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ABSTRACT

Ear canal acoustics was examined using a one-
dimensional lossy transmission line with a distributed
load impedance to model the ear. The acoustic input
impedance of the ear was derived from sound
pressure measurements in the ear canal of healthy
human ears. A nonlinear least squares fit of the model
to data generated estimates for ear canal radius, ear
canal length, and quantified the resistance that would
produce transmission losses. Derivation of ear canal
radius has application to quantifying the impedance
mismatch at the eardrum between the ear canal and
the middle ear. The length of the ear canal was found,
in general, to be longer than the length derived from
the one-quarter wavelength standing wave frequency,
consistent with the middle ear being mass-controlled
at the standing wave frequency. Viscothermal losses in
the ear canal, in some cases, may exceed that
attributable to a smooth rigid wall. Resistance in the
middle ear was found to contribute significantly to the
total resistance. In effect, this analysis “reverse engi-
neers” physical parameters of the ear from sound
pressure measurements in the ear canal.

Keywords: ear canal acoustics, input impedance

INTRODUCTION

The acoustic input impedance of the ear quantifies
how the ear receives sound. The ear canal, the middle
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ear, and the cochlea all contribute to this acoustic
input impedance. Over the frequency region that
sound propagates predominantly as plane waves, the
ear canal is thought to be reasonably described by a
uniform cylinder or tube with rigid walls (Stinson
1985). The middle ear and cochlea act as a distributed
load impedance, with sound energy being transferred
to the cochlea in a frequency-dependent manner.
Previous studies of the acoustic input impedance of the
ear include lumped element models of the human
middle ear (e.g., Kringlebotn 1988; Moller 1961;
Zwislocki 1962), experimental studies of the middle ear
of human temporal bones (e.g., O’Connor and Puria
2008; Voss et al. 2000), experimental studies of human
ears (e.g., Farmer-Fedor and Rabbitt 2002; Kringlebotn
1994; Margolis et al. 1999; Moller 1965; Rabinowitz 1981;
Voss and Allen 1994), and models and experimental
studies of animal ears (e.g., Huang et al 2000; Lynch et al.
1994; Parent and Allen 2007). Prior to 1981, experimental
studies of the acoustic input impedance of the ear in
humans were limited to about 1.5 kHz, the ear canal
treated as an acoustic compliance (Rabinowitz 1981). The
ear canal, modeled as a one-dimensional transmission
line, extends the upper frequency limit to where sound
deviates from propagating predominantly as plane waves.
Kringlebotn (1988) modeled the human ear canal as a
lossy transmission line terminated by a load impedance,
the middle ear, and the cochlea. His middle ear model
was similar to that of Zwislocki (1962), incorporating the
middle ear cavities, eardrum and ossicles, cochlea, and
shunts for energy reflected from the middle ear and not
transferred to the cochlea. Kringlebotn (1988) obtained
values for his model elements from published studies for
element values that were fixed in the model and used a
method of least squares to fit the model to the data
average obtained from human temporal bones for model
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elements that were free to vary. O’Connor and Puria
(2008) examined transfer functions of the middle ear
using a model that did not include the ear canal or cavities
of the middle ear, focusing on the function of the
transmission of sound from the eardrum to the cochlea
via the ossicular chain. A modified version of Zwislocki’s
model of the middle ear was used with the eardrum
incorporated as a delay line. As for Kringlebotn (1988),
parameters for the model were obtained by fitting the
model to data from human temporal bones. O’Connor
and Puria (2008) modeled the cochlear input impedance
as resistive, consistent with Zwislocki’s suggestion that the
cochlear input impedance is predominantly resistive,
although there is a compliant reactance element (Aibara
et al. 2001). Kringlebotn (1988) included compliant
reactance and mass reactance terms for the cochlea in
his model.

