADJUSTABLE SIMULATORS

In order to measure the effects of the differences in phys-
ical parameters of the outer ear a variety of different ear
canal simulators, different kinds of artificial pinnae, and
a dummy head were constructed. The main focus of this
study was on the effect of the length of the ear canal and
the effect of the eardrum impedance. Therefore, only
the simulators manufactured for these purposes are pre-
sented in this paper.

2.1. Ear canal simulators

The main reason why ear canals are often modeled as
straight rigid wall tubes is related to the wavelength of
audible sound waves. The diameter of the ear canal is
smaller than the wavelength of the highest audible fre-
quencies. The skin on the canal walls has little or no
effect on the acoustics of the canal. Hence, a straight
rigid wall tube acts as a good starting point when build-
ing physical ear canal simulators.

For better understanding of the acoustic behavior of the
ear canal we needed to study the frequency responses of a
large variety of different sizes of artificial ear canals. For
that reason, we built a new device, the ADjustable Ear
Canal Simulator (ADECS), which is depicted in Fig. 1.
The ‘ear canal’ is made of a hard plastic tube with a di-
ameter of 8.5 mm and a total length of 49 mm. The canal
entrance is simply an open round hole. The ‘eardrum’

‘Ear canal’ 

Cable Microphone Cavity Neck Microphone 

Eardrum 
piston 

Neck 

Microphone 

Movable piston ‘Ear canal’ 
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Fig. 2: A diagram of ADECS with undamped eardrum
(top) and damped eardrum (bottom). Cross-sections
from the front (left) and from the side (right).

is made of a movable plastic piston so that the simulator
canal length can be adjusted from 0 mm to 39 mm. A
millimeter scale is attached to the side of the canal for
easier control of the canal length. In the center of the
piston is a round hole, where a miniature microphone is
fitted. The position of the eardrum microphone is ad-
justable by hand. It can be located at the eardrum piston
level or pushed out as far as 57 mm into the canal towards
(and outside of) the canal entrance. The exact position of
the microphone is supervised with a millimeter scale at
the back end of the simulator.

A simulator with a stiff eardrum has a frequency re-
sponse that is slightly different from that of a human ear.
Resonance frequency peaks and antiresonance notches
are sharp when measured with rigid wall simulator,
whereas with real ears they are smoother. For achiev-
ing a better analogy with the human ear a new artificial
eardrum was manufactured. The piston used in ADECS
was replaced with a piston made of aluminum and con-
sisting of the microphone and an adjustable Helmholtz
resonator. An opening for the resonator’s neck was
drilled on the piston and the resonator’s cavity was
mounted behind it. A diagram of the eardrum (and simu-
lator) is depicted in Figure 2. The position of the eardrum
piston is adjustable from 0 mm to approximately 40 mm.
In addition, the volume of the resonator’s cavity can be
changed by sliding the back wall of the cavity. The
Helmholtz resonator acts as a damper at the eardrum as
some of the sound energy inside the ear canal is dissi-
pated in the resonator. Its resonance frequency was ini-
tially set to approximately 2 kHz. In order to spread
the damping effect to a wider frequency range, absorb-
ing material was added inside the resonator’s cavity.

AES 126th Convention, Munich, Germany, 2009 May 7–10
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Fig. 3: Dummy head with adjustable ear canals
(DADEC).

2.2. Dummy head with adjustable ear canals

An ear canal simulator without pinna and head is suitable
only for occluded ear measurements. For measurements
in free field and a listening room the next step in our re-
search was to build a complete dummy head. A manikin
head was modified by replacing its ears with acoustically
realistic artificial pinnae and fabricating a torso with di-
mensions of an adult human as depicted in Figure 3. The
pinnae were mounted so that they were exchangeable and
ear canal simulators (ADECS) were attached in the same
manner. The total length of DADEC’s ear canal is the
length of the simulator’s canal added with approximately
6 mm (blocked canal) to 12 mm (open canal) since the
concha of the artificial ears extends the ear canal signif-
icantly. The dummy head was later used in various free
field and listening room measurements.

3. MEASUREMENTS ON THE ACOUSTIC
PROPERTIES OF THE OUTER EAR

The acoustic behavior of the outer ear and the ear canal
were studied through extensive measurements with ear
canal simulators, the dummy head, and human test sub-
jects. The goal was to learn how the outer ear behaves
with and without insert earphones.

