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ABSTRACT:
This paper investigates the physical significance of ear-canal wave quantities—such as absorbance—that are com-

monly measured in wideband-acoustic-immittance tests and evaluates whether these quantities uniquely characterize

middle-ear function. This is explored using simulations of lumped-element and transmission-line ear canals, along

with measurements in three-dimensional-printed uniform and anatomical ear canals of varying geometry, terminated

by the same middle-ear simulator. The results demonstrate the following points: (1) Wave quantities computed using

estimated or geometrical cross-sectional areas do not uniquely characterize the middle ear because they describe the

wave interaction between ear canal and middle ear and are therefore confounded by variations in ear-canal geometry.

(2) At low frequencies, the reflection of sound waves in the ear canal plays a negligible role in the middle-ear trans-

duction mechanism because of the long sound wavelength relative to ear-canal length, and wave quantities therefore

do not provide a meaningful physical characterization of middle-ear function. (3) Wave quantities computed using an

invariant cross-sectional area are likely most appropriate for clinical diagnostics, as they reduce the influence of ear-

canal geometry up to approximately 3 kHz. However, this simplification means that wave quantities no longer char-

acterize the reflection of sound waves in the ear canal at any frequency.VC 2026 Acoustical Society of America.
https://doi.org/10.1121/10.0043164
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I. INTRODUCTION

The acoustic immittance (admittance and impedance)

of the auditory system has long been a subject of interest to

researchers and clinicians both to understand the mechanics

of and to diagnose pathologies in the human middle ear.

Conventional tympanometry is a crucial clinical tool for

diagnosing common middle-ear disorders that involves mea-

suring the ear-canal admittance at a single probe-tone fre-

quency, usually 226Hz, while varying the ear-canal air

pressure at a constant rate and estimating the middle-ear

admittance at the peak of the tympanogram. The middle-ear

admittance uniquely characterizes the acoustic mobility of

the middle ear across the surface of the tympanic membrane

and is typically estimated from measurements in the ear

canal, away from the tympanic membrane, by removing the

effects of the residual ear-canal space from the ear-canal

admittance. At low frequencies, the lumped-element admit-

tance of this ear-canal space is approximated as the ear-

canal admittance at the tail of the tympanogram—i.e., at the

first air-pressure extreme, assuming rigidity of the tympanic

membrane at this pressure—and simply subtracted from the

ear-canal admittance. However, toward higher frequencies,

ear-canal standing waves start to form, affecting the ear-

canal admittance, and an ear-canal model taking into

account at least one-dimensional wave propagation is

required to estimate the middle-ear admittance.

Ear-canal wave quantities characterize proportions of

sound waves in the ear canal reflected or absorbed by the

middle ear and were first measured by Stinson et al.
(1982),1 who estimated the ear-canal energy reflection coef-

ficient (energy reflectance) from the standing-wave ratio.

The length of the ear canal naturally limits the lower fre-

quency at which this technique is applicable. Hudde (1983)

noted the small dependence of the ear-canal pressure-reflec-

tance magnitude on measurement location and proposed this

quantity as a means for characterizing the middle ear at

higher frequencies because of the inherent transmission-line

effects in the ear canal in this frequency region. Enabled by

the advent of digital data-acquisition systems and the ear-

probe calibration procedure described by Allen (1986), com-

plex ear-canal pressure reflectance—calculated from the

ear-canal impedance and characteristic impedance—has

been routinely measured in human ears across most of the

audio bandwidth using ear probes over the past 40 years.

The ear-canal pressure-reflectance magnitude is closely

related to alternative wave quantities, the scalar energy

reflectance and absorbance, which all characterize the same

physical phenomenon, and energy absorbance is routinely

used for middle-ear diagnostics in the clinic. Under the

assumption of a uniform ear canal, these wave quantities

characterize sound-wave reflections by the middle ear that,a)Email: krng@interacoustics.com
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unlike ear-canal admittance, are insensitive to ear-probe

placement. Ear-canal wave quantities have shown potential

in diagnosing and differentiating between conductive hear-

ing disorders beyond what is possible with conventional

tympanometry (e.g., early work by Piskorski et al., 1999;
Keefe et al., 2000; Feeney et al., 2003; Keefe and Simmons,

2003) and can be measured without pressurizing the ear

canal. These wave quantities, along with ear-canal imped-

ance and admittance, measured across a wide range of fre-

quencies, are collectively referred to as wideband acoustic

immittance (WAI; Feeney et al., 2013). For clarity, we will

refer to WAI here only as the overarching objectives of

improving clinical diagnosis of the middle ear and physi-

cally characterizing the middle ear across a wide range of

frequencies and refrain from using this term to refer to wave

quantities, which are inherently not immittance quantities.

The measurement of ear-canal wave quantities is currently

offered by several clinical instruments, including the

HearID and OtoStat (Mimosa Acoustics, Inc., Champaign,

Illinois, USA), the Titan (Interacoustics A/S, Middelfart,

Denmark), and the TympStar Pro (Grason-Stadler, Inc., Eden

Prairie, Minnesota, USA). Nonetheless, difficulty in the inter-

pretation of wave quantities is often cited as an obstacle for

clinical adoption (Al-Salim et al., 2024).
The objective of this paper is to discuss and iterate the

physical significance of ear-canal wave quantities and inves-

tigate whether these quantities are the most suitable for

characterizing the middle ear, both physically and clinically.

This will be achieved using simple lumped-element and

transmission-line simulations, as well as measurements in

three-dimensional (3D)-printed uniform and anatomical ear

canals, terminated by the same middle-ear simulator.

II. BACKGROUND

In most research involving the measurement of ear-

canal wave quantities using a conventional ear probe, the

ear-canal impedance Zec is calculated from the ear-canal

pressure Pec measured by the ear-probe microphone and the

ear-probe acoustic Th�evenin-equivalent parameters, the

source pressure Ps and source impedance Zs, obtained in a

preceding calibration procedure (Allen, 1986; Keefe et al.,
1992; Voss and Allen, 1994),

Zec ¼ Zs
Pec

Ps � Pec

: (1)

Because the WAI literature typically deals with impedance

Z rather than admittance Y, we will maintain this notion

throughout Secs. II and III in this paper, but results will be

reported in terms of admittance,

Y ¼ 1

Z
; (2)

because it is conventionally and intuitively used for assess-

ing middle-ear status. Some publications have utilized math-

ematically equivalent methods for characterizing the ear

probe based on acoustic Norton-equivalent (Huang et al.,
2000) or reflectance (Keefe, 1997; Keefe and Simmons,

2003) parameters. The ear-canal pressure reflectance Rec is

defined as the complex ratio of reverse-propagating P� to

forward-propagating Pþ pressure waves in the ear canal.

Assuming that the ear canal is a lossless uniform transmis-

sion line with characteristic impedance Z0 ¼ qc=Sec, with
the air density q, the speed of sound c, and the cross-

sectional area Sec,

Rec ¼
P�
Pþ

¼ Zec=Z0 � 1

Zec=Z0 þ 1
: (3)

Here, Zec=Z0 is often referred to as the normalized imped-

ance, the mathematical importance of which will become

evident later (Sec. V C). Because measuring the geometri-

cal ear-canal cross-sectional area Sec is impractical in clin-

ical scenarios, previous studies have assumed an invariant

area (Voss and Allen, 1994) or acoustically estimated the

ear-canal characteristic impedance Ẑ0, implicitly estimat-

ing the area Ŝec (e.g., Keefe et al., 1992; Rasetshwane and
Neely, 2011; Nørgaard et al., 2017a, 2019c). The scalar

ear-canal energy reflectance jRecj2 is occasionally consid-

ered, but the scalar ear-canal energy absorbance Aec is

conventionally used for the purpose of clinical diagnosis,

mainly because it is analogous to the admittance in charac-

terizing how well sound is transmitted by the middle ear,

and is usually derived from jRecj2 by conservation of

energy,

Aec ¼
jPþj2 � jP�j2

jPþj2
¼ 1� jRecj2: (4)

The ear-canal pressure absorbance [ðPþ� P�Þ=Pþ ¼ 1� Rec]

has not previously been reported because its magnitude

depends on the ear-canal length, thus lacking a key benefit

of the remaining ear-canal wave quantities. This is

because, unlike energy, pressure magnitude is not con-

served across a boundary, so the calculation of middle-ear

pressure-absorbance magnitude requires propagation of

individual wave components to the tympanic membrane.

