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Abstract – Wideband acoustic immitance (WAI) measurements provide an objective means to detect
pathological middle ear conditions. However, for ears of young infants, it is still difficult to make clear
statements about the middle ear status based on WAI measurements. In order to gain a better understanding
of WAI data obtained in young infants’ ears, a parametric electro-acoustic model of the ear canal and the
middle ear of young infants is proposed. In this first part of the two-part paper, the development of the model
for the healthy ear is presented. Based on an existing model for adult ears, the presented model is adapted to
young infants’ ears, uses parameters suited to represent physiological properties, and uses a smaller number of
parameters in order to reduce model complexity. A comparison of the acoustic input impedance of the ear
predicted by the model with real ear measurements in young infants’ ears showed a good agreement in the main
characteristics. Model predictions show that the medium frequency range (about 1–3 kHz) of the acoustic input
impedance of the ear is dominated by the properties of the eardrum and the middle ear, indicating that
pathological middle ear conditions can preferably be detected in this frequency range.
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1 Introduction

Pathological middle ear conditions occur frequently in
early infancy. In the first months of life, middle ear effusion,
i.e. fluid in the middle ear resulting from otitis media, is the
most frequent pathological middle ear condition. In [1] a
prevalence of 74% for middle ear effusion was found for chil-
dren in the first 6 months of life, and in [2] a prevalence of
47.8% was found for infants aged between 2 months and
6 months. Less frequent conditions are e.g. oedematous
middle ear, negative pressure difference between middle
ear and ear canal, and middle ear dysplasia. Besides treat-
ments that may or may not be necessary as a result, such
conditions also have consequences for diagnostic tests like
those used within universal newborn hearing screening pro-
grams, because the sound has to travel through the middle
ear in order to trigger a response. If an otoacoustic emis-
sions test is applied, the middle ear has to be traveled even
twice, first by the stimulus and second by the emission from
the cochlea back to the ear canal. Such tests will also be
affected by the non-pathological occurrence of amniotic

fluid in the middle ear, typically present right after birth
up to a few days.

Traditionally, tympanometry at a single frequency is
used to detect pathological middle ear conditions. In the
last years broadband immittance-based methods were
investigated for their suitability and potential superiority
in middle ear diagnostics. In this context the term immit-
tance comprises the acoustic impedance, the acoustic
admittance, as well as further measures derived from these
quantities. The measures of these methods are grouped
under the term “wideband acoustic immittance (WAI)”.
In 2013 a consensus statement was formulated by several
researchers in that field. It was concluded that WAI, as a
tool to improve the diagnostics of middle ear disorders is
very promising, however, further research is needed espe-
cially to increase the database for both, normative data
and data for different pathologies [3].

Today, it is still difficult to make clear statements about
the middle ear status of young infants based on WAI mea-
surements. One important aspect is that middle ears of
young infants exhibit different acousto-mechanical proper-
ties in comparison to older children and adults. Further-
more, WAI is based on acoustic measurements in the ear*Corresponding author: tobias.sankowsky@jade-hs.de

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Acta Acustica 2022, 6, 53

Available online at:

�The Author(s), Published by EDP Sciences, 2022

https://acta-acustica.edpsciences.org

https://doi.org/10.1051/aacus/2022047

SCIENTIFIC ARTICLE

https://orcid.org/0000-0003-1721-960X
https://orcid.org/0000-0003-1721-960X
https://orcid.org/0000-0003-1721-960X
https://creativecommons.org/licenses/by/4.0/
https://www.edpsciences.org/
https://actacustica.edpsciences.org
https://actacustica.edpsciences.org
https://doi.org/10.1051/aacus/2022047


canal and it is known that, in the first months of life, the
acoustic properties of the ear canal also significantly differ
from those at an older age.

In order to gain a better understanding of WAI,
knowledge about the impact of different factors like compli-
ant ear canal walls, ear canal shape, and the healthy middle
ear versus different pathological middle ear conditions on
WAI-measures would be valuable. While some early WAI
studies with young infants [4–8] report complex impe-
dance/admittance data together with measures derived
from this data, in many recent WAI studies with young
infants the only immittance measure reported is either the
energy reflectance or the energy absorbance [9–13]. Both
require an assumption or estimation regarding the value
of the tube wave impedance associated with the ear canal
area at the probe tip, which is often not consistent over
studies and measurement devices, making the results hard
to compare. In addition, they neglect phase information
which could potentially be useful to identify acousto-
mechanical properties of the residual ear canal and its
termination by the eardrum and the middle ear.

In order to be able to verify the suitability of WAI as
a diagnostic tool for young infants, certainty of the middle
ear status and measures which are independent of the
particular measurement device being used are needed. It
would be helpful to have detailed knowledge of the transfer
of sound in the ear canal to the eardrum, and more specif-
ically to the middle ear. Acousto-mechanical transfer
models would provide such detailed knowledge. Many
models of this kind have been proposed, e.g. [14–21], which,
in general, share many properties but differ in details. The
more recent models in particular are mostly further devel-
opments of the earlier models. However, they have been
developed specifically for adults. Since it is known that
several potentially relevant properties of the ear canal
and the middle ear differ significantly between adults and
young infants, they can in general not be used for young
infants.

Therefore, in this paper, a parametric electro-acoustic
model of the ear canal and the middle ear of young infants,
to be used to predict the acoustic input impedance at the
eardrum at ambient pressure, will be presented. The model
is based on the model for adults according to [18–20] with
the following aims of adaptation: (1) differences between
infants’ and adults’ ears should be taken into account,
(2) model parameters should be suited to represent physio-
logical properties, and (3) model complexity in terms of the
number parameters should be reduced. The adult model
from [18–20] was chosen as a starting point because it
proved useful in previous studies of the authors on the
development of individualized models for the prediction of
the sound pressure at the eardrum [22–24] and on the
development of implantable middle-ear sensors [25]. It
should be noted that in this study we use the same concept
of the drum impedance as in [18–20, 26], i.e. the impedance
seen when exciting the eardrum by a plane wave impinging
perpendicularly onto the drum surface, whereas in many
other studies, the drum impedance is referred to as the
impedance at or shortly behind the entrance to the so-called

drum coupling region, which in turn is composed of the
inclined eardrum and the air space below it.

The objective of the present work is that the adapted
model can be used to predict the ability of immittance-
based measurements in the ear canal to detect certain dif-
ferent pathological middle ear conditions. Hence its focus
is the sound transfer in the ear canal and the acoustic input
impedance of the eardrum and not the transfer through the
middle ear.