For measuring the frequency responses of a blocked ear
canal, a special earphone was constructed. A Knowles
FG-23329 miniature microphone was fitted in front of
the transducer port of a Philips SHN2500 earphone as
depicted in Figure 4. When the acoustic behavior of a
blocked ear canal or ear canal simulator was studied, this
Earphone with Fitted In-ear Microphone (EFIM) was
placed at the canal entrance. Impulse response measure-
ments were made with log sine sweep technique [7].

Fig. 4: A pair of earphones with fitted in-ear micro-
phones (EFIM).
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Fig. 5: Transfer functions (frequency responses) from
EFIM’s transducer to its microphone when attached to
a small cavity, attached to a long tube, and in free field
conditions.

The transfer functions from the transducer to the in-ear
microphone in different situations (attached to a small
cavity, attached to a long tube, and in free field) are de-
picted in Figure 5. The strong peak in the frequency re-
sponse at 6 kHz is the earphone’s self-resonant frequency
peak.

3.1. Frequency responses of open ear canals

The ear canal, closed at the other end by the eardrum,
acts as a quarter-wavelength resonator. The resonance
frequencies of a cylindrical tube open at one end, such as
the ear canal, are

fn =
nc

4(L + 8r
3π

)
(1)

where n is an odd number (1, 3, 5...), L is the length of
the tube, r is the radius of the tube and c is the speed of
sound in air (approximately 343 m/s at 20◦C and at sea
level).

When studying the pressure frequency responses of
ADECS, the simulator was mounted to a microphone
stand (as in Figure 1) in an anechoic chamber and pointed
towards a loudspeaker at a distance of 2 meters. The re-
sponses at different points along the ear canal were mea-
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Fig. 6: Frequency response at the ear canal entrance of
ADECS with two different ear canal lengths measured in
free-field conditions.

sured using the movable eardrum microphone of the sim-
ulator.

Transfer functions from loudspeaker to the ADECS ear
canal entrance are depicted in Figure 6. Two different
canal lengths (18 and 23 mm) were used. The two first
peaks of the resonant frequencies of the quarter-wave
resonators are at approximately 3.1 and 9.5 kHz with the
23 mm canal, when the response is measured at the canal
entrance (Fig. 6). In the frequency domain, directly after
the peaks follow the anti-resonance notches. The fre-
quencies at which these notches are located correspond
to the distance between the measurement point and the
eardrum, from where the reflected sound wave arrives.

When a sound wave enters a tube that is closed at the
other end, the sound pressure has its maximum at the
closed end. Antiresonance notches do not exist at the
closed end, as in other parts of the tube. The pressure
peaks of the resonant frequencies of the quarter-wave
resonator tube are however pronounced at the closed end.
The ADECS was used to study the behavior of the res-
onant frequency peaks as the length of the ‘ear canal’
changes. The length of the ADECS canal was adjusted
with 1 mm steps from 0 to 30 mm while the pressure
frequency responses were measured with the eardrum
microphone. Some examples of these responses are de-
picted in Figure 7.

The eardrum is not a rigid straight wall at the end of the
ear canal. It participates in the shaping of the pressure
frequency response of the ear canal in a complex way.
The damped eardrum for ADECS was manufactured as
we wanted to obtain frequency responses that are close
to those measured with human subjects.

To investigate responses at the eardrum of the dummy
head (DADEC) with the damped and undamped eardrum
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Fig. 7: Pressure frequency response at the undamped
eardrum of ADECS with different ear canal lengths in
free field conditions.
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Fig. 8: The effect of the eardrum. Responses measured
with the eardrum microphones of the damped and the un-
damped eardrums. The dummy head (DADEC) is facing
a loudspeaker at a distance of 1.8 m in a listening room.
Canal lengths are set to 20 mm.

simulators (ADECS) a set of measurements was per-
formed. The DADEC was placed directly facing (az-
imuth = 0◦) a loudspeaker at a distance of 180 cm in a
listening room. Each eardrum was tested with DADEC
consecutively. Comparison between the frequency re-
sponses of the two different eardrums, in similar listen-
ing room environments, is shown in Figure 8. There is
a significant difference in the responses measured with
each of the eardrum microphones. The effect of the
damping is clear at the resonant frequencies of the ear
canal, where the eardrum attenuates the peak of the reso-
nant frequency by 6 to 10 dB. Additional measurements
with the damped eardrum were made with different ear
canal lengths. The pressure frequency responses at the
eardrum are depicted in Figure 9. Compared to previous
measurements with the undamped eardrum, the quarter-
wave resonant frequency peaks are significantly softer.