For this reason, absorbance without further specification

usually refers to energy absorbance. Temporal characteris-

tics of the ear-canal reflectance, such as the phase and

group delays,

s/ ¼ �/Rec

x
and sg ¼ � d/Rec

dx
; (5)

respectively, with the unwrapping phase operator / and the

angular frequency x, have primarily been used to estimate

ear-canal length (e.g., Keefe et al., 2015; Nørgaard et al.,
2020).

The fundamental nature of the various relevant ear-

canal wave quantities—the pressure reflectance, energy

reflectance, and energy absorbance—representing the pro-

portion of sound pressure or energy reflected or absorbed by
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the middle ear has been emphasized by the majority of pub-

lications dealing with the subject matter. Many studies have

also emphasized the insensitivity of wave-quantity magni-

tudes on measurement location, a feature that is understand-

ably highlighted as a metrological advantage over

immittance quantities. Surprisingly few articles have com-

mented in more detail on additional properties of wave

quantities: Keefe et al. (1992) noted that the ear-canal

impedance, unlike reflectance, encodes information about

the ear-canal characteristic impedance, and Voss and Allen

(1994) highlighted certain advantageous signal-processing

properties of reflectance over immittance. To our knowl-

edge, only a single study has commented on and questioned

the suitability of ear-canal wave quantities in actually char-

acterizing the properties of the middle ear; Huang et al.
(2000) noted the inability of the reflectance in uniquely

characterizing the mechanics of the middle ear, however,

exemplified it rather vaguely as an inability in distinguishing

mass-like and compliance-like responses. In addition to the

few comments made in these articles, the broader transition

in the literature from characterizing the middle ear by its

mechanical mobility using admittance to its ability to absorb

sound-wave energy using absorbance has been uncritical,

and the fundamental differences between characterizing the

middle ear using immittance and wave quantities remain

poorly articulated.

This paper offers a basis for the critical evaluation and

conversation needed regarding the characterization of

middle-ear status using wave quantities and their interpreta-

tion and is motivated by the following observations:

(1) Ear-canal cross-sectional area and non-uniformity: The
ear canal is inherently non-uniform, thus violating the

assumption of plane waves underlying wave quantities.

This non-uniformity is known to introduce intra-subject

variability because measurements depend on location-

specific partial reflections from the ear-canal walls.

However, as neither the measurement location nor the

local cross-sectional area is known prior to a measure-

ment, this area must be approximated or estimated to

calculate wave quantities. In uniform waveguides, the

cross-sectional area can be accurately estimated

(Nørgaard et al., 2019a), and in ear canals, the estimated

cross-sectional area using the method of Nørgaard et al.
(2019c) yields more accurate reflectance measurements

in adult ears (Nørgaard et al., 2020). However, the phys-
ical significance of such estimated cross-sectional areas

in varying anatomical ear canals remains unknown.

Furthermore, it is uncertain what cross-sectional area

results in wave quantities that provide the most clini-

cally useful or physically accurate characterization of

the middle ear. Because most area-estimation methods

rely on the inverse discrete Fourier transform, they

likely implicitly involve some form of spatial averaging.

Notably, most published data and available commercial

instrumentation assume an invariant ear-canal cross-sec-

tional area, and the impact of this assumption on wave

quantities measured in anatomical ear canals of varying

geometry is unknown.

(2) Fundamental differences between ear-canal wave quan-
tities and immittance: As briefly noted by Huang et al.
(2000), ear-canal wave quantities do not uniquely char-

acterize the middle ear. Instead, they describe the effect

of the impedance mismatch between the ear canal and

the middle ear on a propagating wave in the ear canal.

For readers not overly familiar with wave and

transmission-line theory, this distinction may not be

immediately clear from the frequent description as

reflected or absorbed sound pressure or energy—

descriptions that, although accurate, can obscure the fact

that wave quantities characterize the interaction between

the ear canal and middle ear rather than the middle ear

alone. The literature often seems to imply equivalency

or at least fails to distinguish between middle-ear immit-

tance and ear-canal wave quantities in terms of

representing middle-ear properties. To illustrate the

non-uniqueness of wave quantities in describing middle-

ear properties more explicitly, middle ears and ear

canals vary considerably in size and shape, and one does

not uniquely define the other. Conceptually, a given

middle ear could terminate ear canals of different geom-

etry. Despite the status of these middle ears being

exactly identical, their wave quantities differ markedly

(Nørgaard et al., 2024). Therefore, ear-canal wave quan-
tities do not uniquely characterize the middle ear, and

the ear-canal cross-sectional area fundamentally con-

founds and contributes to inter-subject variability of ear-

canal wave quantities. The literature appears to have

consistently emphasized the metrological advantages of

ear-canal wave quantities while failing to clarify these

fundamental limitations in terms of uniquely character-

izing the middle ear.

(3) Low-frequency wave quantities in the ear canal: A fun-

damental goal of WAI is to provide a physical character-

ization of the middle ear and its mechanisms responsible

for hearing. Therefore, quantifying the status of the mid-

dle ear based on reflections of sound waves by the tym-

panic membrane requires that this actually represents

the underlying physical phenomenon. Although these

reflections undoubtedly play a role at high frequencies,

their role is questionable at low frequencies. At high fre-

quencies, when a propagating wave is subject to a con-

siderable phase shift along the ear canal, impedance

mismatches occur both at its entrance (between the

sound source and the ear-canal propagation medium)

and termination (between the ear-canal propagation

medium and the tympanic membrane) (Møller, 1992;

Møller et al., 1995). That is, a sound wave incident on

the ear canal is subject to the ear-canal characteristic

impedance rather than the ear-canal impedance, then

propagates through the ear canal, and is finally reflected

by the middle ear. Accurately characterizing the sound

source, e.g., by its acoustic Th�evenin-equivalent param-

eters, then enables distinguishing between reflections
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from the source and the termination to intuitively

express any acoustic quantity (e.g., pressure, volume

velocity, or energy) absorbed or reflected by the middle

ear as a proportion of the incident quantity having

already entered the ear canal from the sound source.

However, at low frequencies, when the wavelength is

much longer than the ear canal, a propagating wave only

experiences a negligible phase shift along the ear canal.

That is, the sound pressure throughout the canal is

approximately constant, and the pressure at its entrance

effectively acts directly on the tympanic membrane. In

other words, a sound wave incident on the ear canal is

barely subject to the ear-canal characteristic impedance,

and effectively only a single impedance mismatch is

present between the sound source and the combined ear

canal and middle ear. Thus, there is only a negligible

intermediate state of an incident propagating wave

between the sound source and middle ear to serve as a

reference for quantifying a relative reflected or absorbed

acoustic quantity. Calculating low-frequency ear-canal

wave quantities from the measured ear-canal impedance

when the combined ear canal and middle ear practically

behaves as a lumped-element system with negligible

wave propagation imposes the assumption that the

sound source is a propagating wave with properties

given by the characteristic impedance. This is of course

not the case, and the interpretation of these wave quanti-

ties relates more to a theoretical reflection dictated by

the ear-canal characteristic impedance used for their cal-

culation than any physical behavior of the specific ear.

This observation suggests that wave quantities do not

physically characterize the middle ear and its role in

low-frequency hearing.

