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ABSTRACT

An analog network model of the human middle ear is used
to study the effect of terminal loads on the middle ear fre-
quency response. A new transformer ratio value is com-
puted and used to improve the model of the middle ear
through the use of an ideal transformer. The terminal loads
are taken as the loads on either side of the middle ear. The
forward and reverse frequency characteristics of the mid-
dle ear are computed using various cochlear and outer ear
impedances as the terminal load, respectively. The cochlear
loads used are an open circuit, a resistive load and an
RCL load. The outer ear loads used are an open circuit,
a outer ear transmission line model having a constant audi-
tory canal radius and an outer ear transmission line model
having a varying auditory canal radius. The components of
the cochlear and outer ear loads are computed using previ-
ously published anatomical data. The RCL load proved to
give the most accurate response for the forward frequency
response whereas the open circuit response proved to be
the most accurate for the reverse frequency response. The
outer ear load models used give minimal accuracy as ter-
minal loads and should thus be improved.
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1. Introduction

Hearing loss is a prevalent sensory impairment. Conductive
hearing loss, which often results from external or middle
ear disorders, can be better treated through a in depth un-
derstanding of the mechanics of the hearing organ [1]. Mid-
dle ear modelling and simulation is one of the techniques
which assist in the advancement of surgical reconstruction
techniques and implantable hearing devices [1]; which are
both important for hearing loss treatment. The main pur-
pose of the middle ear is to transmit incident sound waves
from the outer ear to the inner ear; where they are inter-
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preted. Since sound travels through an air medium in the
outer ear to a liquid medium in the inner ear, transmitting
the sound signal directly from the outer ear to the inner ear
without any impedance match will result in significant loss
in its amplitude. The middle ear thus acts as an impedance
matcher.

The effective transmission of sound from the outer ear
to the inner ear, and hearing in general, is greatly dependent
on the well-being of the middle ear. Physically measuring
the transfer function of the middle ear usually requires in-
vasive methods. A middle ear model enables for the char-
acteristics of the middle ear to be studied without damaging
any part of the ear [2]. The transfer function of the middle
ear can be computed using mathematical functions. How-
ever, mathematical representation does not adequately de-
scribe the behavior of each auditory organ, but only gives
a global view of their functions [2]. When using electroa-
coustic principles, the factors representing the middle ear
physical phenomena, such as viscous losses, heat conduc-
tion, mass and elasticity of the organs, can be modeled us-
ing electrical components [2]. In electroacoustic analogy
voltage represents pressure, current represents volumetric
flow, inductance represents mass, capacitance represents
compliance and electric resistance represents acoustic re-
sistance [3].

Empirical research into the middle ear began over
four and a half centuries ago [4], [5] and since then, inter-
est into middle ear dynamics has risen rapidly. An analog
network derived by Zwislocki in 1962 [5], which is now
widely used, serves as a significant step in the development
of a quantitative theory of middle ear acoustics. The mid-
dle ear model research focus was mainly in gaining under-
standing into the functional anatomy and pathology of the
middle ear. It was not until the discovery of otoacoustic
emissions (OAEs) by Kemp in 1978 [6] that the influence
of the middle ear on OAEs became of interest.

Although most interest in middle ear studies are cen-
tered around middle ear pathology for sound transmission
and perception, the influence of the middle ear in OAE



measurements is also significant [7], [8]. OAEs are small
signals generated in the inner ear and recorded in the outer
ear by means of a microphone [9]. Since the OAEs pass
through the middle ear before being recorded in the outer
ear, being able to acquire decent OAE signals depends
greatly on the condition of the middle ear. Some OAEs are
spontaneously generated (Spontaneous Otoacoustic Emis-
sions (SOAESs)) whilst other OAEs are evoked by means
of a stimulus (Transient Evoked Otoacoustic Emissions
(TEOAES) and Distortion Product Otoacoustic Emissions
(DPOAES)). A pathological middle ear may not allow for a
large enough stimulus to pass through and evoke OAEs or
it would inhibit the transmission of OAEs. It is difficult to
detect evoked OAEs in the presence of significant hearing
loss [10]. It is important for sound transmission through
the middle ear to be normal in both propagation directions,
namely the forward direction for sending the stimuli and
the reverse direction for detecting the OAE response in the
ear canal. The condition of the middle ear is determined
through the use of a tympanogram [11]. This study focuses
only on non-pathological conditions of the middle ear.