In a companion paper, the model will be extended to
predict the influence of pathological middle ear conditions
in young infants’ ears on the acoustic input impedance of
the ear in order to investigate implications for WAI-
measurements. A MATLAB-implementation of the com-
plete model can be found in [27].

2 Development of the model

In the following, the proposed parametric electro-
acoustic model of infants’ middle ears and ear canals is
described. The parameters of this model are linked to phys-
iological properties. The starting point of the development
was the model of the ear canal and middle ear for adults
according to [18], which was adapted to model infants’ ears.
Furthermore, adaptations were made in order to reduce the
model complexity by removing unimportant parameters.
As will be explained in the following, reasons for parameters
to be unimportant are (1) they are not needed for young
infants’ ears, (2) they model effects which were not strongly
supported by the available measurement data in [18], or
(3) their influence on the resulting input impedance of the
eardrum is small.

2.1 Existing parametric model of the ear
for adults [18]

The transmission-line model proposed in [18] is depicted
in Figure 1. It consists of the acoustic two-port C represent-
ing the ear canal, the acoustic impedance of the middle ear
cavities Zcav, the acousto-mechanical kernel two-port K
representing eardrum, malleus and incus, a mechanical
admittance yis representing the incudostapedial joint, the
mechano-acousical stapes two-port S and the mechanical
admittance of the cochlea yc. Additionally the model
includes a Thévenin-equivalent acoustic source with the
source sound pressure ps and the source acoustic impedance
Zs connected to the ear canal two-port. As can be seen in
Figure 1, a topology-preserving analogy between electric,
acoustic and mechanic domain was used, where electrical
voltage corresponds to acoustical pressure p and mechanical
velocity v. The electrical current corresponds to acoustical
volume velocity q and mechanical force F.

2.2 Adaptation of the parametric model to infants’ ears

2.2.1 Ear canal

In [18] it was proposed to model the ear canal by
a stepped circular duct with rigid walls. The sound
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transmission of the duct is defined by the width Di and the
cross sectional area Ai of each slice i, and is given by

pec
qec

� �
¼

Y
i

coshðci�iÞ sinhðci�iÞZtwi

sinhðci�iÞ=Ztwi coshðci�iÞ

� � !

� 1 0
1=Zt 1

� �
pD
qD

� �
; ð1Þ

with c the propagation constant, Ztw the wave impedance,
both depending on the cross-sectional area A, and with Zt

the impedance of the tapered end of the ear canal between
the points D and T, see Figure 2. Both ci and Ztwi were
computed according to [28], considering thermal and
viscous losses for smooth wall surfaces, resulting in a com-
plex tube wave impedance and a complex propagation
constant with a real part a and an imaginary part b. In
[19] it was proposed to increase the damping (i.e. the real
part of the propagation constant) according to

c ¼ gaþ jb; ð2Þ
with g = 3 to account for non-smooth ear canal walls. The
value of g was directly taken from [19] where it was esti-
mated from reflectance measurements of rigidly termi-
nated cadaver ear canal slices. The wave impedance is
then approximated by

Ztw ¼ qc
A
c
c
jx

; ð3Þ

with q the mass density of air and c the speed of sound.
This model implies the first azimuthal mode being out-

side the relevant frequency range, the sound pressure at the
umbo producing the most relevant contribution to the force
acting on the manubrium, and rigid ear canal walls.

Physiological differences between adults’ and infants’
ear canals considered for our adaptation are the smaller
dimensions and the much more compliant ear canal walls
[29, 30]. From birth up to an age of 6 months, the typical
distance from the tragus to the innermost point at the ear-
drum ranges from 21 mm to 26.1 mm [4, 31, 32]. The depth
of the concha was reported to be between 7 mm and 8.6 mm
in [31], resulting in an ear canal length ranging from 14 mm
to 17.5 mm. In comparison, for adults a mean value of
23 mm ear canal length was reported in [4]. The mean ear
canal diameter for infants up to an age of 6 months ranges

from 4.4 mm to 6.3 mm, see [4]. For adults, a value of
10.4 mm diameter was reported in [4]. It should be noted,
that the mentioned values of ear canal geometry from [4,
31, 32] were determined from acoustic measurements with
the underlying assumption of a cylindrical ear canal with
rigid termination.

The walls of the ear canal are much softer and more
flexible in young infants than in adults, see e.g. [33]. In [4]
a resonant behavior of ear canal walls was found up to an
age of 6 months. In order to consider the softer ear canal
walls in the model, we propose to introduce a wall
impedance

ZW;i ¼ W w;i þ jxMw;i þ 1
jxNw;i

ð4Þ

for every ear canal slice i with the wall resistance Ww, the
acoustic mass Mw and the wall compliance Nw. Both the
acoustic mass and the compliance are determined by the
properties of the soft tissue in the ear canal, as

Mw ¼ qstdst

Ast
; ð5Þ

Nw ¼ dstAst

Est
; ð6Þ

Figure 1. General model structure for sound transmission from the ear canal into the cochlea according to [18].

Figure 2. Sketch of the ear canal slice model showing the ear
canal entrance E, the definition of the drum area D and the
termination point T.
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with qst the density, dst the thickness, Ast the surface area,
and Est the Young’s modulus of the soft tissue. The damp-
ing is modeled with a frequency independent damping
ratio given by

fst ¼ 0:5
a
x
þ bx

� �
: ð7Þ

For the damping constants a and b it is assumed that
a + x = bx. The frequency-dependent wall resistance is
then given by

W w ¼ aMw þ b
Nw

: ð8Þ

The proposed modeling of the damping is motivated by the
work in [34] in which a finite-element model of the ear canal
and middle ear of a 22 days old infant was proposed. In [34],
three sets of values were given for the ear canal wall
parameters Est, qst and fst. The three sets, referred to as
low impedance, baseline and high impedance, were chosen
to cover a realistic range of values. The values given were
Est: 20 kPa, 210 kPa and 400 kPa, qst: 1000 kg/m3,
1100 kg/m3 and 1200 kg/m3, fst: 0.1, 0.25 and 0.4. No
values were given in [34] for the thickness dst and the area
Ast of the soft tissue in the ear canal. In order to reproduce
the modeling results of the ear canal wall impedance Zw in
[34], we adopt the values of Est and qst. For the damping
ratio fst modified values of 0.5, 0.6, 0.9 are used. The thick-
ness dst is assumed to be 3 mm and the area Ast is assumed
to be 119 mm2 (the lateral surface of a cylinder with a
radius of 1.9 mm and a length of 10 mm). The acoustic wall
admittances Yw = 1/Zw resulting from equation (4) for the
three sets of values are depicted as straight lines in Figure 3
together with the modeling results from [34, Fig. 6] depicted
as open circles. Additionally the acoustic admittance of the
air enclosed in the canal is depicted in black. Note that in
[34] a weighting of the damping constants a and b wasn’t
mentioned, however, the positive phase values at the reso-
nant frequency of Yw of their results indicate that they used
a damping model which was dominated by mass rather
than by compliance (a/x > bx). In order to reproduce this
effect in Figure 3 a weighting of a=x

1:7 ¼ bx
0:3 is applied. For the

model we propose here, a damping ratio fst of 0.6 was
chosen which leads to modeling results comparable to those
in [34] for their baseline set, see Figure 3. Since no reason
could be found that the damping is either dominated by
mass or by compliance, a/x = bx is used in the model
proposed here. It should be noted that the choice of a
particular damping model is not critical with respect
to the resulting immittance values, see discussion in
Appendix A.1.