Using transmission line theory, this study examined
the respective contributions of the ear canal, middle
ear, and cochlea, to the acoustic input impedance of
the ear. In contrast to most previous studies, the
model was fit to individual data rather than the data
average, and for healthy human ears. The ear canal
was modeled as a one-dimensional lossy transmission
line, with a more exact treatment of viscothermal
losses than that provided by Kringlebotn (1988). The
middle ear model incorporated the middle ear
cavities, eardrum and ossicles, and cochlea with the
eardrum and ossicles represented by a bank of
resonant filters rather than the single resonant filter
and shunts of Zwislocki/Kringlebotn. For the model
fit to data, using a nonlinear least squares fit
algorithm, only ear canal radius, ear canal length,
and resistance parameters (losses in the ear canal,
middle ear, and cochlea) were free to vary. Compliant
and mass reactance terms were fixed in the fitting
algorithm. Compliant reactance terms were based on
published data, altered to accommodate individual
data. Mass reactance terms were drawn from pub-
lished data.

METHODS
Subjects and Data Collection

Sound pressure measurements were made in one ear of
subjects aged 18-30 years, the location of measurement
being near the isthmus. Subject inclusion required the
ear canal resonance to be below 6 kHz. Data is
presented from six subjects, four female and two male.
The method for data collection has been described
previously (see Withnell et al. 2009). Briefly, signal
generation and data acquisition was computer-con-
trolled using the Mimosa HearID system with version
R4 software module (www.mimosaacoustics.com).
Sound pressure was measured in the ear canal by a

device that housed two speakers and one microphone
(ER10CP; www.etymoticresearch.com) with probe tubes
connecting the transducers to the ear via a foam eartip
(ER14A/B). The foam eartip compressed for insertion
in the ear canal, expansion of the foam eartip providing
an acoustic seal. The sound stimulus was a rising chirp
with a bandwidth of 210-6,000 Hz. The microphone
signal was amplified 40 dB and digitized at a rate of
48 kHz. Microphone sensitivity was 50 mV/Pa; sound
pressure measurements were corrected in software for
the frequency response of the microphone. The
Thevenin equivalent acoustic impedance (Z,) and
pressure (P of the ERIOCP was determined using four
cavities of known acoustic impedance and solving this
overdetermined system (Voss and Allen 1994). The
acoustic input impedance for each ear (the data) was
then calculated using the equation:

Pmi
Zin = ZS — ) (1)
Ps_Pmic

where Z; is the source acoustic impedance, P; is the
source acoustic pressure, and P is the sound
pressure measured at the microphone in the ear
canal. This study was completed with the approval of
the Indiana University Institutional Review Board.

Modeling and Data Analysis

The ear was modeled as a one-dimensional lossy
transmission line terminated by a distributed load
impedance (a non-igid termination), applicable to
plane wave sound propagation. The ear canal was
represented by a lossy transmission line. The middle
ear and cochlea, the load impedance, was represented
by a circuit that incorporates: (1) the middle ear
cavities using the circuit of Kringlebotn (1988); (2)
the eardrum and ossicles using a bank of five simple
harmonic oscillators, or simple mass—spring systems
(each tuned to a different frequency), arranged in
parallel. Five oscillators were chosen to represent the
eardrum and ossicles based on the maximum number
of resonances suggested in the data; and (3) the
cochlea as an RC circuit. Figure 1 shows the circuit
diagram for this model.

The acoustic input impedance for the model is
given by Kringlebotn (1988): '

Zme + iZotan(—il1)

Z,=7 : -,
" Zo + iZmetan(—il1)

(2)

! Equation 2 was derived by combining Egs. 18, 17, and 12 from

Kringlebotn, with a modicum of algebra, and using a trigonometric
identity for the tangent function in terms of e.


http://www.mimosaacoustics.com/
http://www.etymoticresearch.com/
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compliance (O). The resistance corresponds to viscous losses, the

study. The ear was modeled as a one-dimensional lossy transmission
line (ear canal) terminated by a distributed load impedance, the
middle ear and cochlea. This model is shown in a, with the two
paths for the transmission line, a wave going in and a wave coming
out, terminated by the load impedance. The line element for the
transmission line is shown in b, consisting of a series impedance and
a shunt admittance. The series impedance consists of resistance (R)
and mass (M), the shunt admittance consists of conductance (G), and

where Z,. is the input impedance of the middle ear
and cochlea, [ is the physical length of the ear canal,
and 7, is the characteristic impedance of the ear
canal. % is given by:

_ R+ wM

Zy = A (3)

with I"being the propagation term,

I'=a+if=+/(R+ iwM)(G+ wC), (4)

where a describes the attenuation of the sound due to
resistive losses and p describes the propagation
properties of the sound in the ear canal.