(4) Clinical applications of WAI: An optimal quantity for

characterizing the middle ear, both in research and in

the clinic, should not be chosen solely based on its theo-

retical physical or signal-processing properties; practical

considerations such as measurement accuracy and repro-

ducibility are equally important. For clinical diagnosis,

which often relies on pattern recognition—performed

by trained professionals, statistical models, automated

machine-learning algorithms, etc.—physical signifi-

cance may be less important, and a suitable quantity

may simply provide the best decision accuracy.

Although current methods appear capable of accurately

measuring ear-canal wave quantities (Nørgaard et al.,
2020), the measurement of middle-ear immittance is

more challenging. Some researchers have estimated

these quantities by propagating ear-canal immittance to

the tympanic membrane using uniform (Rabinowitz,

1981; Voss and Allen, 1994; Huang et al., 2000; Keefe
et al., 2015) and non-uniform (Lewis and Neely, 2015;

Keefe, 2020; Merchant and Neely, 2021) transmission-

line models with the ear-canal geometry estimated in
situ from immittance or wave quantities. However, none

of these models have been validated in scenarios where

the middle-ear immittance is known, so the accuracy of

the estimated middle-ear immittance in real ears remains

unknown.

III. METHODS

A. Ear-canal simulations

For the purpose of illustrating the physical significance of

wave quantities in the case of uniform sound fields in the ear

canal, we simulated the ear-canal acoustics using lossless uni-

form one-dimensional transmission-line and lumped-element

models, both terminated by the same middle-ear impedance

Zme. We modeled Zme using two parallel Helmholtz resonators

as described by Nørgaard et al. (2019b), approximating the ter-

mination impedance of a standardized occluded-ear simulator

(IEC 60318-4, 2010).

For the transmission-line models, we calculated the ear-

canal impedance,

Zec ¼ Z0
Zme þ jZ0 tan klec
Z0 þ jZme tan klec

; (6)

with the unit imaginary number j, the wavenumber k ¼ x=c,
and the ear-canal length lec. For the lumped-element ear

canals, we simulated the ear-canal impedance Zec as the par-
allel combination of the middle-ear impedance Zme and

the lumped-element impedance of the ear-canal volume

Vec ¼ Seclec (summing the corresponding admittances),

Zec ¼
1

Zme

þ jxVec

qc2

� ��1

: (7)

For each model Zec, we calculated the ear-canal reflectance Rec

and energy absorbance Aec from Eqs. (3) and (4), respectively.

Given the assumption of a uniform lossless one-

dimensional transmission line inherent to the concept of ear-

canal wave quantities, we can estimate the middle-ear

impedance Ẑme by removing the effects of the ear canal

from the ear-canal impedance Zec using such a model,

Ẑme ¼ Z0
jZ0 tan klec � Zec
jZec tan klec � Z0

: (8)

Similarly, as practiced in conventional tympanometry, it is

possible to estimate the middle-ear impedance Ẑme by

removing the parallel lumped-element impedance of the ear-

canal space from the ear-canal impedance Zec (subtracting

the corresponding admittances),

Ẑme ¼
1

Zec
� jxVec

qc2

� ��1

: (9)

For our simulations, we applied Eqs. (8) and (9) to estimate the

middle-ear impedance Ẑme only from the ear-canal impedance

Zec simulated using a transmission line [Eq. (6)]. We simulated

ear canals of cross-sectional area Sec ¼ 44:2mm2 and lengths

lec from 15 to 40mm in 5mm increments. Established general

transmission-line theory conventionally considers wave effects
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prudent to consider when the wavelength k < lec=10. Here, we
will refer to the frequency above which this condition is met as

the critical frequency

fc ¼
c

10lec
: (10)

B. 3D-printed middle-ear simulator and ear canals

1. Middle-ear simulator

To study the variation in wave quantities of different ear

canals terminated by the same middle ear, we constructed a

middle-ear simulator with an impedance representative of the

human ear canal that allowed different ear canals to be

attached. This approach is based on the underlying logical pre-

mise that measured acoustic quantities that are independent of

the attached ear canal provide a unique characterization of the

middle ear. The middle-ear simulator consisted of two parallel

Helmholtz resonators, designed to resemble the termination

impedance of a standardized occluded-ear simulator (IEC

60318-4, 2010) and the middle-ear impedance Zme used for the

simulations in Sec. IIIA.2 The internal design of the

Helmholtz resonators and acoustic resistors were identical to

those used by Nørgaard (2023), although the distance between

the two Helmholtz resonators was decreased to accommodate

for narrower ear canals. Because of mechanical tolerances in

the 3D-printing process, and, perhaps more importantly,

because of a specified tolerance of 620% in the resistance of

the acoustic resistors, the true characteristics of the middle-ear

simulator are unknown. The top of the middle-ear simulator

featured a keyed interface to allow an ear canal with a recipro-

cal interface to be mounted and held in place by a matching

threaded retaining nut. The flat contact surface of the middle-

ear simulator ensured an acoustic seal with the attached ear

canal, whereas an O-ring placed at the circumference of the

contact surface provided a barometric seal. The backsides of

the Helmholtz resonators were sealed by gluing two lids into

place. Because of excessive oblique orientations of some of the

3D-printed ear canals relative to the plane of the tympanic

annulus, the middle-ear simulator and retaining nut were

designed such that the top of the retaining nut was flush with

the middle-ear plane. Figure 1 depicts cross-sectional render-

ings of the middle-ear simulator with uniform and anatomical

ear canals attached (described in Secs. IIIB2 and IIIB3,

respectively). All 3D-printed parts were fabricated using a

ProJet MJP 2500 Plus (3D Systems, Inc., Rock Hill, SC, USA)

using the material Visijet M2S-HT90 (3D Systems, Inc., Rock

Hill, SC, USA), an acoustically rigid plastic material similar to

acrylonitrile butadiene styrene (ABS). The relative fabrication

tolerance of the parts was specified as 60.001–0.002 in. per

inch printed material (0.1–0.2%).

2. Uniform ear canals

We constructed 3D-printed uniform ear canals with

cross-sectional areas from 20 to 80mm2 in 10mm2 incre-

ments, approximately covering the range of areas frequently

observed in adult ears (Voss et al., 2025). The total length

of the uniform ear canals was fixed at 25mm, excluding the

insertion depth of the ear probe, resulting in an effective

length of approximately 20mm. We did not vary the canal

length for this study because its effect on WAI measure-

ments was previously studied by Nørgaard et al. (2019a),
although only for a single cross-sectional area.

3. Anatomical ear canals

Based on anonymized high-resolution computed-

tomography (CT) scans, eleven anatomical ear canals were

3D-printed from the entrance (Balouch et al., 2023), approx-
imately representing the typical location of the ear-probe

placement, further selected to be reasonably circular to

allow for a leak-free insertion, to the tympanic annulus.

These scans represent a subset of the 221-ear dataset

described in Voss et al. (2025) from the ear-canal entrance

to the tympanic annulus. For this study, six canals were

selected from individuals aged 40–50 years, with cross-

FIG. 1. Cross-sectional renderings of the 3D-printed middle-ear simulator with an attached (a) uniform ear canal and (b) anatomical ear canal obtained from

a scanned human ear (ear 15153L, Table 1). Colors represent individual mechanical parts: (yellow) detachable ear canal, (blue) threaded retaining nut for

securing the ear canal in place, (green) middle-ear simulator with Helmholtz resonators, (red) lids for sealing the backside of the Helmholtz resonators,

(white) acoustic resistors for damping the Helmholtz resonance frequencies, and (black) sealing O-ring.
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sectional areas at the first bend ranging from 42 to 92mm2.

The remaining five canals were chosen to represent

a broader variation in both age and cross-sectional area.

Table I lists some relevant characteristics of the various ana-

tomical ear canals.