In order to account for the effect of the soft ear canal
walls in the sound transmission equation (1) changes to

pec
qec

� �
¼

Y
i

coshðci�iÞ sinhðci�iÞZtwi

sinhðci�iÞ=Ztwi coshðci�iÞ

� �� 

� 1 0
1=Zw;i 1

� ���
1 0

1=Zt 1

� �
pD
qD

� �
: ð9Þ

In comparison to models with rigid ear canal walls, the
inclusion of the effects of soft ear canal walls will mainly
affect frequencies below about 1.5 kHz, see discussion in
Section 4 (Fig. 10).

2.2.2 Middle ear cavities

The middle ear cavities comprise the tympanic cavity,
the aditus ad antrum, the antrum and the mastoid air cells.
They are represented by the acoustic impedance Zcav located
between the ear canal two-port and the eardrum within the
kernel two-port, see Figure 1. Generally, cavities are mod-
eled using acoustic compliances representing volumes,
acoustic masses representing air columns and resistive com-
ponents introducing damping. The model of Zcav for adults
according to [18] is depicted in Figure 4. It contains the com-
pliance Ntcav and the resistance Wtcav of the tympanic cav-
ity, the acoustic mass Mada and the resistance Wada of the
aditus ad antrum, the compliance Nant of the antrum and
the acoustic impedance Zmac of the mastoid air cells.

With the acoustic compliance of a volume V given by
N = V/(qc2), the resulting acoustic impedance of the
middle ear cavities becomes

Figure 3. Reproduction of the modeling results in [34] of the
ear canal wall admittance and admittance of the air in the canal
using equation (4). The circles correspond to [34, Fig. 6] and the
lines correspond to equation (4) using values of qst = {1000 kg/
m3, 1100 kg/m3 and 1200 kg/m3}, dst = 3 mm, Ast = 119 mm2,
Est = {20 kPa, 210 kPa and 400 kPa}, fst = {0.1, 0.25 and 0.4},
and a=x

1:7 ¼ bx
0:3.
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Zcav ¼

1
W tcav þ qc2=ðjxV tcavÞ þ

1
W ada þ jxMada þ 1

jxV ant=ðqc2Þþ1=Zmac

 !�1

:

ð10Þ
The acoustic impedance Zmac of the mastoid air cells was
modeled as a series resonant circuit in [18], defined by its
resonant frequency fmac, its quality factor Qmac and its
acoustic compliance Nmac associated with the volume Vmac
of the air cells,

Zmac ¼ 1� ðx=ð2pfmacÞÞ2 þ jx=ðQmac2pfmacÞ
jxV mac=ðqc2Þ : ð11Þ

Significant physiological differences in young infant’s
middle ear cavities, compared to those of adults, can be
found in the sizes of the tympanic cavity and the antrum
and in the status of pneumatization in the mastoid. In
[35] the volume of the tympanic cavity was compared
between infants aged �1 year and adults. It was found that
the average infant’s volume is about 2/3 of the volume in
adults (450 mm3/640 mm3). The volume of all middle ear
cavities of a 22 days old middle ear was estimated from
CT-scans in [36]. The overall volume was estimated to be
between 730 mm3 and 930 mm3, with a volume of the
tympanic cavity alone of 330 mm3. In the adult’s model,
a value of 500 mm3 was used for the tympanic cavity
volume and a value of 800 mm3 was used for the antrum
[20]. Based on this, values of 330 mm3 for the tympanic
cavity and 500 mm3 for the antrum were chosen for young
infants in the present model.

According to [37, p. 107] pneumatization of the mastoid
starts at the 33rd week of gestation. Starting with very few
air cells in the mastoid, the surface of the antrum has an
average value of 1 cm2 at birth. In the first year of life,

the surface increases due to the pneumatization to 4 cm2.
In contrast, the mean adult mastoid air cell surface is about
12 cm2. Because of the weak degree of pneumatization of
the mastoid in young infant, the effect is omitted in the
model, i.e. Zmac was removed from the model.

Furthermore, an additional modification in modeling
the middle ear cavities is made. As will be shown in
Section 3, the influence of the components modeling the
aditus ad antrum on the acoustic input impedance at the
eardrum of the infant model is small. In order to reduce
the overall complexity of the model, these components
(namely Wada and Mada) were omitted.

The resulting model of the middle ear cavities for young
infants is depicted in Figure 5.

2.2.3 Eardrum, malleus and incus

In [18] the eardrum, the malleus and the incus were
aggregated in the kernel two-port, see Figure 1. The kernel
comprises the acoustic properties, the transformation from
the acoustical to the mechanical domain and the mechani-
cal properties of eardrum, malleus and incus. The equiva-
lent circuit of the kernel is depicted in Figure 6 with the
acoustic properties represented by the eardrum acoustic
shunt impedance Zac on the left side. The two-port in the
center models the acousto-mechanical transformation with
the effective area AD of the eardrum. On the right side,
the mechanical properties are modeled by the mechanical
admittances of the eardrum yd, the malleus ym, the incudo-
mallear joint ymi and the incus yi.

The eardrum acoustic shunt impedance Zac was
modeled as a series resonator with an additional correction
of the phase. The resonator consists of a frequency indepen-
dent acoustic resistance Wac and a compliance Nac, and an
acoustic mass Mac increasing with frequency, given by

Mac fð Þ ¼ Mac0 1þ
ffiffiffiffiffiffiffiffi
f
fYm

s !
; ð12Þ

with the acoustic mass Mac0 at f = 0 Hz and the charac-
teristic frequency fYm. The eardrum acoustic shunt impe-
dance was given as

Figure 4. Equivalent circuit of the middle ear cavities model.
The value of the impedance Zcav results from the pressure pcav
divided by the volume velocity at the eardrum qD.