The radius of the ear canal is given by:

r = a]"LF, (5)

where « is the parameter in the nonlinear fitting of
the model to the data that sets the final value of the

conductance to thermal losses, at the wall of the ear canal
(Benade 1968). The load impedance, the middle ear and
cochlea, is shown in c. The middle ear model incorporates the
middle ear cavities (from Kringlebotn 1988), eardrum and
ossicles, and cochlea. The eardrum and ossicles are represented
by a bank of resonant filters, and the cochlea is represented by
an RC circuit.

radius, and Yy is the initial value for the radius. The
initial value for the radius was the acoustic radius at
low frequencies, given by:

oo % 3 <cot(2ﬂf,-L/c>pc>°‘5, ©)

7| Z1x|

where L is the acoustic length at the standing wave
frequency (SWF), ¢ is the velocity of sound, p is the
density of air, Z y is the acoustic input impedance of
the ear at low frequencies, f; is the frequency, and » is
the number of frequencies. f; ranged from 210 to
490 Hz.

The length of the ear canal is given by:

l=bL, (7)

where b is the parameter in the nonlinear fitting of
the model to the data that sets the final value of the
length and L is the acoustic length at the SWF.
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The elements of the lossy transmission line (the ear
canal), see Figure 1, are given by (Benade 1968):

wp | Fysin@,
=[5 ¥

p {I—Fvcosev}

ar? D?

2

WY .
G = —7[(5—1)Ftsm9,], (10)
and
cf”—’"?[l + (8-1)F,sin0)) (11)
= pc? 1SN0y |,

where R is the series (acoustical) resistance per unit
length of the transmission line (viscous losses), M is
the series inertance per unit length, G is the shunt
conductance per unit length (thermal losses), Cis the
shunt compliance per unit length, and

i 2 Jile,v-i

Fe'% = , 12
‘ (Pv\/—_"]o[(l’v\/q ( )
: 2 Jile~=i]

Ft i0, _ 1 , 13
‘ o1 JoloV=i] "

and

D? = (1-F,c050,)* + (Fysin0,)*, (14)

where w is angular frequency, ris the radius, ¢ is the
velocity of sound, p is the density of air, and 6 is the
ratio of specific heats of air. J is the Bessel function of
order 0 and J; is the Bessel function of order 1. ¢ is
the ratio of the radius of the ear canal to the
boundary layer (with subscript v for viscous and ¢ for
thermal).

For longitudinal wave propagation in a cylinder or
tube with a smooth, rigid wall, the ratios of the radius
of the tube to the viscous and thermal boundary layers
are given by Benade (1968):

wp

and

— (16)

¢, =7

where w is angular frequency, ris the radius, p is the
density of air, 7 is the viscosity of air, G, is the specific
heat of air at constant pressure, and K, is the thermal
conductivity. The theory for sound propagation in a
tube, incorporating viscous and thermal losses, was
provided by Kirchhoff in 1868 (Henry 1931; Weston
1953; Shields et al. 1965).

A wall surface that is not smooth causes disagree-
ment between theory and experiment (Weston 1953).
Indeed, Kirchhoff observed that “if the smooth
surface of the tube is made rough, the effect of
viscosity as well as that of heat conduction must
increase” (Henry 1931). In effect, with respect to
Kirchhoff’s theory, wall surface roughness decreases
the effective diameter of the tube (Kaye and Sherratt
1933), which is the same as saying it increases the size
of the boundary layer from that predicted by
Kirchhoff.