A combination of software tools was used to prepare files

for 3D printing the ear canals from the high-resolution CT

scans (Feng, 2024). The process began with the open-source

platform 3D SLICER,3 where a stack of transverse Digital

Imaging and Communications in Medicine (DICOM) images

was loaded and converted to a 3D mesh representing the ear-

canal airspace. The CT data were rendered volumetrically,

and all airspaces were isolated using a threshold range of

�1024 to �200 Hounsfield units (HU). The canal airspace

was segmented using anatomical planes at the tympanic

annulus and canal entrance,4 isolated with the SCISSORS tool,

and smoothed to remove small artifacts. The resulting air vol-

ume within the canal was exported as a 3D mesh in OBJ for-

mat. The mesh was then refined and prepared for printing.

First, it was imported into MESHMIXER (Autodesk, Inc., San

Francisco, CA, USA), where holes were filled using the MAKE

SOLID function, and the model was exported again as an OBJ

file. Finally, the open-source tool INSTANT MESHES
5 was used to

convert the surface topology from triangular to quadrilateral

meshes,6 which was needed for the remaining steps. The

quadrilateral meshes were imported into FUSION 360

(Autodesk, Inc., San Francisco, CA, USA) and converted into

T-spline bodies to enable generation of inverse canal models

for 3D printing. The solid body, representing the ear canal,

was then inverted so that the canal became an internal air-

filled volume; an enclosing body was created using the LOFT

tool to surround the canal geometry, and a Boolean subtrac-

tion was performed to remove the ear-canal solid from this

outer shell, producing its inverse. Because of the extensive

manual process of generating 3D-printable anatomical ear

canals from CT scans, we had to limit this study to 11 canals.

C. Ear-canal cross-sectional area functions

We extracted low-frequency one-dimensional acousti-

cal ear-canal cross-sectional area functions of the anatomi-

cal ear canals using an approach based on a finite-element

simulation of acoustic isosurfaces, i.e., surfaces of constant

sound pressure. These acoustical area functions differ from

the geometrical area functions reported by Voss et al.
(2025) in that they describe area function experienced by

the sound waves rather than planar cross-sectional slices.

For this reason and to ensure that the utilized areas and ear-

probe placement matched the 3D-printed parts as closely as

possible, we chose to base our analyses (Sec. III D) on these

acoustical area functions rather than the planar cross-

sectional geometry from the canal entrance to the tympanic

annulus reported by Voss et al. (2025). Figure 2 shows the

extracted cross-sectional areas SecðdÞ as a function of the

longitudinal axis d for all 11 ear canals, approximately

aligned to the location of the inserted ear probe. The isosur-

face area functions shown in Fig. 2 and a MATLAB script to

generate are included in the supplementary material.

First, the solid-body ear-canal geometries were

imported into COMSOL MULTIPHYSICS 6.3 (COMSOL, Inc.,

Burlington, MA, USA). Using the PRESSURE ACOUSTICS

physics interface, a NORMAL VELOCITY boundary condition

was applied to the planar entrance of the ear canal, whereas

the remaining surfaces, including the planar tympanic

annulus, were treated as rigid boundaries. The simulation

was run at an arbitrary frequency of 100Hz. This fre-

quency was selected to be well below the half-wave stand-

ing-wave frequency, thereby ensuring the formation of

fairly evenly distributed pressure isosurfaces along the ear

canal because of a small but gradually increasing pressure

along the canal. Compared to the wavelength of the analy-

sis frequency, we defined a relatively fine mesh with an

element size no greater than 2mm and further refinement

near curved features to improve the resolution of the

exported isosurface geometry. For each ear canal, using the

simulation at 100Hz, 101 isosurfaces were defined along

its length, with the first one intersecting the circumference

of the ear-canal entrance and the last one intersecting the

tympanic annulus. This ensured that all isosurfaces inter-

sected only the ear-canal walls. Because our simulation uti-

lized the default quadratic shape functions, regions

between mesh vertices, which are most likely to intersect

with the isosurfaces, are approximated using second-order

polynomials. The tessellated isosurfaces were exported in

VTU file format based on the open-source VIRTUALIZATION

TOOLKIT
7 and imported into MATLAB R2025b (The

MathWorks, Inc., Natick, MA, USA) using the open-

source toolbox VTKTOOLBOX.8 In MATLAB, the area of each

TABLE I. Properties of the 11 3D-printed anatomical ear canals con-

structed from the dataset of Voss et al. (2025), sorted by age, in terms

of the ear ID; age; acoustic isosurface area near the ear probe Secðd ¼ 0Þ
(y-values for the rightmost points on each curve in Fig. 2); the estimated

cross-sectional areas Ŝec using the method of Nørgaard et al. (2019c); the
average longitudinal isosurface area hSecðdÞilec0 [see Eq. (13)]; the total

acoustic lengths of the ear canals lec (x-values for the leftmost points on

each curve in Fig. 2); and the acoustically estimated uniform ear-canal

lengths l̂ec [Eq. (11)] based on ear-canal reflectance calculated using

Nørgaard et al. (2019c).

Subject details Areas Sec [mm2] Lengths lec [mm]

Ear IDa Age [years] Secðd ¼ 0Þ hSecðdÞilec0 Ŝec lec l̂ec

6207Lb 0.98 16.6 9.18 8.6 15.1 39.8

6466L 4.47 31.7 34.9 40.1 16.0 15.4

53L 15.9 99.6 66.8 67.4 25.8 27.3

27955948Rc 19.9 53.2 48.0 23.0 28.6 30.7

10685L 41.41 63.8 42.6 43.2 28.1 26.5

15153L 42.85 58.1 41.9 45.9 23.8 24.2

10687R 43.13 86.7 48.8 46.4 26.3 24.5

61L 46.0 17.0 40.4 34.4 24.0 24.0

10714L 46.02 60.7 57.8 46.7 27.3 25.2

19L 47.0 94.8 48.6 48.0 25.4 22.8

15160L 73.0 47.6 39.4 38.6 12.8 13.2

aIdentification (ID) number and side.
bLeft (L).
cRight (R).
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isosurface was calculated by summing the areas of its con-

stituent triangles. The center point of each isosurface was

computed as the geometrical mean of all its vertices. To

construct a longitudinal axis, the distances between adja-

cent isosurfaces were calculated as the norm of the differ-

ence between their center points. Figure 3 shows the

isosurface vertices and center points for 11 of the 101 iso-

surfaces for ear 19L.

D. Equipment and measurements

The measurements reported in this study were per-

formed using a FireFace UCX II (RME Audio, Haimhausen,

Germany) sound card at a sampling frequency of 44.1 kHz.

Data acquisition and playback were controlled through cus-

tom MATLAB scripts and the third-party utility PLAYREC.9 A

Titan-based ear probe (Interacoustics A/S, Middelfart,

Denmark), modified for extended bandwidth and reduced

crosstalk, was used for all measurements. Calibrations and

measurements were conducted using an acoustic click stim-

ulus, normalized to provide a flat zero-phase acoustic spec-

trum in the frequency range 0.1–20 kHz (although results

are only shown in the range 0.25–16 kHz) into an anechoic

waveguide of cross-sectional area 50.3mm2. For each mea-

surement, 64 clicks were presented in blocks of 2048 sam-

ples, which were averaged to reduce noise.

To determine the acoustic Th�evenin-equivalent parame-

ters of the ear probe (the source pressure Ps and impedance

Zs), we used the calibration method and waveguides described

by Nørgaard et al. (2017b). With the ear probe inserted into

the various uniform and anatomical ear canals, each attached

to the identical middle-ear simulator, the ear-canal impedance

Zec was computed from the measured ear-canal pressure Pec

using Eq. (1). From each measured ear-canal impedance Zec,
the corresponding ear-canal reflectances Rec were calculated

using the method described by Nørgaard et al. (2019c), which
compensates for oblique ear-probe insertions. This method fur-

ther implicitly compensates for evanescent modes and esti-

mates the ear-canal characteristic impedance as the fitted

ordinate intercept Ẑ0;ec, from which the estimated cross-

sectional area Ŝec ¼ qc=Ẑ0;ec. We also computed reflectance

Rec using the method of Voss and Allen (1994), assuming an

invariant ear-canal cross-sectional area Ŝec ¼ 44:2mm2. In

both cases, ear-canal absorbance Aec was calculated from Eq.