Figure 5. Equivalent circuit of the adapted middle ear cavities
model. The value of the acoustic impedance Zcav results from the
pressure pcav divided by the volume velocity at the eardrum qD.
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Zac ¼ W ac þ jxMac þ ðjxN acÞ�1

ejxUY
; ð13Þ

where

UY fð Þ ¼ sYph log 1þ f
fYph

� �
ð14Þ

is a phase correction with slope sYph and cut-off frequency
fYph.

In the mechanical part, the admittance of the incudo-
mallear joint was defined as

ymi ¼ wmi þ 1
jxnmi

� ��1

; ð15Þ

with the mechanical resistance wmi and the mechanical
compliance nmi. The values of the other three mechanical
admittances were determined from a common mechanical
admittance ydmi of eardrum, malleus and incus. The
modeling of the admittance ydmi is depicted in Figure 7.
Herein, noss and moss are the mechanical compliance and
mass of the ossicles, and wfree and mfree are the mechanical
resistance and mass of the free vibrating part of the
eardrum. The coupling between the ossicles and the free
vibrating part of the eardrum is represented by the
mechanical compliance ncpl and resistance wcpl. The
mechanical admittance of the incus were then determined
using

yi ¼
1
3
ydmi ð16Þ

and the mechanical admittance of the eardrum and the
malleus using

ydm ¼ 1=yd þ 1=ymð Þ�1 ¼ 2
3
ydmi; ð17Þ

according to [20].
The acoustical to mechanical transformation as

described in [19] is achieved by a gyrator two-port with a
frequency-dependent, complex-valued effective eardrum
area AD. Specifically, AD is given by a second order low-pass

filter A0
D with an additional correction term UA for the

phase at higher frequencies, resulting in

AD ¼ A0
DejUA : ð18Þ

The low-pass filter was defined as

A0
D ¼ A0 þ A1

1� ðx=ð2pfAÞÞ2 þ jx=ðQA2pfAÞ
� A1

 !
; ð19Þ

with the eardrum area A0 at low frequencies x, the area
A1 for frequencies x ? 1, the low-pass resonant fre-
quency fA and the low-pass quality factor QA. The phase
correction term was defined as

UA ¼
0 x < 2pfAph

sAph log x
2pfAph

� �
þ arg A0

D fAphð Þ	 

x � 2pfAph

(

ð20Þ
with the slope sAph, the cut-off frequency fAph and the

phase angle of A0
D at fAph arg A0

DðfAphÞ
	 


.
In the present modeling approach, besides modifications

that pertain to differences between infants and adults, two
simplifications were made that are not related to differences
between infants and adults. First, in [19], the parameters
used to model the eardrum acoustic shunt impedance were
derived from acoustic measurements, but they were not
directly related to physiological properties. As explained

Figure 6. Equivalent circuit of the middle ear kernel two-port comprising the components of eardrum, malleus and incus according
to [19].

Figure 7. Equivalent circuit of the common mechanical
admittance ydmi comprising parts of the eardrum, the malleus
and the incus.
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above, basically a series resonator was used to model Zac,
with a phase correction term comprising 3 additional para-
meters used to modify the impedance at high frequencies.
The first one, fYm, causes a steeper slope of the acoustic impe-
dance. The other two parameters, sYph and fYph, change the
phase response from approaching�90� at high frequencies to
positive phase values. A similar effect as caused by these
three parameters can occur if an additional acoustic mass,
acting in parallel to the resonator, e.g. a small air column
between the acoustic impedance measurement device and
the object to be measured, is introduced. In [19] the authors
themselves remark that their measurement results are ques-
tionable at high frequencies (10 kHz). They explicitly refer to
a minimum in the measured acoustic admittance (1/Zac)
which is not considered in their model. However, it would
then be consequent to ignore the phase increase as well.
Therefore, in the present approach, the phase correction
term is omitted. Thus equation (13) simplifies to

Zac ¼ W ac þ jxMac þ ðjxN acÞ�1
: ð21Þ

Note that all parameters in equation (21) (Wac, Mac and
Nac) have values which do not depend on frequency. In
order to be able to adapt at least the acoustic mass and
the acoustic compliance to physiological conditions, the
model of a stretched circular membrane according to
[38, pp. 71, 225–226] is used. The acoustic compliance is
then given by

N ac ¼ p
8

a4ed
T 0;edhed

; ð22Þ

with aed the radius of the eardrum, T0,ed the eardrum ten-
sion and hed the thickness of the eardrum. The acoustic
mass is given by

Mac ¼ 4
3
qedhed
pa2ed

; ð23Þ

with qed the membrane mass density.
The second simplification not related to differences

between infants and adults is made in the effective eardrum
area AD. As will be shown in Section 3, the influence of the
three parameters high frequency eardrum area (A1), slope
of the phase correction term (sAph) and cut-off frequency of
the phase correction term (fAph) on the resulting acoustical
eardrum impedance ZD is very small. In order to reduce the
overall complexity of the model, these parameters are omit-
ted. The simplified effective eardrum area is then given by

AD ¼ A0

1� ðf =fAÞ2 þ jf =ðQAf AÞ
: ð24Þ

Physiological differences of the eardrum between young
infants and adults were reported in [39]. It was found that
the thickness of the pars flaccida (Shrapnell’s Membrane)
decreases with age, mainly during the first year of life. At
an age of about 4 month the pars flaccida is about 3 times
thicker compared to the thickness at an age of 21 years.
Assuming the area of the pars flaccida is about 0.2 of
the overall eardrum area, the parameters of acoustic and
mechanic masses of the eardrum are multiplied by a factor

of 3 � 0.2 + 0.8 = 1.4. According to equation (22), the
acoustic compliance Nac is inversely proportional to the
thickness of the membrane and is therefore divided by 1.4.

Age-related changes of the ossicles were reported in [40],
where the average weight of malleus and incus is roughly
25% higher in adults than in the age group from 0 to
10 months. Since a reduction of the ossicles’ mechanical
mass in the model by 25% has almost no effect on the acous-
tical eardrum impedance, this age-related difference is
neglected.

There are some parameters in the model for which a
direct physiological link is not obvious. This applies to the
damping and to the low-pass used to model the effective
eardrum area. By comparing the acoustic impedance pre-
dicted by the model with impedances measured in infant’s
ear canals from [41], it was found that an adaption of three
more parameters was necessary. Firstly, the resistance Wac

of the eardrum acoustic shunt impedance was reduced by a
factor of 0.7, secondly, the low-pass resonant frequency fA of
the effective eardrum area was increased by a factor of 2
and thirdly, the quality factor QA of the effective eardrum
area was reduced to 1.