Various studies have been conducted to investigate the
influence of the middle ear on OAEs. These studies, which
include [12], [7], [10], [13], do not consider the influence of
the middle ear on OAEs for biometric applications. A study
was conducted by Swabey et al. [14] which investigates the
biometric potential of TEOAEs. Swabey et al. [14] found
that there is a high level of classification that can be ob-
tained using raw time data without transformation. This
gives the indication that TEOAEs have some potential of
being used as a biometric [9].

This paper aims to: (1) improve the middle ear model
by computing a new transformer ratio, (2) compute the for-
ward middle ear frequency response with various cochlear
loads and (3) compute the reverse middle ear frequency re-
sponse with various outer ear loads. The paper is structured
as follows: the middle ear model and terminal loads are de-
scribed in Section 2, the results are given and a discussion
in Section 3 and 4, respectively. The paper is concluded in
Section 5.

2. Model

2.1 Middle Ear Model

The middle ear is made up of the tympanic membrane,
the ossicular chain (malleus, incus and stapes), the liga-
ments and tendons which suspend the ossicular chain and
the bony cavity. The middle ear functionality can be repre-
sented using five blocks as identified in [5]. These blocks,
in order of sequence of forward middle ear signal trans-
mission, are the middle ear cavities, the eardrum motion
(which is independent of the ossicular chain), the ossicular
chain and eardrum movement (which is coupled with the
ossicular chain movement), the incudo-stapedial chain en-
ergy losses and lastly, the stapes motion with the oval win-
dow, the impedance of the cochlea and the round window
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membrane (not shown on Figure 1). The middle ear cav-
ities’ functional block precedes the eardrum motion block
because any displacement of the eardrum is reflected in the
compression/expansion of the middle ear cavities, although
this movement may not be significant enough to displace
the ossicular chain [5].

Middle Ear Cavities
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Figure 1. Middle ear analog model (as adapted from [10])

An ideal transformer is used to represent the linear
amplification effect of the middle ear as shown on Figure
1. The transformer ratio 7;. is defined as [2]:

Tr = RlRa (1)

where R, is the lever ratio (defined as the length of the
long process of the incus to the length of the manubrium)
and R, is the area ratio (defined as the ratio of the area
of the tympanic membrane to the area of the stapes foot-
plate). Zhao et al. [15] conducted a review of the middle ear
transfer function and collected middle ear dimension values
from various researchers. Using the average of the values
provided by Wever and Lawrence [16], Sun et al. [1], Koike
et al. [17], Gan et al. [18] and Lee et al. [19], the average
area and lever ratios are 19.57 and 1.42, respectively. This
lever ratio and area ratio value gives a transformer ratio 7.
of 27.79 and thus a gain of 28.88 dB. This transformer ratio
is close to that of 28 dB found in [20].

There are two mechanisms which result in a nonlin-
ear response of the middle ear, namely the stapedius mus-
cle action and the stapes clipping displacement [2]. The
stapedius muscle action is activated above 80 dB by the
contraction of the stapedius muscle and stapes clipping dis-
placement is activated above 120 dB by the clipping dis-
placement of the stapes [2]. OAE evoking signals and their
responses have small amplitudes [9]. Since the stapedius
muscle action and stapes clipping displacement are acti-
vated at 80 dB and 120 dB, respectively, they will not be
active during the transmission of OAEs. This is supported
by Zheng et al. [21] where the stapedius muscle action is
omitted when simulating TEOAEs. A Standard Pressure
Level (SPL) dependant variable capacitance and resistance
are generally used to represent the acoustic reflex action
and the annular ligament effects [2] in analog electrical
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circuits. These components have been excluded from the
model in Figure 1 since the study focuses on OAEs.