(4). To estimate the middle-ear impedance Ẑme, the measured

ear-canal impedance Zec was propagated to the middle ear

using Eq. (8) with the ear-canal length l̂ec estimated from the

reflectance phase delay s/ [Eq. (5)],

l̂ec ¼ hs/i
c

2
; (11)

where the angle brackets denote averaging, in this case

across the frequency range 1–20 kHz.

For the anatomical ear canals, we further calculated

ear-canal absorbance Aec based on the acoustical cross-

sectional area at the approximate location of the ear probe

Secðd ¼ 0Þ in Table I. The ear-canal impedance was addi-

tionally propagated to the tympanic membrane using a loss-

less non-uniform transmission-line model composed of

cascaded conical horn segments (Causs�e et al., 1984;

Benade, 1988; Nørgaard et al., 2019b). Based on the ear-

canal transmission matrix with elements a11, a12, a21, and
a22, calculated from the 101 acoustic isosurface areas and

distances for ear canals described in Sec. III C, we estimated

the middle-ear impedance as

Ẑme ¼
a12 � a22Zec
a21Zec � a11

: (12)

FIG. 2. The acoustical ear-canal cross-sectional area functions SecðdÞ,
extracted from acoustic isosurfaces, as a function of the approximate longi-

tudinal distance from the ear probe d of the ear canals of the various ear IDs

listed in Table I. Note that these isosurface area functions differ from simple

planar cross-sectional area functions in that they represent the non-uniform

surface of the acoustic wavefront.

FIG. 3. Vertices for 11 of the 101 isosurfaces, indicated by individual col-

ors, and isosurface center points, indicated by black points, for ear 19L. The

point (0,0,0) represents the center of the tympanic annulus, which lies in the

x-y plane. Note that the Cartesian coordinates (x, y, z) here differ from the

longitudinal distance d from the entrance of the ear canal in Fig. 2.
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IV. RESULTS

A. Simulations of uniform transmission-line and
lumped-element ear canals

This section presents results illustrating the physical

significance of wave quantities based on the simulation

approach described in Sec. III A. Figure 4 shows results

from each of the simulated ear canals, using both uniform

transmission-line and lumped-element models for different

canal lengths lec. The shown quantities include the ear-

canal-admittance Yec [Eqs. (6) and (7)] magnitudes and

phases, ear-canal absorbances Aec [Eq. (4)] and reflectance

phase delays s/ [Eq. (5)], expressed as equivalent lengths

s/c=2, and estimated middle-ear-admittance Ŷme [Eqs. (8)

and (9)] magnitudes and phases in units of mmho10 based

only on the transmission-line Yec, including critical frequen-

cies fc [Eq. (10)].
For Yec magnitudes and phases in Figs. 4(a) and 4(d),

respectively, the transmission-line and lumped-element

models converge toward low frequencies, as expected. At fc,
some discernible discrepancy arises between the two mod-

els, which is however small compared to the divergence

observed toward higher frequencies where standing waves

become prominent. These results merely confirm and illus-

trate the well-known fact that ear-canal acoustics resulting

from variations in ear-canal geometry strongly influence Yec
and obscure the underlying middle-ear mechanics at higher

frequencies but not at lower frequencies.

For Aec and s/ in Figs. 4(b) and 4(e), respectively,

quantities based on the transmission-line model naturally

coincide, except for the expected length offsets in s/,
because both are otherwise independent of ear-canal length.

However, similar to Yec in Figs. 4(a) and 4(d), Aec and s/

based on the lumped-element model coincide with the

transmission-line model at low frequencies but diverge pro-

gressively toward higher frequencies. The variation in Aec

between the two types of models at fc appears greater rela-
tive to the variation at higher frequencies compared to that

seen for Yec in Figs. 4(a) and 4(d). Notably, at low frequen-

cies, Aec and s/ using the two models are nearly identical.

That is, in a lumped-element ear-canal model—where no

wave propagation occurs—low-frequency wave quantities

are almost identical to those in a one-dimensional transmis-

sion-line model that specifically simulates wave propaga-

tion. Note that, because the lumped-element models lack

information on ear-canal length and cross-sectional area

and, thereby, characteristic impedance, but only encodes the

ear-canal volume, the simulated lumped-element ear canals

representing various lengths equivalently correspond to dif-

ferent cross-sectional areas producing identical volumes.

These results signify that, at low frequencies, the reflection

of sound waves in the ear canal plays a negligible role, and

wave quantities do not provide a meaningful physical char-

acterization of the middle ear and the transduction mecha-

nism underlying hearing. Instead, these wave quantities are

arbitrarily determined by ear-canal characteristic impedance

corresponding to the cross-sectional area. At high frequen-

cies, the deviation between the two models merely suggests

that wave propagation plays some kind of role in character-

izing acoustic transduction of sound by the middle ear.

Toward higher frequencies, both lumped-element Aec and s/
approach zero because of the growing impedance mismatch

between the characteristic impedance and the lumped-

element ear-canal volume.

For Ŷme magnitudes and phases shown in Figs. 4(c) and

4(f), respectively, the lumped-element and transmission-line

FIG. 4. A comparison between simulated (solid lines) transmission-line and (dotted lines) lumped-element ear canals terminated by identical middle-ear

admittances for (individual line colors) various ear-canal lengths lec and the cross-sectional area Sec ¼ 44:2mm2, including (circular markers) critical fre-

quencies fc [Eq. (10)]. The shown quantities include the ear-canal-admittance Yec [Eqs. (6) and (7)] (a) magnitudes and (d) phases; ear-canal (b) absorbances

Aec [Eq. (4)] and (e) reflectance group delays s/ [Eq. (5)], expressed as equivalent lengths s/c=2; and estimated middle-ear-admittance Ŷme [Eqs. (8) and

(9)] (c) magnitudes and (f) phases based only on the transmission-line Yec. Note that Aec and Ŷme for all lec are identical for the transmission-line models.

Deg., degree.

2864 J. Acoust. Soc. Am. 159 (3), March 2026 Nørgaard et al.

https://doi.org/10.1121/10.0043164



models converge at lower frequencies, as expected. The two

types of models start to deviate substantially between 0.5

and 2 kHz, depending on ear-canal length. This illustrates

the limitations of a lumped-element model in approximating

and compensating for the effects of the ear canal simply

based on its volume and why conventional 1-kHz tympan-

ometry should only be used for tiny ear canals.

Transmission-line Ŷme all coincide because they were prop-

agated to the plane of the tympanic membrane using the

same transmission-line models used for calculating the ear-

canal admittance Yec. Thus, these Ŷme are identical to the

true middle-ear admittance Yme.

B. Measurements in uniform ear canals terminated by
the same middle ear

This section presents results comparing measurements

in the uniform ear canals of various cross-sectional areas

terminated by the same middle-ear simulator described in

Secs. III B 2 and III B 1, respectively. For each cross-

sectional area, Fig. 5 shows ear-canal absorbances Aec

[Eq. (4)], reflectance phase delay s/ [Eq. (5)], expressed

as equivalent lengths s/c=2, and estimated middle-ear-

admittance Ŷme [Eq. (8)] magnitudes and phases using a

uniform transmission-line model, calculated from mea-

surements of ear-canal impedance Zec [Eq. (1)]. Results

are shown using the method of Nørgaard et al. (2019c) in
the left column of panels in Fig. 5, which implicitly esti-

mates the ear-canal cross-sectional area Ŝec, and Voss and

Allen (1994) in the right column of panels in Fig. 5, using

the invariant area Ŝec ¼ 44:2mm2 for calculating the vari-

ous quantities. Corresponding colors in all panels of Fig. 5

are based on the same measured Zec. The results shown in

Fig. 5 and a MATLAB script to generate are included in the

supplementary material.