2.2.4 Stapes and cochlea

In [18] the stapes and the cochlea were represented by
the mechanical admittance of the stapes ySt and the acous-
tic input impedance of the cochlea ZC. Both were modeled
by simple vibrators. The mechanical admittance of the
stapes was given by

yst ¼ wst þ 1
jxnSt

þ jxmSt

� ��1

; ð25Þ

and the acoustic input impedance of the cochlea was given
by

ZC ¼
wC þ 1

jxnC
þ jxmC

� �
AStF

; ð26Þ

with the respective mechanical elements resistance w,
compliance n and mass m and with the area of the stapes
footplate AStF. The compliant element of ySt represents
the annular ligament and the compliant element of ZC is
mainly caused by the round window membrane, see [20].

To our knowledge no physiological differences in stapes
and cochlea input between infants and adults have been
reported in literature. Therefore, we propose to retain the
original model from [18] for this part of the overall model.
However, it should be mentioned that in [29] it was stated
that the developmental changes in the size of the middle ear
cavities may be associated with a change in ossicular
orientation.

3 Effect of proposed model adaptations
on the eardrum impedance

In the previous section, several adaptations were pro-
posed with respect to the model according to [18]. In this
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section, the impact of the outlined adaptations on the
acoustic impedance at the eardrum ZD will be shown.

As discussed in Section 2.2.3, the high-frequency
eardrum area A1, the slope of the phase correction term
sAph and the cut-off frequency of the phase correction term
fAph were proposed to be omitted in order to reduce the
overall model complexity. As can be seen in Figure 8, by
comparing the eardrum impedance of the original model
(blue lines) with the red lines, the difference is indeed small
and limited to the frequency range between 2 and 4 kHz.

In Section 2.2.3 it was proposed to omit the parameters
fYm, fYph and sYph manipulating the acoustic impedance Zac
at high frequencies. The resulting eardrum impedance is
depicted in Figure 8 (yellow line) including the previously
mentioned simplifications. As can be seen, there is a signif-
icant difference in both, magnitude and phase of ZD. The
reason for omitting these parameters was that they were
not strongly supported by the available data in [18], see
Section 2.2.3. In fact, the high frequency behavior of our
proposed model is similar to that presented in [42], in
which a simple network-model of the middle ear was fitted
to the occluded-ear simulator transfer impedance as defined
in [43].

In Figure 9, the eardrum impedances ZD of the adult
model according to [20] (blue line), and of the model
adapted to infants’ ears (red line) are depicted. As can be
seen, the most prominent difference is a shift of the global
minimum in the magnitude from 800 Hz (adults) to about
2 kHz (infants) with a corresponding shift of the first zero
crossing frequency in the impedance phase. Additionally,
the eardrum impedance of the infants’ model, extended
by the model components of the aditus ad antrum, namely
Mada and Wada, is depicted (yellow line). Since there are no
known values for infant ears for Mada and Wada, the values
of the adults model were used. It can be seen that the
impact on ZD is not very strong and mostly limited to a
narrow frequency band around 5 kHz, which supports the
omission of these parameters.

4 Ear canal impedance of the proposed model

To give insight into how the ear canal impedance Zec,
which is the quantity measured in a WAI-measurement,
of the newly proposed model for infants differs from the
original model according to [18] for adults, some exemplary
results are shown in Figure 10. For both, infant and adult,
the ear canal is modeled assuming a constant cross section.
Using the values of ear canal geometry given in Section 2.2.1
with a probe insertion depth of 5 mm, which has to be sub-
tracted from the ear canal lengths, for the infant’s ear canal
a length of 11 mm and a radius of 2.7 mm is assumed while
for the adults’ ear canal a length of 18 mm and a radius of
5.2 mm is assumed. In addition to the ear canal impedance
of the infant’s model (Zec, infant) the impedance of the
same model neglecting the effect of compliant ear canal
walls (Zec,infant rigid ec walls) is shown.

By comparing the ear canal impedances of the infants’
model with and without compliant walls, it can be seen that

the effect of compliant ear canal walls reduces the magni-
tude by several dB up to about 500 Hz. A substantial differ-
ence in the phase of Zec can be seen up to about 1.5 kHz. At
higher frequencies, the effect of compliant ear canal walls
can be ignored, provided our proposed model is valid.

A comparison of Zec with ZD shows for the adult model
that the magnitude of the eardrum impedance ZD is high
compared to that of the ear canal impedance. For the infant
model, this is only true at frequencies up to about 1 kHz
and above about 4 kHz. Conversely, between about
1.5 kHz and 3 kHz, Zec is governed by ZD.

In Figure 11, the effect of varying either the ear canal
radius (left) or the ear canal length (right) by ±50% can
be seen. In both cases the ear canal volume varies, resulting
in an increased low-frequency impedance magnitude with
decreased volume. While a decreasing ear canal radius
increases the impedance magnitude at higher frequencies,
too, a decreasing ear canal length shifts the local extrema
to higher frequencies.

The effects of varying the parameters modeling the com-
pliant ear canal walls by ±50% on the ear canal impedance
Zec are depicted in Figure 12. As already seen above, sub-
stantial differences in Zec are restricted to frequencies below
about 1.5 kHz. As can be seen on the left side, increasing
Young’s modulus Est shifts the magnitude minimum and
the phase maximum to higher frequencies. As expected,
increasing the damping ratio fst results in a shallower mag-
nitude minimum and phase maximum. On the right side it

Figure 8. Impact of model simplifications in the kernel on ZD

for the model according to [20].
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can be seen that increasing the thickness dst shifts the
magnitude minimum and the phase maximum to lower
frequencies.

In summary, for the infant ear, the main characteristics
of the ear canal impedance Zec and their underlying struc-
tures are as follows: At frequencies below about 1 kHz,
the compliance of the air volume resulting from the ear
canal geometry, together with the compliant ear canal walls
and the compliant eardrum, determine the level of the
magnitude. Additionally, the vibrating ear canal walls
cause a magnitude minimum or plateau and a maximum
in phase around 400–700 Hz. Around 1.8 kHz, the acoustic
input impedance at the eardrum causes a magnitude
minimum with a phase increasing with frequency. At high
frequencies above about 3 kHz, the ear canal geometry
causes a magnitude minimum with a phase increasing with
frequency.