2.2 Cochlear Impedance Load

The cochlear input impedance is used as the middle ear
load for the forward direction. Three cochlear loads were
computed for the study namely, no load, a resistive load
and an RC'L load. The no load condition was achieved
by setting the secondary terminals of the transformer to an
open circuit.

Although the cochlea, like any acoustic system, has
a compliance, mass and resistance, its properties are ar-

a constant auditory canal radius and a load computed from
a varying auditory canal radius. The no load condition was
achieved by setting the terminal V4 to an open circuit.

The outer ear model is composed of the external ear,
the concha and the auditory canal as shown on Figure 2.
L-segment and M-segment transmission line models have
been used to represent the concha and auditory canal, re-
spectively.
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gued to exhibit mostly a resistive behavior [2]. According
to measurements conducted by [22], the resistivity of the
cochlear wall varies between 546-643 Qdm, thus giving an
average resistivity of 594.5 Qm. Using this gerbil cochlear
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resistivity value together with the mean length of 33.31 mm
of the Organ of Corti found in [23], the cochlear resistance
is 17.85 k2.

The last cochlear load is represented by a series com-
bination of a capacitor C', inductor L and resistor R. The
capacitor represents compliance, the inductor represents
mass and the resistor represents resistance of the cochlea.
The cochlear impedance used is computed from the load
given by Zwislocki [5]. Since an ideal transformer is used
in this study, the equivalent cochlear load for the secondary
side of the transformer should be computed.

This transformation was computed using the follow-
ing equation:

2
Zsecondary = ZprimaryTr (2)

A transformation of the cochlear impedance Z of
R + jwL + (jwC)~! using (2) results in the following
modifications to the cochlear load impedance component
values:

Ryew = RT,? 3)
and

Lypew = LT,? 4)
and

Crocws = TCQ (5)

Using the transformer ratio given in [5] of 22, the re-
sulting cochlear load as seen on the secondary side of the
transformer is made up of the component values 290.4 kS2,
9.63 H and 1.23 nF for the resistor, inductor and capacitor,
respectively.

2.3 Outer Ear Impedance Load

The outer ear impedance is used as the middle ear load
for the reverse direction. Three outer ear loads were com-
puted for the study namely, no load, a load computed from
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External Ear Concha Auditory Canal

Figure 2. Outer ear circuit model (reproduced from [24]).
The circuit serves as a load to the middle ear for propaga-
tion in the reverse direction [24]. The component values

are calculated as outlined in [24].

The component values of the above model were cal-
culated using the equations given in Giguere and Wood-
land’s study [3]. Of these equations, the M segment audi-
tory canal components are given by the following relation-
ships [3]:

oA
Inductance = 2 21’ 6)
Ta
and
2A
Capacitance = sz (7
PaC
and
2aA
Resistance = aZ a 3

where p, is the density of air, Ax is the segment
length of the transmission line, a is the radius of the au-
ditory canal, c is the velocity of sound, « is the effective
attenuation constant and Z is the characteristic impedance
given by 4/ %.

For the case of the outer ear load computed using a
constant radius of the auditory canal, the radius value 3.5
mm [3] was used. For the case where the outer ear load
computed using a varying radius of the auditory canal, we
computed a radius-length mapping function for the audi-
tory canal in a previous study [24]. This function was
used to approximate the manner in which the auditory canal
varies along its length, whereas previous studies have in-
correctly assumed a uniform radius [24]. Figure 3 illus-
trates the two polynomials making up the radius-length
mapping function.
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Figure 3. Radius-length mapping function (reproduced
from [24])

The radius of the auditory canal is calculated as the
absolute value of the difference between the following
polynomials [24]:

y1 = 0.0262° + 0.016x ©)

and

Y2 = —0.02622 — 0.0162 — 0.379 (10)

where x is a point along the length of the auditory
canal and y; and y9 are the upper and lower curves of the
auditory canal at that point x as shown on Figure 3. For all
load cases of the reverse middle ear transfer function, it is
assumed that no input signal is coming from the entrance
of the outer ear. This is achieved by short circuiting the
voltage sources P and 2P illustrated in Figure 2 to zero.
Contrary to other models, this outer ear model includes
the effect of the head, pinna and concha in the outer ear
model. This is particularly significant for the study since
these parts (head, pinna and concha) would be influential
if the model was to be used in the study of the biometric
potential of OAEs [9], [24] (i.e. with the cellphone being
the source of stimulus). A small resistor of 0.01 mSf) is
also inserted in series with the secondary terminals of the
transformer and the intracochlear voltage source placed at
Vg to allow for an ideal voltage source to be used as the
intracochlear source.