Using the method of Nørgaard et al. (2019c), the varia-
tion in Aec in Fig. 5(a) clearly illustrates how Sec confounds
the ability of Aec and other wave quantities to uniquely char-

acterize the middle ear in this ideal case of a uniform ear

canal. The same middle ear produces markedly different

values of Aec depending on Sec of the ear canal that it termi-

nates, with Aec scaled approximately inversely proportional

to Sec up to approximately 8 kHz. At frequencies above

8 kHz, additional factors begin to influence the measure-

ments, including what is presumably small ear-probe cali-

bration instabilities, propagating higher-order modes, and

the non-uniform distribution of the middle-ear admittance

across the terminating surface. The reflectance phase delays

s/ in Fig. 5(c), on the other hand, are similar and nearly con-

stant beyond the first middle-ear resonance frequency at

1 kHz and correspond approximately to the nominal ear-

canal length of 20mm. Below 1 kHz where the middle-ear

volume contributes with a simple compliance in parallel

with the ear-canal volume, the smaller Sec causes an

increased delay. In contrast, the estimated Ŷme in Figs. 5(e)

and 5(g) are remarkably consistent up to 6 kHz. This consis-

tency suggests that accurate estimates of both Ŝec and ear-

canal lengths l̂ec [Eq. (11)] were achieved across the various

uniform ear canals. The relative errors of all Ŝec were below
5.2% from their nominal values, with a mean relative error

of 4.3%. These results also suggest that, given accurate

knowledge of the ear-canal geometry, it may be possible to

uniquely characterize the middle ear by estimating Ŷme. At

frequencies above 6 kHz, even in this idealized case of uni-

form canals, only small calibration, measurement, and

geometry errors may be responsible for the increased vari-

ability in the estimated Ŷme. Although the true admittance of

the middle-ear simulator Yme is not known, the bounds of

Ŷme—which are very similar to the transmission-line Ŷme in

Fig. 4(c)—are the closest we can get to the true value of

Yme.

For the results using the method of Voss and Allen

(1994) assuming an invariant Ŝec in Fig. 5(b), Aec exhibits

less variation at frequencies below and more variation at fre-

quencies above approximately 2 kHz compared to Fig. 5(a).

These results affirm the observation in Sec. IVA that, in the

presence of a nearly uniform sound field with negligible

propagating waves, the ear canal and middle ear effectively

act as a lumped boundary with a single impedance mismatch

from the sound source, and Aec is solely determined by the

assumed invariant Ŝec. At higher frequencies where propa-

gating waves gradually start to form, the variation in Aec

increases because it includes reflections from both the

impedance mismatch between the source (defined by the

incorrect assumed characteristic impedance) and the ear-

canal propagation medium, and between the propagation

medium and the middle ear. Naturally, the frequency at

which this variation becomes pronounced depends chiefly

on the ear-canal length lec, so the 2-kHz threshold

observed here is specific to the lengths used in this study.

From Fig. 5(d), however, it is evident that differences in total

ear volume are directly translated into corresponding offsets

in s/ below this 2 kHz limit. The excessive variation in the

estimated Ŷme in Figs. 5(f) and 5(h) results both directly from

the incorrect invariant Ŝec and indirectly from errors in the

estimated l̂ec using Eq. (11) because of Ŝec.

C. Measurements in anatomical ear canals terminated
by the same middle ear

This section presents results comparing measurements

in the 11 anatomical ear canals terminated by the same

middle-ear simulator, described in Secs. III B 3 and III B 1,

respectively, and listed in Table I. The left and middle col-

umns of panels in Fig. 6 show quantities and conditions

identical to Fig. 5. Figures 6(c) and 6(f) further show absor-

bances Aec and reflectance phase delays s/, expressed as

equivalent lengths s/c=2, respectively, calculated based on

the acoustic isosurface area at the approximate location of

the ear probe Secðd ¼ 0Þ, listed in Table I. Figures 6(i) and

6(l) show the middle-ear-admittance Ŷme [Eq. (12)] magni-

tudes and phases, respectively, estimated using individual

acoustic isosurface area functions SecðdÞ shown in Fig. 2. In

addition, Table I further lists the estimated cross-sectional

areas Ŝec of the anatomical ear canals using the method of

Nørgaard et al. (2019c). The results shown in Fig. 6 and a
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MATLAB script to generate are included in the supplementary

material.

For the measured Aec and s/ using the method of

Nørgaard et al. (2019c) in Figs. 6(a) and 6(d), respectively,

the variation generally aligns with what one might expect

based on the results in Figs. 5(a) and 5(c) and the anatomical

ear-canal areas in Fig. 2. Because ear 6207L has a tiny

cross-sectional area (Fig. 2), it has an absorbance close to

unity across many frequencies and larger delay at low fre-

quencies. In most anatomical ear canals, as well as in the

uniform canals in Fig. 5(a), the second absorbance peak

near 3.3 kHz is consistently larger than the first peak near

1 kHz. However, in ear 27955948R, the absorbance spec-

trum exhibits a notable skewing of the peak heights, perhaps

because of its particularly non-uniform area-distance func-

tion (Fig. 2) causing partial reflections along the canal.

For Aec and s/ calculated using the method of Voss

and Allen (1994) using the invariant cross-sectional area

Ŝec ¼ 44:2mm2 in Figs. 6(b) and 6(e), respectively, the vari-

ation in Aec is notably reduced below 3 kHz—even to a point

where it is lower than in Fig. 5(b). Again, variations in

ear-canal volume result directly in offsets in s/ at low fre-

quencies in Fig. 6(e). At frequencies above 4–5 kHz,

standing-wave effects become more prominent, resulting in

local extrema in Aec. In Fig. 6(a) using estimated cross-

sectional areas, these high-frequency peaks are significantly

reduced, producing much smoother absorbance curves, pre-

sumably because of the improved matching between the

estimated and geometrical areas.

Disregarding ear 6207L, the variation in Aec and s/ based

on the cross-sectional area near the ear probe Secðd ¼ 0Þ in

Figs. 6(c) and 6(f), respectively, appears to be generally greater

than in any of the two preceding cases. This might be because

of the generally larger cross-sectional areas near the ear probe

relative to the remaining geometry, as Fig. 2 suggests, the lon-

gitudinal average of which generally correlates well with the

assumed Ŝec ¼ 44:2mm2: For ear 6207L, however, the longi-
tudinally averaged cross-sectional area is much smaller than at

the ear-probe location, of which the latter is closer to the

assumed 44:2mm2 in Fig. 6(b).

FIG. 5. Measurement results from the

uniform ear canals of different cross-

sectional areas and approximate

lengths of 20mm, terminated by the

same middle-ear simulator. The (a),

(b) absorbances Aec [Eq. (4)]; (c), (d)

reflectance phase delays s/ [Eq. (5)],

expressed as equivalent lengths s/c=2;
and estimated middle-ear-admittance

Ŷme [Eq. (8)] (e), (f) magnitudes and

(g), (h) phases using a uniform

transmission-line model. Results are

shown using the methods of (a), (c),

(e), (g) Nørgaard et al. (2019c) in the

left column of panels, which implicitly

estimates the cross-sectional area Ŝec;

and (b), (d), (f), (h) Voss and Allen

(1994) in the right column of panels,

assuming the invariant cross-sectional

area of Ŝec ¼ 44:2mm2.
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These results suggest that wave quantities measured

using the acoustically estimated area [Fig. 6(a)] or the

acoustical area near the ear probe [Fig. 6(c)], although likely

providing a more physically accurate representation of

sound-wave reflections by the middle ear, introduce consid-

erable inter-subject variability in terms of uniquely repre-

senting middle-ear status because of anatomical differences

in ear-canal geometry. In contrast, wave quantities mea-

sured using an invariant cross-sectional area [Fig. 6(b)],

although not descriptive of any underlying physical phe-

nomenon in the ear canal, yields wave quantities that are

less influenced by anatomical variations in ear-canal geome-

try and may be better suited for clinical diagnosis of middle-

ear disorders.