5 Experimental validation

In this section, the model predictions of the ear canal
impedance will be compared with measurements published
in [41]. As described in [41], the measurement method is
based on [44], extended by consideration of discontinuity
and end corrections in [22]. The method including the

calibration procedure is described in detail in [22]. The mea-
surements were performed using a custom-made impedance
probe to measure the ear canal impedance on infant ears.
The probe was designed to avoid over-pressure in the ear
canal caused by inserting it into the ear canal at the cost
of a decreased signal-to-noise ratio (SNR) at frequencies
below about 1 kHz, further details can be found in [41]. This
was realized by a pressure equalizing duct with an inner
diameter of 0.6 mm. The subjects who participated in the
study were aged between 2 weeks and 5 months. It should
be noted that the infant ear undergoes developmental
changes within the age range of the participants, i.e. an
age-related effect is contained in the measurement data.
The middle ear status of the participants was assessed by
ENT-doctors specialized in pediatric audiology to be either
normal, pathological or unclear at the time of testing. The
assessment was based on the results of 1 kHz tympanome-
try, OAE- and/or AABR-screening, and ear-microscopy,
see again [41] for details. Note that in the following only
the measurement data of the ears assessed to have a normal
middle ear status are used. This comprised 30 ears from 24
infants in total.

In Figure 13, the measured ear canal impedances of
30 ears (pale colored lines), the modeled ear canal impe-
dance, again using a constant ear canal cross section with
11 mm length and 2.7 mm radius (dashed black line) are
depicted. Additionally, the modeled ear canal impedance
using a constant ear canal cross section with 14 mm length
and 1.7 mm radius is depicted (straight black line). All
default parameter values used for the predictions are given
in Appendix A.2. Since the impedance measurements in [41]
suffer from a bad SNR at low frequencies, due to noise
generated by the subject during the measurement, only
those impedance values are depicted in which the coherence
between the signal applied to the probe speaker and the
signal sensed by the probe microphone exceeded 0.5.
Another effect that appeared in some measurements was
acoustic leakage, which can be seen by phase values
around 0 or larger below about 1 kHz. Although it would
be easily possible to incorporate acoustic leakage into the
model, this wasn’t done here in order not to increase the
number of parameters further.

Comparing the ear canal impedance (dashed line) of the
model (using aec = 2.7 mm and lec = 11 mm) with those of
the measurements, Figure 13 shows that the overall course
of the impedance, with its main characteristics, is in agree-
ment in both, magnitude and phase. At low frequencies up
to about 1 kHz, the effect of compliant ear canal walls as
described in Section 4 can be seen in several measurements.
The first minimum of the impedance magnitude at about
1.8 kHz is also present in the measurements, however, most
measurements have a larger value compared to the model.
Model and measurements have a phase increasing with
frequency between 1.2 kHz and 2.4 kHz, but in the model,
the slope of the phase is smaller compared to the measure-
ments. At higher frequencies, inter-individual differences in
the measurements are quite large, but a significant differ-
ence between the measurements and the model is that the
minimum in the impedance magnitude of the model is much

Figure 9. Eardrum impedances of the model according to [20],
the model adapted to infants, and additionally the infant model
extended by the model components of the aditus ad antrum
(ADA).
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steeper and the phase between about 2.5 kHz and 8 kHz lie
below the measurements.

The high-frequency-minimum in the impedance magni-
tude is only caused by the ear canal dimensions, as can be
seen in Figure 11. If the ear canal geometry is slightly chan-
ged, the agreement between model and measurement can
be significantly increased. Zec, depicted as straight line in
Figure 13, is modeled with an ear canal radius of 1.7 mm
and an ear canal length of 14 mm. As can be seen, the agree-
ment with the measurements is much better at high
frequencies and, furthermore, also between 1.2 kHz and
2.4 kHz, in both magnitude and phase. However, between
3.5 kHz and 7 kHz, the model phase still lies below the
measurements.

6 Influence of ear canal shape

So far, for all calculations of the impedance Zec, a cylin-
drical ear canal shape was assumed. As described in
Section 2.2.1, it is also possible to compute Zec for varying
cross-sectional area functions of the ear canal. In Figure 14

the impedance of the ear Zec is depicted for three different
ear canal shapes chosen to cover the range of possible
shapes. From lateral to medial these shapes are: a cylindri-
cal canal, a canal with linearly decreasing cross-sectional
area, and a canal with linearly increasing cross-sectional
area. All ear canals have the same volume and the same
length.

As can be seen, compared to the cylindrical canal, a
conical shape with decreasing cross-sectional area shifts
the magnitude minimum to higher frequencies. If the
cross-sectional area increases, the minimum is shifted to
lower frequencies.

Changes in the ear canal shape without changing the
ear canal volume mainly affect Zec at high frequencies. In
the medium frequency range where Zec is dominated by
ZD, only a small effect can be observed for the magnitude
and a slightly larger effect can be observed for the
phase of Zec in the 2–3 kHz frequency range. Real ear
canals will differ from the model by shapes that deviate
from circular cross sections and by curvature. The effects
shown above indicate that real ear canal shapes will have
a strong influence on Zec at high frequencies, but at medium

Figure 10. Eardrum impedances ZD (left) and input impedances of the ear Zec (right) resulting from the model according to [20] and
our model adapted to infant's ears.
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frequencies below about 3 kHz the influence on Zec will be
rather small.

7 Comparison to similar models

One of the first models considering the effect of soft
and flexible ear canal walls of young infants on WAI-
measurements was proposed in [4]. In that study, the
authors presented measurement-based acoustic input
impedances for different age groups. They used an electro-
acoustic approach to model the acoustic input impedance
Zec for the age group of 1 month in the frequency range
from 125 Hz to 2 kHz. The ear canal walls were represented
by a resonator with fixed values of the resonant frequency
(f0 = 450 Hz), the quality factor (Q = 2), and the compli-
ance of the wall (Nw = 1.6 � 10�12 m3/(Pa s)). Compared
to the model of the present study, provided that compara-
ble ear canal dimensions are used, the effect of the ear canal
wall on Zec is very similar at frequencies below the resonant
frequency, see Figure 15. At higher frequencies, there are
larger differences, mostly because at these frequencies the
acoustic input impedance at the eardrum ZD becomes
dominant, which has a smaller magnitude in the present
model. In contrast to the present modeling approach, beside
being restricted to frequencies below 2 kHz, in [4] neither a
relation between ear canal dimensions and compliance of

the wall, nor other relations to physiological properties
are given.

In [45], a finite-element model of a 22 days old new-
born’s ear canal was presented. The purpose of that model
was to study the volume change in the ear canal under dif-
ferent static pressures of air as applied in tympanometry.
The authors showed that using a Young’s modulus of the
soft tissue in the range from 30 kPa to 90 kPa and a Pois-
son’s ratio of 0.475 resulted in plausible displacements and
volume changes. The values used in the present model are
in that range (90 kPa for Young’s modulus) or very close
since an incompressible medium is assumed (i.e Poisson’s
ratio of 0.5).