3. Results

The transfer function of a system is the ratio of the system’s
output to its input [25]. The transfer function allows for the
frequency response of the middle ear to be characterized
and hence its effect on OAEs to be simulated. Since a fre-
quency response is the graphical realization of a transfer
function, frequency response plots are used in this study.
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An intracochlear sound source is usually required for
obtaining the reverse transmission characteristics of the
middle ear. This is usually accomplished by using two
pure tones of frequencies f; and fy in various combina-
tions such 2 f; — f5 and 2 f5 — f1 [12]. These combinations
are termed Distortion Products (DPs) and they are gener-
ally used to induce DPOAESs [11]. In this study, the fre-
quency response of the middle ear is studied by means of
bode plots.This eliminates the need to alter the DP frequen-
cies and conduct various simulations.

Most OAEs have a frequency range in the span of
kilohertz (kHz). Dong and Olson [12] conducted a study
on measuring the forward and reverse transmission charac-
teristics of the middle ear in gerbil. Their measurements
revealed that the highest frequency for which both DPs and
DPOAESs could be detected was between 20-30 kHz. Al-
though this range may be different for humans, it is used as
a starting point for the range of interest of the study.

3.1 Forward Middle Ear Frequency Response

The forward middle ear transfer function is defined as the
ratio of the intracochlear voltage Vg to the tympanic mem-
brane voltage V4 as labeled in Figure 1. The outer ear is
not expected to act as a load in the forward transmission,
thus only the cochlear model is used as a load in this case.

Forward Middle Ear Frequency Response (with various loads)
T T .

: T
Ho Load
1 —— —Resistive Load

Magnitude (dB)
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Figure 4. Forward Middle Ear Frequency Response (Mag-
nitude)

Figure 4 gives the magnitude component of the mid-
dle ear forward frequency response. There are various ways
of observing the frequency characteristics of the middle
ear, the most common of which is to use a laser Doppler
measuring system (LDS). The LDS measures the displace-
ment of the umbo, malleus and stapes from which the trans-
fer function is computed. A different measurement tech-
nique which uses a sweeping stimulus frequency to mea-
sure the middle ear dynamic characteristics under physio-
logical conditions was used in [8]. This technique revealed
that the resonance frequency of the middle ear in subjects



with normal hearing is around 1.17 kHz [8]. This result is
also supported by Goode et al. [26] and Nobili et al. [27]
who both found that the pressure gain maximum value is
around 1000 Hz. As expected, the response for the no load
case gives the highest gain for wide range of frequencies.
This gain is however to high for average peak gain of about
20 dB around 1 kHz as measured by Puria [13]. The mag-
nitude response obtained when using an RCL load corre-
sponds the closest the responses measured by Puria [13].
The response obtained when using a purely resistive load
gives a peak gain of about 10 dB. The resonant frequency
obtained for this peak gain is less than 1 kHz; which is not
within the expected range.

Forward Middle Ear Frequency Response (with various loads)
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o F i : | —— —Resitive Load
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Figure 5. Forward Middle Ear Frequency Response (Phase)

The corresponding phase frequency plot is found
above in Figure 5. The response obtained for an RCL load
gives the closest response to measured values, whereas the
response obtained when using the resistive load is the far-
thest from measurements.

3.2 Reverse Middle Ear Frequency Response

The reverse middle ear transfer function is defined as the
ratio of the tympanic membrane voltage V4 to the in-
tracochlear voltage Vp [2] as labeled in Figure 1. The
cochlear load impedance does not affect the reverse transfer
function and is thus omitted.