For the estimated middle-ear admittances Ŷme [Eq. (8)]

using the methods of Nørgaard et al. (2019c) and Voss and

Allen (1994), shown in Figs. 6(g) and 6(j) and 6(h) and 6(k),

respectively, the variation in Ŷme appears substantial—likely to

a degree that makes it less useful compared to absorbance for

clinical diagnostics. These results suggest that a uniform

transmission-line model may be insufficient to reliably estimate

the middle-ear admittance across a broad frequency range, or, at

the very least, that more representative estimates of ear-canal

geometry are needed for this purpose. For Ŷme estimated using

the non-uniform transmission-line model in Figs. 6(i) and 6(l),

some variation is expected; the acoustical cross-sectional area

functions do not include the ear-canal portion near the tympanic

annulus, for which the volume varies among ear canals, and the

FIG. 6. Measurement results from the various anatomical ear canals terminated by the same middle-ear simulator listed in Table I. The (a), (b), (c) absorban-

ces Aec [Eq. (4)]; (d), (e), (f) reflectance phase delays s/ [Eq. (5)], expressed as equivalent lengths s/c=2; and estimated middle-ear-admittance Yec (g), (h),
(i) magnitudes and (j), (k), (l) phases. Results are shown using (g), (h), (j), (k) uniform [Eq. (8)] and (i), (l) non-uniform [Eq. (12)] transmission-line models;

and using (a), (d), (g), (j) the method of Nørgaard et al. (2019c) in the left column of panels, which implicitly estimates the cross-sectional area Ŝec; (b),
(e), (h), (k) using the method of Voss and Allen (1994) in the middle column of panels, assuming the invariant cross-sectional area of Ŝec ¼ 44:2mm2; and

using (c), (f) the ear-canal cross-sectional area at the ear probe Secðd ¼ 0Þ and (i), (l) the ear-canal area functions SecðdÞ (Fig. 2), based on acoustic isosurfa-

ces, in the right column of panels. L, Left; R, Right; Deg., degree.

J. Acoust. Soc. Am. 159 (3), March 2026 Nørgaard et al. 2867

https://doi.org/10.1121/10.0043164



exact ear-probe placements relative to the cross-sectional area

functions are not known. Nonetheless, although the variation in

Ŷme below 2kHz is relatively small, it is still quite noticeable

compared to Figs. 5(e) and 5(g), and the variation above 2kHz

seems disproportionately large despite being based on the indi-

vidual acoustical cross-sectional area functions from Fig. 2.

To investigate the physical significance of the estimated

cross-sectional areas Ŝec in the anatomical ear canals, we

calculated the relative area errors as

gSðdrÞ ¼ 1� Ŝec

hSecðdÞidrlec0

�����

�����; (13)

between the estimated cross-sectional areas Ŝec, shown in

Table I, and the cross-sectional area functions SecðdÞ, shown
in Fig. 2, cumulatively averaged long their lengths lec.
However, because the ear canals have different lec (the max-

imum longitudinal coordinate for individual ear canals in

Fig. 2), SecðdÞ were cumulatively averaged along the rela-

tive longitudinal coordinate dr ¼ d=lec of the individual ear

canals. Because the acoustic isosurfaces were not equidis-

tantly spaced, the cumulative average ear canal areas were

calculated by simple linear interpolation and numerical trap-

ezoidal integration. Figure 7 shows this relative area error

gSðdrÞ for individual ear canals and averaged across ear

canals, and Table I further lists the averaged isosurface areas

hSecðdÞilec0 along the entire ear-canal length lec. The results

suggest that, both on an individual and averaged level, the

acoustically estimated cross-sectional areas Ŝec using the

method of Nørgaard et al. (2019c) do not approximate

the cross-sectional area at the location of the ear probe,

where the average relative error is just above 33%, but seem

to approximate more the averaged cross-sectional area along

the ear-canal length reaching a much lower relative error of

approximately 13%, although somewhat larger than the

mean relative area error for the uniform ear canals of 4.3%.

V. DISCUSSION

A. Ear-probe placement and ear canals

Because our 3D-printed anatomical ear canals are rigid,

there is likely some difference in the ear-probe placements

from the corresponding human ear canals in a clinical set-

ting, which are more malleable. Additionally, in a few cases,

we were unable to fully insert the ear tip into the anatomical

ear canals, even with the smallest available ear tip, and the

ear probe was therefore manually held in place at the

entrance until a leak- and noise-free measurement had been

obtained. In human ear canals, various strategies can be

employed to alter the ear-canal shape while placing the ear

probe, such as pulling the pinna. In addition, the placement

of the ear probe itself might alter the ear-canal geometry

and the resulting acoustic measurements. Although current

rapid-prototyping technology does allow constructing

mechanical parts with properties similar to human tissue,

this approach would require an extensive validation of the

properties of these materials and identifying not only the

ear-canal space but additionally the substances, i.e., bone,

tissue, cartilage, and skin, in the vicinity of the ear canal

from the CT scans. For this reason, we chose the approach

using rigid ear canals for this study.

The estimated ear-canal cross-sectional area using

Nørgaard et al. (2019c) appears to approximate the ear-

canal cross-sectional areas, averaged along the longitudinal

axis. It is important to emphasize that other methods for esti-

mating this area (e.g., Keefe et al., 1992; Rasetshwane and

Neely, 2011; Nørgaard et al., 2017a), depending on the fre-

quency bandwidth, may approximate something else.

Particularly, methods based on wider bandwidths may

approximate the ear-canal cross-sectional area closer to the

ear probe. Although soft ear-canal walls may affect ear-

canal admittance and wave quantities, they may also affect

the estimation of the ear-canal cross-sectional area. Soft ear-

canal walls inherently absorb sound, which of course

directly affects immittance and wave quantities. However,

soft walls might alleviate effects of standing waves on wave

quantities based on an invariant cross-sectional area, poten-

tially increasing the approximate 3-kHz frequency limit.

B. Estimating middle-ear admittance

Although we were able to consistently estimate identi-

cal middle-ear admittances across our uniform ear canals of

different cross-sectional areas, our results suggest that a uni-

form transmission-line model is inadequate for reliably esti-

mating middle-ear immittance across a wider bandwidth in

anatomical ear canals. At least, more representative esti-

mates of ear-canal cross-sectional area and length are

required for the transmission-line model than those esti-

mated using our utilized acoustic methods. Furthermore,

despite the rigidity of our anatomical ear-canal walls, we

were unable to reliably estimate the middle-ear admittance

FIG. 7. The relative area error gSðdrÞ [Eq. (13)] derived from measurements

in the anatomical ear canals using the method of Nørgaard et al. (2019c) as
a function of the cumulative averaging distance along the relative longitudi-

nal dimension dr for (colored lines) individual ear canals and (black line)

averaged across ear canals. L, Left; R, Right.
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using the acoustical cross-sectional area functions of the

individual ear canals. The exact ear-probe placements rela-

tive to the cross-sectional area functions are not known, and

these area functions do not include the portion of the ear

canal immediately adjacent to the tympanic membrane. This

result suggests (1) that acoustic isosurface area functions

with exact reference to the ear-probe placement are required

to reliably estimate middle-ear immittance at higher fre-

quencies, (2) that the interaction between the ear canal and

tympanic membrane needs to be taken into account, or (3)

that a one-dimensional non-uniform transmission-line model

is entirely inadequate for estimating middle-ear immittance,

perhaps because of effects near ear-canal bends that cannot

be represented by a one-dimensional model (Hudde and

Schmidt, 2009; Xia et al., 2024). Additionally, in real ears,

the middle-ear immittance is likely non-uniformly distrib-

uted across the surface of the tympanic membrane. In our

case, this immittance is constituted by the two small open-

ings leading to the Helmholtz resonators across an otherwise

rigid planar surface, likely introducing some difference in

the sound field near the middle-ear compared to the corre-

sponding real ears.