Another finite-element model of the same ear as in [45]
was published in [34]. In that study, the sensitivity of the
acoustic input admittance of the ear to changes in material
properties was investigated up to frequencies of 2 kHz.
Finally, a model with material properties adjusted to match
some clinical data was proposed. A refined version of the
model, in which the frequency range was extended up to
10 kHz, was proposed in [46]. Compared to the model of
the present study, their first version model results in similar
predictions, see Figure 15. Between about 500 Hz to 1.5 kHz
the impedance magnitude of their model is about 3 dB
greater. At about 800 Hz the phase responses start to
deviate resulting in a difference of 46� at 2 kHz (�33� with
the model in [34] versus 13� with the model of the present

Figure 11. Ear canal impedances Zec resulting from our model adapted to infant's ears for different ear canal radii (left) and different
ear canal lengths (right).
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study). The majority of the measurements depicted in
Figure 15 have a positive phase value at 2 kHz and hence
agree better with the model proposed here.

The prediction of their refined model is closer to that
of the present study, especially in the frequency range
from 1 to 2 kHz, as can be seen in Figure 15. At higher
frequencies some substantial differences can be observed,
in particular, at the magnitude maximum at 3.6 kHz and
the phase maximum at 3 kHz. At these frequencies Zec tran-
sitions from dominance by ZD to dominance by the ear
canal geometry. Compared to the measurements, the pre-
diction of the present study tends to the maximum values
measured and the prediction according to [46] tends to
the lower values measured, however both predictions are
within the range of measurements at frequencies between
2.4 kHz and 4 kHz. In the model according to [46], a reso-
nance at about 6 kHz and a local minimum at 7 kHz can
be seen which are not predicted with the model of the pre-
sent study. In [46] it was explained that the resonance is
caused by the first mode of the middle ear cavity and the
minimum is caused by the first standing wave mode in
the ear canal. A resonance in the middle ear cavities at
about 6 kHz, but much less pronounced, could be predicted
by the model of the present study if a value of 600 kg/m4 for
the acoustic mass of the aditus ad antrum Mada would be
used. However, a comparison with the measurements
doesn’t show an effect of much importance, therefore,

omitting Mada, as proposed in Section 2.2.2, seems to be
justified. The magnitude minimum at 7 kHz could be repro-
duced, but it would require an ear canal length of at least
16 mm which doesn’t match the ear canal dimensions given
in [34]. In summary, up to about 6 kHz the predictions of
both models are comparable. However, the parametric
model proposed here is easier to adapt to deviating proper-
ties, caused e.g. by inter-individual differences, than the
single-case finite-element model from [46].

8 Discussion

Based on an existing model for a adults, a parametric
electro-acoustic model has been developed, allowing predic-
tions of acoustic input impedances of young infants’ ears.
Special attention has been paid to using model parameters
representing physiological conditions whenever possible,
and to reducing the number of parameters in comparison
to the original model for adults according to [18–20].
Predictions from the model showed that for frequencies
below about 1 kHz, the ear canal impedance Zec is deter-
mined by the volume of air in the ear canal and by the com-
pliant ear canal walls and that of the eardrum. At a
medium frequency range around 1.8 kHz, Zec is determined
by the eardrum impedance ZD, and at high frequencies
(above about 3 kHz) Zec is determined by the ear canal

Figure 12. Ear canal impedances Zec resulting from the model adapted to infant's ears for different values of the parameters
modeling the compliant ear canal walls.
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geometry. A comparison with impedances measured on
infant’s ears showed a good agreement in the main
characteristics.

8.1 Current limitations of the model

The proposed model is developed to predict acoustic
input impedances of the ears of young infants aged younger
than 6 months. Known age-dependent physiological differ-
ences have been considered in the model, these differences
are: (1) the soft and flexible ear canal walls which will get
acoustically rigid with increasing age. (2) Pneumatisation
of the mastoid, which increases with age and can be
neglected for very young infants. (3) The volume of the
tympanic cavity and the antrum, which also increases with
age. (4) The thickness of the pars flaccida of the tympanic
membrane, which decreases with age. It would be desirable
to have the possibility of a continuous age-dependent
adaptation of the model. However, this would require a
more detailed knowledge about the developmental pro-
cesses, which is not available at present.

In the proposed model, the ear canal shape is restricted
to consecutive cylindrical segments with different cross sec-
tions. Real ear canal shapes will deviate from circular cross
sections and will have curvatures. It is assumed that these
differences may have a noticeable effect on the acoustic

input impedance of the ear Zec at high frequencies
(�4 kHz), but only very small effects at medium frequen-
cies. However, at high frequencies, many of the measured
Zec showed magnitudes larger than those predicted by the
model. A higher magnitude of Zec in that frequency range
means that the impact of ZD on Zec is larger. The conse-
quence for model predictions of the impact of specific
middle ear conditions on immitance measurements is
that the influence of specific middle ear conditions may
not only be detectable at medium frequencies, but at higher
frequencies as well.

The proposed model is currently limited to predictions
at ambient pressure in the ear canal, whereas many WAI
test are performed over a tympanometric range of air
pressures in the ear canal. Nevertheless, the model is poten-
tially extendable to account for differences in air pressure
between ear canal and middle ear, by linearizing it to differ-
ent static pressure states, as will be discussed in the
companion paper [47].

Although the structure of the model would permit pre-
dictions of middle ear transfer functions, such predictions
weren’t investigated. The aim of the proposed model is to
support WAI-measurements by permitting statements
about the acoustic input impedances Zec and ZD. A verifica-
tion of the model for the prediction of middle ear transfer

Figure 13. Ear canal impedance resulting from the model using
two different sets of ear canal radius and diameter (black lines)
together with ear canal impedances measured in N = 30 infant
ears from [41] (pale colored lines).

Figure 14. Input impedances of the ear Zec resulting from the
model adapted to infant's ears for different ear canal shapes
while preserving ear canal volume and length, together with ear
canal impedances measured in infants ears with normal middle
ear from [41].
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impedances would require considerably different reference
data. This may be part of future work.

8.2 Differences to similar models

The proposed model confirms that there are large differ-
ences in the acoustic input impedances of ear canal and ear-
drum between adults and young infants. Very few models
for young infant ears exist. The electro-acoustic modeling
approach in [4] was intended to simulate the effects of the
soft and flexible ear canal walls of young infants. The pre-
dicted effects are somewhat comparable to those predicted
by the model of the present study. However, the parts of
the model in [4] representing the ear canal geometry and
the eardrum are very basic and not related to physiological
properties. In contrast, the model parameters of the present
study are very close to physiological properties allowing
predictions for different physiological conditions. On the
other hand, finite-element models of young infant ears exist
[34, 36, 46]. The predictions of these models are very similar
to those of the present model. The model proposed in [46]
allows predictions up to 10 kHz. Compared to the model
of the present study, properties of ear canal shape can be
reproduced much better with the finite-element model.
However, predictions of the effects resulting from individual

differences or different middle ear conditions would be
extremely costly.