Figure 6 gives the magnitude component of the mid-
dle ear reverse frequency response. Not much work has
been conducted on the reverse frequency characteristics of
the middle ear. Nobili et al. [27] found a frequency re-
sponse similar in shape to the one for the forward direc-
tion transfer function with a peak pressure gain of -30 dB
at 1000 Hz [27]. Similarly, a peak gain of -30 dB around
1.5 kHz was found from measurements conducted by Puria
[13]. The peak value for the responses with the loading is
mostly below -60 dB. Although the first peak is close to
1000 Hz, its magnitude is far off from the expected first
peak value of -30 dB as measured by Nobili et al. [27] and
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Reverse Middle Ear Frequency Response (with various loads)
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Figure 6. Reverse Middle Ear Frequency Response (Mag-
nitude)

Puria [13]. The gain is also expected to exhibit a steady de-
cline for the frequency range above the first peak frequency
as measured by both Nobili et al. [27] and Puria [13]. It
can be seen from Figure 6 that of the three responses, the
response for the case with zero load exhibits the closest
behavior. The responses for the two loads (i.e. constant ra-
dius and varying radius) have a similar shape through most
of the frequencies, except a shift in the gain and an incline
in the gain for frequencies above -30 dB.

Reverse Middle Ear Frequency Response (with various loads)
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Figure 7. Reverse Middle Ear Frequency Response (Phase)

The corresponding phase frequency plot is found
above in Figure 7. Again, the response obtained from the
measurements conducted by Puria [13] correspond more
closely with the response obtained when having no load
with the peak phase for both responses being slightly above
zero degrees.



4. Discussion

Although a constant lever ratio was used for the calculation
of the transformer ratio, an experiment conducted on tem-
poral bones shows that there is a difference in the slopes of
the umbo and stapes vibration above 1000 Hz such that an
increase in the ratio occurs with a rise in frequency [26].
This variation in the vibration is argued to be due to a slip-
page in the ossicular system at higher frequencies [26] and
should thus be considered in later studies. The outer ear
load was computed under the assumption that there is not
interfering signal from the outer ear. This model, alone, is
thus not suitable for the study of the biometric application
of OAE:s since the transceiver is already outside the audi-
tory canal and is thus prone to noise. A model which ac-
counts for the typical noise signals received during the use
of potential OAE biometric transceivers (e.g. cellphones)
should be computed.

Both the magnitude and phase plots of the reverse
middle ear frequency response show that the response
which corresponds with measurements is the one obtained
when there is no load on the outer ear terminal of the mid-
dle ear. Although part of the difference between the re-
sponses with a load and one without a load can be ac-
counted for by the fact that the the outer ear loads used
in the study incorporate the outmost model of the outer ear
(i.e. head and pinna), whereas measurements are conducted
without taking them into consideration, the responses ob-
tained under loading conditions is still far off from the ex-
pected range. It can thus be argued that the model does not
sufficiently represent the outer ear load and should thus be
improved. Part of the improvement can stem from refining
the radius length function of the auditory canal to include
a three dimensional representation of the radius-length re-
lationship and not just the two dimensional view as shown
on Figure 3. All responses show a negative gradient for the
reverse phase frequency relationship. This negative slope
corresponds to an expected time delay in the OAEs fre-
quency components demonstrated by Zheng et al. [21] from
the decomposition of TEOAESs from a similar analog model
, only more comprehensive (i.e. the action of the outer hair
cells are included).

5. Conclusion

The frequency characteristics of the middle ear have been
studied for both forward and reverse transmission direction
using various terminal loads. The forward middle ear
response shows that the resistive load, alone, does give the
desired frequency response shape. Although the resistance
dominates the load impedance of the cochlear, inductive
and capacitive components are also required to give a
more accurate representation of the cochlear load. The
outer ear load has proved to need further improvement in
order to give the expected reverse transmission frequency
characteristics. The combined forward and reverse middle
ear frequency responses showed that although the middle
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ear acts as an impedance matcher, there is still a significant
amplitude reduction in the reverse transmission direction
and thus an efficient mechanism of acquiring and process-
ing OAE:s is required.
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