The ear canal wall is neither smooth, nor rigid, and
so the boundary layer would be expected to be
different from that of a smooth, rigid wall. The more
general expressions for the viscous and thermal
boundary layers that incorporate wall roughness are
given by Weston (1953):

P = AP, (17)
and
@, =de, (18)
where
2A
d="= 19
P’ ( )

and d is the parameter in the nonlinear fitting of
the model to the data that sets the scaling of
viscous and thermal losses, P is the perimeter, and
A is the crosssectional area. P is not known and so
d becomes a scaling factor that accounts for wall
surface roughness, the boundary layer thickness
(viscous and thermal) varying with the reciprocal
of d. Keefe and Simmons (2003) included such a
wall surface roughness factor in modeling calibra-
tion tube responses used to determine the acoustic
output impedance of a sound source.
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Values used for each of the constants (at 30 °C)
were:

¢ =349.5m/s,
p=1.165kg/m®,

n = 1.886 x 10°kg/(m-s),
C, = 1.005k]/(kgK),

K, = 0.0264 x 10°kJ/(m-s-K),

andé=1.4.

The input impedance of the middle ear and
cochlea is given by:

1 1
+——+Z, (20)

Y cav m

Zme =

where Y, is the admittance of the middle ear cavities,
Y,, is the admittance of the five oscillators, and Z, is the
impedance of the cochlea. The admittance of the middle
ear cavities, the antrum («) and tympanum (¢), is given by:

1 1

Yew = o—————t—\
o Ru + XC,, + XNI,I XC,

(21)

where R, is the resistance of the antrum, X, is the
compliant reactance of the antrum, Xy, is the mass
reactance of the antrum, and X, is the compliant
reactance of the tympanum. From Kringlebotn
(1988): R,=6x10° kg/(s-m*) and Xy, = i27 x M, f,
where f is frequency and M,l:IO2 kg/m4. The
compliant reactance terms were modified to match
the low frequency middle ear reactance data, with a
10:1 ratio maintained between the antrum and
tympanum (Kringlebotn 1988). The compliant reac-
tance of the antrum is given by:
2
Xe, =-P¢ (22)

b)
“ wV,

where V, is the volume of the antrum.
The admittance of the five oscillators is given by:

Y,=ZXY, (23)

where
1
Yi=—, 4
7 (24)
and
Zi = E,’Rm +piXk + Xm (25)

¢ is the parameter in the nonlinear fitting of the
model to the data that sets the resistance for the ith
oscillator. p; is a parameter for the ith oscillator that is
determined based on local maxima in the phase data
(local resonances of the middle ear). p;, is not a
parameter that is free to vary in the fitting algorithm.
X;, and X,, are given by:

= 0
and
X,, = i2xfM, (27)

R,=10" kg/ (s- m*) (unless otherwise stated), k=61x
10" kg/ (s> m*), and M = 2 x 10* kg/m™. The values
for k and M were derived from impedance magnitude
values at 200 and 6,000 Hz, respectively, from the data
of Figure 6B of O’Connor and Puria (2008).

For the cochlea, the impedance is given by:

Z.=gR, + X, (28)

where g is the parameter in the nonlinear fitting of
the model to the data that sets the resistance for the
cochlea, Rcle7 kg/ (s- m4), and
—ik
X, = - y (29)
(27f)

with k=10" kg/(s* m*) (Kringlebotn 1988).

This type of model captures well the acoustic input
impedance of the middle ear. The circuit elements
for the middle ear cavities and cochlea are from
Kringlebotn (1988). A bank of resonant filters has
been used previously by Zwislocki (1970) to represent
the input impedance of the middle ear, in his
mechanical coupler.

A nonlinear least squares fit was used to fit the
model to the data. The nonlinear least squares fit uses
the trust region reflective method. This method
minimizes a smooth nonlinear function by iterations
that follow piecewise linear paths (each part is linear
but the overall function is nonlinear; Coleman and Li
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1994). An optimal solution requires that the initial
values for the free parameters be close to the final
solution. Local solutions are evident when the final
values vary with the choice of initial values. To avoid
local solutions and find the optimal or global solution,
the fitting process continued until initial and final
values for each of the parameters differed by no more
than 5 %.