9 Conclusions based on the model

Based on the parametric model of young infants’ ear-
drum and ear canal impedances proposed in this paper,
the following conclusions can be made:

� The soft and flexible ear canal walls in young infant
ears affect the measured acoustic input impedance of
the ear Zec up to about 1.5 kHz, no significant effect
is expected at higher frequencies.

� At a medium frequency range around 1.8 kHz, the
measured input impedance Zec is dominated by the
eardrum impedance ZD. Therefore, it can be expected
that different middle ear conditions will have the
largest effect on Zec in the medium frequency range.

� At high frequencies, the model predictions indicate
that Zec is dominated by ear canal properties and
therefore, it might not be possible to detect different
middle ear conditions at high frequencies. However,
predictions must be taken with caution at these fre-
quencies because many measurements showed higher
Zec magnitudes which could mean that in some cases
middle ear conditions could still be detected.

In part II of this paper, the model will be extended to
predict the influence of different pathological middle ear
conditions on the acoustic input impedances of the ear canal
and the eardrum of young infants in order to investigate
implications for WAI-measurements.
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Appendix A
A.1 Notes on damping models for compliant ear canal

walls

In order to account for the damping caused by the soft
and flexible ear canal walls, in the present study, each slice i
of the ear ear canal has a complex impedance Zw,i in parallel
(see Section 2.2.1). Zw,i is a series resonator with an acoustic
mass, an acoustic compliance and an acoustic resistance.
The acoustic resistance is modeled using a frequency
independent damping ratio fst (equation (7) with damping
constants a and b. The modeling is similar as in [34, 46],
however, a significant difference is that in the present study
the damping constants are chosen such that a/x = bx with
the result that the undamped natural frequency equals the
damped resonant frequency of Zw,i, i.e. the minimum of the
impedance magnitude coincide with a phase value of 0� (see
left side of Fig. 16 black line). In [34, 46], by contrast, the
phase value of Zw at the magnitude minimum is negative,
i.e. a/x > bx or rather the resistive damping is dominated
to a greater extent by mass than by compliance (see left side
of Fig. 16 red line). Another modeling approach is used in
[4] in which Zw is modeled by a resonator consisting of an
acoustic mass in series with a resistance and a compliance
in parallel. The resulting effect is that the resistive damping
is dominated only by the compliance (see left side of Fig. 16
red circles).

The input impedance of the ear Zec of the different
models is depicted on the right side of Figure 16. For com-
parisons, Zec resulting from the model of the present
study assuming rigid ear canal walls is depicted, addition-
ally. A noticeable difference caused by the different
approaches used to model Zw results only in the phase of
Zec at very low frequencies (<400 Hz) with the model
according to [4] compared to the other models. Note that
the difference at about 500 Hz is mainly caused by the input
impedance of the eardrum ZD which is assumed to be larger
in [4] compared to the other models.

It can be concluded that the effect of the different
approaches which have been proposed to model the resistive
component of the damping caused by the soft and flexible
ear canal walls do not show a substantial different impact
on Zec. If at all, differences are limited to the impedance
phase at frequencies below about 400 Hz.
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A.2 Default parameter values

Figure 16. Ear canal wall impedance Zw (left) and input impedances of the ear Zec (right) resulting from the models of the present
study with aec = 1.9 mm, Lec = 8.5 mm (black), according to [4] (blue), according to [34] (red), and according to [46] (yellow).
Additionally, Zec resulting from the models of the present study assuming rigid ear canal walls is depicted (gray).

Table A1. Default values of ear canal parameters.

Parameter Infant value Adult value

lec (or widths Di) 14 mm 18 mm
aec (or areas Ai) 1.7 mm 5.3 mm
gec 10 3
fst 0.6 –

Est 90 kPa –

qst 100 kg/m3
–

dst 3 mm –

Table A2. Default values of middle ear cavities parameters.

Parameter Infant value Adult value

fmac – 3500 Hz
Qmac – 0.4000
Vmac – 8 cm3

Mada – 880 kg/m4

Wada – 17e5 Pa s/m3

Vant 0.5 cm3 0.8 cm3

Vt 0.33 cm3 0.5 cm3

Wt 2e6 Pa s/m3 2e6 Pa s/m3
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Table A3. Default values of middle ear kernel parameters.

Parameter Infant value Adult value acc. to [20] (adult)

aed 4.3702 mm 4.3702 mm –

T0,ed 3.6465e+05 Pa 3.6465e+05 Pa –

hed 0.112 mm 0.08 mm –

qed 1100 kg/m3 1100 kg/m3
–

(Mac0)a 2737.8 kg/m4 1955.6 kg/m4 2400 kg/m4

(Nac)a 3.5073e�12 m5/N 4.9102e�12 m5/N 5e�12 m5/N
fYm – – 1900 Hz
fYph – – 8000 Hz
sYph – – 4.3982
Wac 275e5 Pa s/m3 400e5 Pa s/m3 400e5 Pa s/m3

A0 0.38 cm2 0.38 cm2 0.38 cm2

Ainf – – 2 mm2

fA 4400 Hz 2200 Hz 2200 Hz
fAph – – 1500 Hz
sAph – – �3.7699
QA 1 1.3 1.3
mfree 1.68e�05 kg 1.2e�05 kg 1.2e�05 kg
wfree 0.02 N s/m 0.02 N s/m 0.02 N s/m
ncpl 0.0005 m/N 0.0005 m/N 0.0005 m/N
wcpl 0.08 N s/m 0.08 N s/m 0.08 N s/m
moss 7e�06 kg 7e�06 kg 7e�06 kg
noss 0.003 m/N 0.003 m/N 0.003 m/N
nmi 4e�05 m/N 4e�05 m/N 4e�05 m/N
wmi 1 N s/m 1 N s/m 1 N s/m
a Not used as a parameter in the adapted model (see equations (23) and (22), values are given for comparisons to the model according
to [20].

Table A4. Default values of stapes and cochlea parameters.

Parameter Infant value Adult value

mSt 3e�06 kg 3e�06 kg
nSt 0.0012 m/N 0.0012 m/N
wSt 0.018 N s/m 0.018 N s/m
mC 1e�05 kg 1e�05 kg
nC 0.011 m/N 0.011 m/N
wC 0.07 N s/m 0.07 N s/m
not required
AC 3 mm2 3 mm2
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