Three different fabricated pinnae were attached to
DADEC with the undamped ADECS as ear canal in sim-
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Fig. 9: Responses with various ear canal lengths mea-
sured at the eardrum of DADEC (with damped ADECS)
in the listening room.
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Fig. 10: The effect of the size and shape of the pinna.
Three different fabricated pinnae attached to DADEC
with ADECS as ear canal. Responses measured from
the eardrum.

ilar listening room conditions. In addition to the rubber-
made pinna used in most measurements, two larger pin-
nae (big ear and cuplike ear) were used (See [3] for de-
tails). The overall differences in the obtained frequency
response curves in Fig. 10 are not striking considering
the exaggerated differences in the physical sizes of the
pinnae.

Finally, the eardrum responses of DADEC with damped
ADECS were measured in an anechoic chamber with a
loudspeaker at an azimuth angle of 30◦. The results com-
pared to listening room measurements with azimuth an-
gle of 30◦ are shown in Fig. 11. In both cases, the second
resonance around 10 kHz has been attenuated compared
to Fig. 7). This damping is probably due to the improved
impedance matching from the ear canal through the con-
cha and the pinna to the environment. The concha and
the pinna cause a horn-like expansion of the wavefront.

3.2. Frequency responses of blocked ear
canals

Compared to normal listening conditions with unblocked
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Fig. 11: DADEC eardrum responses in a listening room
(azimuth 0◦) and in an anechoic chamber (azimuth 30◦).
The ear canal is 18 mm long damped ADECS.

ear canal, the acoustic behavior of the ear canal is very
different when it is blocked with e.g. an insert earphone.
All of the outer parts of the auditory system act together
to form the total transfer function when the signal is
played with a loudspeaker. In a listening room, with the
ear canal left open, also the acoustics of the room is shap-
ing the frequency response of the system, that is, shap-
ing the transfer function from loudspeaker to eardrum.
When listening e.g. to music with an insert earphone the
effects of the head, shoulders, pinna and concha are ab-
sent and only the acoustic properties of the ear canal are
of significance. Nevertheless, the outer parts of the outer
ear have a major role in shaping the way we are used to
hearing external sound sources, which is important es-
pecially in directional hearing. These outer parts should
therefore not be completely forgotten when contemplat-
ing the acoustics of the occluded ear canal.

The behavior of the blocked ear canal was studied
through extensive measurements both with simulators
and human test subjects. One of the most important
characteristics of the ear canal is its length, the effect of
which was in the center of our research. In addition, the
effect of the impedance of the eardrum was studied with
simulators and a human test subject.

During the research, several measurements were per-
formed with EFIM mounted to an ear canal simulator as
depicted in Figure 12. A log sine sweep was reproduced
with EFIM and recorded with EFIM’s in-ear microphone
and the eardrum microphone of ADECS. Similar to the
measurements with the open ear canal, the effect of the
canal length was studied making good use of the ad-
justable simulator. The length of the canal was adjusted
with 1 mm steps from 5 mm (minimum) to 40 mm. In
Figure 13 the responses from ADECS with a 20 mm ear
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Fig. 12: Diagram of measurement setup where EFIM is
fitted to ADECS and the length of the canal is adjusted
by moving the eardrum piston.
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Fig. 13: Pressure frequency responses of undamped
ADECS (Adjustable Ear Canal Simulator) with canal
length of 20 mm measured with the eardrum microphone
(drum) and with the in-ear microphone of EFIM (entr).

canal are depicted. The graph shows the antiresonance
notch at approximately 1.6 kHz at the earphone micro-
phone (canal entrance). The first half-wave resonance is
approximately at 10 kHz.

A similar set of measurements was performed with the
damped eardrum. The length of the simulator’s canal
was adjusted as frequency responses were measured us-
ing the eardrum microphone and the in-ear microphone.
The damped eardrum smoothens the antiresonance notch
around 2 kHz, as can be seen from Fig. 14. In Fig. 15
responses at the eardrum were measured using different
canal lengths. The half-wave resonance peaks move in
the frequency domain in unison with the varying canal
length.