The fitting process consisted of three steps, middle
ear resistance parameters found in the first step, ear
canal and cochlear parameters found in the second
step, and the scaling of viscothermal losses found in
the third step. The process looped or repeated until,
as described in the previous paragraph, initial and
final values for each of the parameters differed by no
more than 5 %. This approach restricted the number
of parameters free to vary at each step to five, three,
and one, respectively. With nine free parameters in
total, this approach was used to avoid the local
solutions which can arise with a large number of free
parameters.

The model was fit to the data over the frequency
range 1,500-6,000 Hz where the ear canal behaves
acoustically like a transmission line, excluding fre-
quencies below 1,500 Hz where the ear canal acts like
a compliant reactance and so confounds the value
derived for ear canal length (and radius).

The parameters that were free to vary were a, b, d,
¢, and g, with a being the parameter that sets the final
value of the radius of the ear canal, b being the
parameter that sets the final value of the length of the
ear canal, ¢, representing the five parameters that set
the final value of resistance for each of the five
oscillators, g being the parameter that sets the final
value of the resistance in the cochlea, and d being the
parameter that sets the final value of the viscous and
thermal losses.

RESULTS

Figure 2 shows the acoustic input impedance magni-
tude and phase spectrum for each ear and the model
fit to the data for each ear (n=6). In all cases, the
acoustic input impedance of the ear has a low
frequency magnitude slope of -6 dB/octave and a
starting phase that is near minus one quarter of a
cycle, consistent with a stiffness-controlled system. As
frequency increases, the influence of the middle ear
becomes apparent with the magnitude slope changing
and fine-structure becoming evident while the phase
becomes less negative. Resonances in the middle ear,
when evident, present as local minima in the magni-
tude response and local maxima in the phase
response. Damping influences how prominent the
middle ear resonances are. At around 1,500 Hz, the

magnitude response starts to show evidence of the
delay line property of the ear canal, transitioning to a
pronounced notch at the one quarter wavelength
standing wave frequency. The corresponding phase
undergoes a rapid change from a negative to a
positive phase, with zero phase corresponding to the
one-quarter wavelength standing wave frequency
resonance. The depth of the magnitude notch is a
function of the impedance mismatch between the ear
canal and the middle ear at the eardrum, and ear
canal losses. The magnitude notch arises from the
addition of an incident and a reflected wave at the
microphone that are out-of-phase, the reflection
occurring at the eardrum.

The data in Figure 2 shows a wide variation in
acoustic input impedance magnitude and phase, from
an ear with many noticeable middle ear resonances
(panels f1 and f2) to an ear where the middle ear is
more damped (panels al and a2). In all cases, the
model provides a good fit to the data, while not
necessarily matching every middle ear resonance
(most obvious at peaks in the data phase). From the
model fit to the data, the final value for the radius for
all six ears was found to be less than the initial value.
The initial value for the radius, the low frequency
radius estimate, is an overestimate of the actual radius
and so the final value is expected to be less than this
value. The final value for the length of the ear canal
was found in five of the six ears to exceed the SWF
length, suggesting that the input impedance of the
middle ear was mass-controlled at the SWF for these
ears. The final value for the cochlear resistance was
found to range from 1.0x107kg/ (s- m*) to 4.2x10’kg/
(s-m?), the initial value in all cases being 107kg/(s-
m?). Considering the individual subject data and
model fit to the data:

1. For Figure 2A, the radius and length of the ear
canal generated by the model were 0.0039 and
0.0197 m, the initial values being 0.0047 (low-
frequency estimate, see Eq. 6) and 0.0199 m (SWF
value). The final value for ear canal length is
almost the same as the SWF length, suggesting that
for this ear the input impedance of the middle ear
is resistive at the SWF. The cochlear resistance
found by the model was 4.2x 107kg/ (s-m*). Viscous
and thermal boundary layers were found by the
model to be about four times larger than that
predicted for a smooth, rigid-walled tube.