With the EFIM it was easy to measure the pressure fre-
quency responses also from real ears. The test subjects
were asked to place the EFIM in their ears, and the re-
sponses were then captured using the earphone and its in-
ear microphone. Eight test subjects participated in these
measurements, both ears of whom were measured. The
differences between individuals were significant, and in
addition, the differences between right and left ears were
interestingly outstanding with some of the subjects. The
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Fig. 14: Pressure frequency responses of damped
ADECS with canal length of 20 mm measured with the
eardrum microphone (drum) and with the in-ear micro-
phone of EFIM (entr).
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Fig. 15: Pressure frequency responses of damped
ADECS with different canal lengths measured with the
eardrum microphone.
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Fig. 16: Frequency responses at the blocked ear canal
entrances of Subject 5.

responses from measurements with Subject 5 are de-
picted in Figure 16. The lengths of the canals seem to
be different, since the first half-wave resonance peaks are
located at 7.3 kHz (right) and 8.3 kHz (left).

The responses obtained from real ears showed similar-
ities with those measured from ADECS. As one exam-
ple of this, Fig. 17 shows the responses measured with
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Fig. 17: Ear canal frequency response measured at the
left ear canal entrance of Subject 3 compared with simi-
lar measurement from DADEC.
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Fig. 18: Circuit model for the open ear canal.

DADEC (with damped ADECS as ear canal) and the left
ear of Subject 3. In this example, the ear canal was set to
22 mm, upon which the concha adds a few millimeters.
Hence, the total ear canal length of DADEC, in this case,
was approximately 28 mm (see Section 2).

4. COMPUTATIONAL MODELING

Computational modeling was applied to open and closed
ear canal cases in order to test our comprehension of phe-
nomena involved in ear canal and earphone acoustics.
This was accomplished by comparing modeling results
against measured data from the physical simulators.

4.1. Open ear canal modeling

An open ear canal without a dummy head is simply a
terminated tube. It can be modeled as a system composed
of approximate eardrum impedance, practically lossless
ear canal as an acoustic transmission line, and an external
pressure sound source with internal acoustic impedance,
equivalent to the radiation impedance of the tube opening
[8, Ch. 5] due to the reciprocity principle [9, Ch. 7]. The
equivalent circuit applied is shown in Fig. 18.

Figures 19 and 20 show a comparison between the mea-
sured and modeled responses at the canal entrance and
the eardrum, respectively, for a 23 mm long ADECS ear
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Fig. 19: Measured pressure responses at the Adecs canal
entrance (blue) and at the eadrum (red) for 23 mm canal
length. The curves are 1/24-octave smoothed.
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Fig. 20: Modeled pressure responses at the canal en-
trance (blue) and at the eadrum (red) for 23 mm canal
length.

canal simulator with diameter of 8.5 mm. The eardrum
impedance used in the computational model was an
acoustic resistance and the radiation impedance was as
shown in Fig. 18. As can be seen, the measured and mod-
eled responses agree well.

4.2. Acoustic Thévenin Equivalent of the Ear-
phone

To enable computational modeling of interaction be-
tween the earphone and the ear canal, a model of the
earpiece as an electroacoustic source is needed. Instead
of trying to derive an electro-mechanic-acoustic equiv-
alent circuit2, it is enough to estimate a Thévenin type
of source model with voltage-to-pressure source term
PS and acoustic source impedance ZS, as illustrated in
Fig. 21. For a given acoustic load ZL, the pressure re-
sponse PL delivered by the source is

PL =
ZL

ZS + ZL
PS (2)

2For headphone modeling in general, see [10] and [11].
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ZS

Z L P LPS

Fig. 21: Acoustic Thévenin equivalent circuit for the ear-
phone.

In principle the easiest way to obtain the two unknowns
is to measure the open-circuited (ZL = ∞) pressure, equal
to PS, and short-circuited (ZL = 0) volume velocity QL =
PS/ZS, from which ZS is solved. In contrast to electric
circuits, a problem in acoustics is that both of the men-
tioned conditions are difficult to obtain, and therefore
other more ideal loading conditions need to be applied.

There are a number of published methods to measure and
estimate the Thévenin source parameters. Many of the
methods have been developed for probes used to mea-
sure the ear canal or eardrum impedance for audiology
purposes [2, 12–24]. The impedance probes in audio-
logy typically include a sound source driver fed through
a thin vent and a microphone through a probe tube, sens-
ing pressure at a short distance from the source radiation
point. Responses measured very close to the radiation
source are not directly applicable due to near field ef-
fects [25].

A commonly used method of calibrating the impedance
probe is to load it by several hard-walled closed tubes
or cavities, for which there exists an analytically com-
putable impedance expression [14, 16, 19]. Using for ex-
ample five different lengths of tube loads there will be
five equations to solve for two variables. This means an
overdetermined set of equations, leading to least squares
optimization of both the source pressure term and the
acoustic impedance [14, 16].

We tried many different methods to estimate a Thévenin
source model for the Philips earphone. The best results
were obtained when using several approximately resis-
tive loads, made of long tubes with different diameters,
for which the wave impedance is Zw = ρc/A, where A is
the cross-sectional area of the tube, ρ is air density, and
c is speed of sound. A tube length of about 2-3 meters
is long enough when the back-reflection from the open
end is removed by temporal windowing of the reflection
function.

With M = 5 calibration loads Zi of diameters from 5 to 10
mm and measuring related pressures Pi, the source terms
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Fig. 22: Measured in-ear microphone pressure responses
in five resistive load tubes for Thévenin model estima-
tion.
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Fig. 23: Magnitude response of Thévenin pressure
source.
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Fig. 24: Impedance magnitude of Thévenin model, nor-
malized to wave impedance of 8 mm diameter tube.

PS and ZS for the earphone driver were solved in least
squares sense from the overdetermined set of equations

Z1 −P1
Z2 −P2

...
ZM −PM


[

PS
ZS

]
=


P1Z1
P2Z2

...
PMZM

 (3)

using pseudo-inverse (function pinv in Matlab). Figure
22 shows the magnitude responses of the measured pres-
sures Pi and Figs. 23-24 plot the magnitude behaviors
of the source pressure PS and the impedance ZS, respec-
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Fig. 25: Magnitude response at 7 mm from the earphone
in 26 mm long ADECS simulator: (blue) from modeling
and (red) from measured data.

1k Frequency [Hz] 10k 20k
−60

−50

−40

−30

−20

−10

0

Le
ve

l [
dB

]

 

 

Modeled
Measured

Fig. 26: Magnitude response at eardrum position in 26
mm long ADECS simulator: (blue) from modeling and
(red) from measured data.

tively. Due to the near field effects of the sound source
we could not use the in-ear microphone of the earphone,
but applied a separate probe microphone 7 mm from the
earphone outlet to measure the pressures Pi.

4.3. Interaction of driver and ear canal

Having estimated the Thévenin source model, acoustic
responses to any point in the ear canal model can be
computed and compared to measured data. Figure 25 de-
picts the modeled vs. measured response at 7 mm from
the earphone and Fig. 26 shows the corresponding re-
sponses at the eardrum. Measurements are made with
the ADECS simulator with canal length of 26 mm. The
resemblance between the modeled and measured data is
good so that the model is applicable in exploring the be-
havior of the insert earphone connected to different kinds
of ear canals.

5. SUMMARY AND CONCLUSIONS

The aim of this study was to explore the acoustic behav-
ior of the external ear together with insert type of ear-
phones. Understanding the individual features of listen-

ers and how they reflect to earphone-reproduced sound
helps in designing earphones and using them in binau-
ral reproduction and auralization. Insert earphones oc-
clude the ear canal, so that the effects of concha, pinna,
head, and shoulders are excluded. These parts need to be
taken into account carefully in detailed auralization, but
in music reproduction their individual variation is not as
prominent, as can be concluded from Fig. 10.

In addition to the earphone driver itself, the tone color in
insert earphone reproduction is dependent on the acous-
tic impedance of the eardrum, the size and form of the ear
canal, and the leakage of the earphone fitting. The user
must take great care of tight fitting, because otherwise
no full bass response is possible. From our measurement
results we conclude that the length of the ear canal has
a clear effect in determining the pressure frequency re-
sponses at the ear canal entrance and at the eardrum. In
addition, the eardrum impedance determines the sharp-
ness of the resonance peaks and antiresonance notches.
For a realistic model of a human ear canal, the impedance
of the eardrum needs to be taken into account. According
to our experiments, the variation in eardrum impedance
can have even a larger impact than the canal length.

Other physical parameters, such as the shape of the ear
canal and other parts of the outer ear were studied also
[3], although they are not reported in this paper. It was
found that differences in the shape of the outer ear are
a factor to be considered when modeling the outer ear.
However, in comparison to the eardrum impedance and
varying ear canal length, other differences were found to
be of less importance.
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