2. For Figure 2B, the radius and length of the ear canal
generated by the model were 0.0030 and 0.0191 m,
the initial values being 0.0044 and 0.0173 m (SWF
value). The cochlear resistance found by the model
was 3.3 107kg/ (s-m™). Viscous and thermal boundary
layers were found by the model to be five times larger
than that predicted for a smooth, rigid-walled tube.
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FIG. 2. Acoustic input impedance magnitude and phase data and the model fit to the data for six ears. In all cases, the model provides a good
fit to the data.

3. For Figure 2C, the radius and length of the ear canal layers were found by the model to be about the
generated by the model were 0.0042 and 0.0187 m, same size as that predicted for a smooth, rigid-
the initial values being 0.0063 and 0.0173 m (SWF walled tube.
value), respectively. The cochlear resistance found by 6. For Figure 2F, the radius and length of the ear canal
the model fit to data was 1.4x10’kg/ (s- m*). Viscous generated by the model were 0.0037 and 0.0157 m,
and thermal boundary layers were found by the the initial values being 0.0054 and 0.0149 m (SWF
model to be one third the size of that predicted for a value), respectively. The cochlear resistance found by
smooth, rigid-walled tube. the model fit to data was 1.O><1()7kg/ (s-m™). Viscous

4. For Figure 2D, the radius and length of the ear canal and thermal boundary layers were found by the
generated by the model were 0.0034 and 0.0221 m, model to be one third the size of that predicted for a
the initial values being 0.0044 and 0.0204 m (SWF smooth, rigid-walled tube.

value) respectively. The cochlear resistance found by

the model fit to data was 2.0x107kg/ (s-m*). Viscous Figure 3 shows the rectangular co-ordinates, input

resistan nd in r n ra, for th
and thermal boundary layers were found by the e.s stance, and input reactance spectra, .O the
. . middle ear and cochlea. The three responses in each
model to be about the same size as that predicted for .
panel are (1) the model middle ear response from the

5 %slrn;?;l};en%lgviil:(iigﬁfs' and length of the car model fit to data; (2) the data with the model-derived

canal generated by the model were 0.0036 and
0.0223 m, the initial values being 0.0054 and
0.0197 m (SWF value) respectively. The cochlear ) )
resistance found by the model fit to data was 1.7x 7o ZinZo=iZoZotan(=il1)
107kg/ (s-m*). Viscous and thermal boundary " Zy=iZiytan(~ill)

ear canal removed, i.e.,

)
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where 7, is the acoustic input impedance of the ear data
(see Eq. 1); and (3) the input resistance and input
reactance spectra from Kringlebotn’s model (for com-
parison purposes). The agreement between (1) and (2) is
posited as a test of the model of the input impedance of
the middle ear and cochlea, on the basis that the ear
canal is well described by a uniform lossy transmission
line over the frequency range considered in this study. It
is notable in Figure 3 that the resistance data shows no
consistent frequency dependence across subjects. The
reactance data shows the general trend of being stiffness-
controlled below 1 kHz and mass-controlled above 4 kHz,
with multiple resonances between 1 and 4 kHz. The
model does a good job of matching the overall magni-
tude of the resistance without capturing all of the
variation. The reactance is well described by the model
in all cases. Note that the initial value for R was 10° kg/
(s-m?) for Figure 3A and 10° kg/ (s- m?) for Figure 3C,
being otherwise with 107 kg/(s-m*) . The volume of the

WITHNELL AND Gowpy: An Analysis of the Acoustic Input Impedance of the Ear

antrum in the model used to fit the data was respectively
0.7 cm® (Fig. 3A), 1.2 cm® (Fig. 3B), 16 cm® (Fig. 3C),
4 cm”® (Fig. 3D), 10.5 cm® (Fig. 3E), and 2.7 cm” (Fig. 3F).

Figure 4 shows the results of Figure 3 recast in
terms of magnitude and phase rather than resistance
and reactance. In Figure 4, the normalized input
admittance of the data (with the model-derived ear
canal removed), and the model fit to this data, are
presented. The input admittance is normalized by the
admittance of the ear canal at the eardrum. A
normalized input admittance value of 10° corre-
sponds to a perfect impedance match at the eardrum
between the ear canal and middle ear. In all cases, a
high-pass or band-pass magnitude spectrum is evident,
with the phase showing the middle ear to be stiffness-
controlled at low frequencies and mass-controlled at
high frequencies. There is good agreement between
the model and the data. In most cases, the optimal
impedance match is about ~10 dB.
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FIG. 3. Input resistance and input reactance spectra for the middle show no consistent frequency dependence across subjects. The

ear and cochlea. The three responses in each panel are (1) the model
middle ear response from the model fit to data, (2) the data with the
model-derived ear canal removed, and (3) from Kringlebotn’s model of
the input impedance of the middle ear and cochlea. The resistance data

reactance data show the general trend of being stiffness-controlled
below 1 kHz and mass-controlled above 4 kHz, with multiple
resonances between 1 and 4 kHz.
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FIG. 4. The normalized input admittance, magnitude and phase, of the data with the model-derived ear canal removed, and the model fit to
this data. The input admittance is normalized by the admittance of the ear canal at the eardrum. There is good agreement between the model and

the data.

Figure 5 shows the cochlear input impedance
magnitude and phase obtained from the model fit to
the data for the six ears, as well as the average
response. The magnitude of the average response is
similar to that reported by Aibara et al. (2001) from a
study on temporal bones, but with a greater compliant
reactance contribution (at low frequencies, the phase
is more negative and the magnitude decreases as
frequency increases). This suggests either that the
value for k. (from Kringlebotn (1988)) used for the
cochlea in the model is too large or that postmortem
changes reduce cochlear stiffness.

DISCUSSION

Sound pressure measurements in the ear canal using
an acoustically calibrated sound source provide for
the derivation of the acoustic input impedance of the
ear, providing a window into the acoustico-mechani-
cal function of the ear. This study investigated the

respective contributions of the ear canal, the middle
ear, and the cochlea to the acoustic input impedance
of the ear by modeling the ear as a one-dimensional
lossy transmission line terminated by a distributed
load impedance. Values for ear canal radius, ear canal
length, and resistance that produces transmission
losses, were derived from the model fit to data.

The ear canal contributes significantly to the
acoustic input impedance of the ear. It is thought to
be well described by a uniform cylinder or tube with
rigid walls up to about 6 kHz (Stinson 1985). This
would be especially true for the bony portion of the
ear canal, the region of the ear canal examined in this
study. The radius of the ear canal derived from the
model fit to acoustic input impedance data ranged
from 3.0 to 4.2 mm, consistent with that found by
other investigators using physical methods of mea-
surement (Bekesy 1960; Voss et al. 2008). Of course,
the radius is location dependent, the ear canal radius
increasing with distance from the eardrum (Stinson
1990; Voss et al. 2008). Derivation of the radius of the
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FIG. 5.

The input impedance of the cochlea from the model fit to the data for each of the six ears and the average of this model impedance. The

average response suggests a reactive compliance below 1 kHz but predominantly a resistive cochlear input impedance.

ear canal has application to quantifying the imped-
ance mismatch between the ear canal and the middle
ear at the ezurdrum,2 i.e., in calculating reflectance.
The length of the ear canal and the length calculated
from the one quarter wavelength SWF differ because
the ear canal termination (the middle ear) is non-
rigid. Chan and Geisler (1990) found the SWF length
to always be less than the physical length to the umbo
(14 ears), the difference ranging from ~1 to 6 mm,
with a mean of 3 mm. In this study, the difference
ranged from -0.2 to 2.6 mm, the positive difference
for five of the six ears being consistent with the input
impedance of the middle ear being mass-controlled at
the SWF. The Chan and Geisler (1990) study used
open ear canals and so the SWF would be lower than
for this study and would therefore be less likely to
correspond to a frequency where the middle ear was
mass-controlled.

Ear canal viscothermal losses were calculated in
this study, with allowance made for the ear canal to
not act as a smooth, rigid-walled surface. Two studies
that have explicitly examined viscothermal losses in
the ear canal examined reflectance as a function of
ear canal measurement position (Farmer-Fedor and
Rabbitt 2002; Voss et al. 2008). Both studies found

2 The impedance of the ear canal at the eardrum is a function of

the radius of the ear canal.

little or no positional dependence for the derivation
of reflectance magnitude, arguing against significant
viscothermal losses in the ear canal. In this study,
viscothermal losses were calculated to have a bound-
ary layer that ranged from one third the size of that
predicted by Kirchhoff’s theory to five times that
predicted by Kirchhoff’s theory. Inspection of
Figure 2, magnitude and phase responses, around
the SWF, suggests an identifiable impact of visco-
thermal losses; the slope of the magnitude above the
SWF, and the slope of the phase around resonance, is
observed to decrease with increasing frequency.

A boundary layer less than that calculated for a
smooth, rigid-walled surface is not permitted based on
Kirchhoft’s theory. A boundary layer greater than that
predicted by Kirchhoff’s theory argues for wall surface
roughness to increase the size of the boundary layer.
Constraining the analysis to not produce a boundary
layer less than that for a smooth rigid-walled surface in
deriving the best fit to the data is probably warranted.

The middle ear (and cochlea) was examined in
terms of resistance and reactance. Resistance showed
no specific frequency dependence. The average value
for resistance for three of the six subjects was similar
to that of the middle ear model (based on 20 cadaver
ears) of Kringlebotn (1988), about 4x107kg/(s~m4).
For the other three ears, the average resistance was
greater than that predicted by Kringlebotn’s model,
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illustrating simply that Kringlebotn’s model is based
on averaged data and circuit elements would need to
be modified to account for individual subject varia-
tion. In all cases, the cochlear resistance was not the
major source of damping suggested by Zwislocki
(1962), the middle ear contributing significant
damping to the acoustic input impedance of the ear.
The reactance shows the general trend of being
stiffness-controlled at low frequencies and mass-con-
trolled at high frequencies, with multiple resonances
between 1 and 4 kHz. The volume of the antrum in
the model that provided the observed match to the
low frequency reactance ranged from 0.7 to 16 cm®,
values above 2 cm® being commensurate with that
reported by Zwislocki (1962). The volume of the
tympanum was maintained at a 1:10 ratio with the
antrum (Kringlebotn 1988). The two lowest antrum
volumes indicate another source of stiffness in the
middle ear, these volumes presumably being too small
to be physiological. The reactance from Kringlebotn’s
middle ear model (a variant of Zwislocki’s 1962
model) does not capture the variation in low frequen-
cy stiffness across subjects, but does have the same
trend of being stiffness-controlled at low frequencies;
it does not show a mass-controlled system at high
frequencies. Kringlebotn’s model used a value for
tympanum volume of 5.2 cm®. Presumably
Kringlebotn’s model could provide a better fit to
individual data with subject-specific changes to the
values of the model elements.

The frequency response of the normalized input
admittance of the middle ear is bandpass, similar to
that reported by Rabinowitz (1981) up to 4 kHz, with
the middle ear becoming mass-controlled above
4 kHz. The frequency response differs from the more
narrowly tuned response reported by O’Connor and
Puria (2008), suggesting that postmortem changes
may simplify the tuning properties of the middle ear
although Voss et al. (2000) reported an input
impedance magnitude and phase from temporal
bones more consistent with Figure 4. The impedance
match provided by the middle ear to the ear canal at
the eardrum was found to be, at best, a 10 dB
reduction with respect to a perfect impedance match.
The model of Kringlebotn (1988) suggests a similar
value, the model based on measurements in temporal
bones.

This study extends the work of Kringlebotn (1988) to
investigate the acoustico-mechanics of the ear in healthy
human ears. It quantifies the contributions of the ear
canal, middle ear, and cochlea, to the total damping,
and furnishes values for ear canal radius and length
based on sound pressure measurements in the ear
canal, in individual ears. The technique to acoustically
calibrate a sound source in terms of its Thevenin source
pressure and source impedance, developed by Allen

(1986) and Keefe et al. (1992), provided the means to
generate acoustic input impedance data from sound
pressure measurements in the ear canal. Future work
would include substituting other models of the middle
ear for the model used in this study to investigate
structure—function relationships of the middle ear
further.
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