C. Optimal quantities for clinical middle-ear diagnosis

In our interpretation of the results, among our consid-

ered quantities and methods, the assumption of an invariant

cross-sectional area representative of adult ear canals (Voss

and Allen, 1994) for calculating wave quantities provides

the representation of middle-ear mechanics most suitable for

middle-ear diagnostics in the clinic below approximately

3 kHz. These wave quantities provided less variation among

our anatomical ear canals up to this frequency compared to

our remaining considered quantities and methods. However,

when the cross-sectional area of individual ear canals differ

from the assumed value, wave quantities using an invariant

cross-sectional area physically characterize neither the ear-

canal sound field nor middle-ear mechanics but rather the

theoretical reflection of sound waves because of the addi-

tional impedance mismatch at the location of the ear probe

imposed by the assumed invariant cross-sectional area. This

lack of physical significance means that one should exercise

caution when interpreting these quantities because they do

not characterize any physical features of the individual ear

unless the assumed invariant and geometrical areas match. It

also means that it likely makes no clinical difference

whether the middle-ear status is assessed using wave quanti-

ties describing sound energy, pressure, or something else. It

is of course plausible that wave quantities calculated from

the estimated cross-sectional area, despite the confounding

effects of this area, may be more suitable for diagnosing

potential middle-ear pathologies that manifest themselves at

frequencies beyond 3 kHz, where standing waves start to

introduce substantial errors into wave quantities calculated

using an invariant area. The approximate 3 kHz frequency

limit determined here is principally dictated by the onset of

standing waves in our relatively small population of 3D-

printed anatomical ear canals, causing wave quantities based

on an invariant cross-sectional area to vary more than those

based on the estimated cross-sectional area. Because a

large-scale extension of our current study would be

extremely time-consuming, it might be possible to deter-

mine a more precise limit using a larger population of ear

canals based on simulations utilizing a non-uniform trans-

mission-line model rather than acoustic measurements.

For illustrating and understanding certain mathematical

properties of normalized impedance and reflectance, it can

be helpful to visualize these quantities on the Riemann

sphere (Allen, 2020), which is the inverse stereographic pro-

jection of the extended complex plane onto a sphere.

Mathematically, Eq. (3) is a bilinear (or M€obius) transfor-
mation on the simple form,

w ¼ z� 1

zþ 1
; (14)

acting on the normalized impedance, that rotates individual

points on the Riemann sphere 90� around the axis spanning

from �j to j. Thus, for the input impedance of any passive

system normalized by a real frequency-independent charac-

teristic impedance, it transforms a complex number z on the

positive real Riemann hemisphere Re z � 0 to another com-

plex number w on the lower Riemann hemisphere jwj � 1.

For the ideal case of a lossless uniform transmission line

with frequency-independent termination impedance that

exceeds the characteristic impedance, individual points of

normalized impedance on the Riemann sphere are rotated

2klec radians around the axis spanning from �1 to 1. The

characteristic impedance exceeding the termination imped-

ance changes the direction of the rotation. This means that

singularities and the complex-harmonic klec dependency

inherent to impedance are transformed into equal reflectance

magnitudes with linear phase. However, if impedance is not

appropriately normalized, the rotation of normalized imped-

ance is skewed, thus producing harmonic reflectance

magnitudes.

For the sake of illustrating this rather non-trivial con-

cept, Fig. 8 shows projections of simulated normalized

acoustic impedance Zec=Z0, with impedance Zec calculated

based on Eq. (6), and reflectance Rec [Eq. (3)] onto the

Riemann sphere with Zme ¼ Z0
ffiffiffi
2

p
þ 1

� �
, resulting in the

nominal reflectance magnitude jRecj ¼
ffiffiffi
2

p
� 1 for 25 values

of klec in equidistant steps from 0 to p (a full rotation). To

illustrate the effects of using the correct characteristic

impedance for impedance normalization, Fig. 8(a) shows

projections for different scaling factors K applied to Z0 both
for the impedance calculation and normalization,

Zec
Z0

¼ K

ffiffiffi
2

p
þ 1

� �
þ jK tan klec

K þ j
ffiffiffi
2

p
þ 1

� �
tan klec

; (15)

with K thus representing the factor of change in ear-canal

cross-sectional area. The origins for klec ¼ 0 are the inter-

sections with the real circle on the upper Riemann
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hemisphere jzj > 1. As expected, the result is three circles

that are all parallel to but differently offset relative to the

complex circle, with points equidistantly spaced. When

rotated using the bilinear transform yielding reflectance Rec

[Eq. (3)], they produce constant but different magnitudes for

the various K with linear identical phases /Rec (constant

phase and group delays), evident from the equidistant spac-

ing. To illustrate the effects of using an invariant character-

istic impedance for impedance normalization, Fig. 8(b)

shows projections for different K applied to Z0 only for the

impedance calculation but not for normalization,

Zec
Z0

¼
ffiffiffi
2

p
þ 1

� �
þ jK tan klec

K þ j
ffiffiffi
2

p
þ 1

� �
tan klec

; (16)

with K thus representing the relative error between the geo-

metrical and assumed cross-sectional area. As is evident,

projections now intersect when klec is an integer multiple of

p for all K, but circles of Zec=Z0 are skewed relative to the

imaginary circle for non-unity K, resulting in non-constant

jRecj. In addition, points are no longer equidistantly spaced

for non-unity K, producing non-linear /Rec. Most impor-

tantly, Zec of ear canals of varying geometry but adequately

small klec are transformed into similar jRecj. Notice also the

difference in spacing between individual points for different

K near small klec, illustrating how information on ear-canal

volume, affecting both impedance magnitude and phase, are

transformed to only affect reflectance phase at low frequen-

cies. The MATLAB script used for generating Fig. 8 is pro-

vided in the supplementary material. The ability to rotate

the Riemann sphere and projections enhances the under-

standing of the concept.

The similarity in projected normalized impedance and

reflectance for small klec in Fig. 8(b) illustrates how the

assumption of an invariant cross-sectional area when calcu-

lating wave quantities serves the important purpose of

uniquely characterizing the middle ear while removing the

effects of ear-canal geometry from wave-quantity magni-

tudes in the absence of standing waves at low frequencies—

without the need to determine the ear-canal volume. That is,

the rotation on the Riemann sphere transforms complex

impedances (normalized by an invariant characteristic

impedance), in which middle-ear and ear-canal characteris-

tics are intertwiningly encoded into both magnitude and

phase, into complex reflectances, where middle-ear charac-

teristics shape only the magnitudes, which are clinically

decipherable. Note that the impedance normalization based

on the invariant cross-sectional area forces the normalized-

impedance data to visually cluster when projected onto the

Riemann sphere. When visualized using conventional mag-

nitudes and phases, or real and imaginary parts as a function

of frequency, the data do not cluster. It is the rotation on the

Riemann sphere using the bilinear transformation that forces

the reflectance magnitudes to cluster. This, however, is at

the expense of the loss of characterization of the reflection

of sound waves in the ear canal and significant confounding

effects of standing waves at higher frequencies. Exactly

determining the ear-canal volume is at least required to

remove its effects from the ear-canal immittance at low fre-

quencies, and doing so still introduces considerable errors

into the estimated middle-ear admittance at frequencies as

low as the critical frequency [Figs. 4(c) and 4(f)]. Feeney

et al. (2013) suggested that research should focus more on

temporal characteristics of WAI; however, because informa-

tion on ear-canal volume primarily shapes these temporal

characteristics of reflectance at lower frequencies when

using an invariant cross-sectional area, this might prove

counterproductive. Reflectance errors in human ears when

FIG. 8. Projections of (circles) normalized acoustic impedance Zec=Z0, calculated based on Eq. (6), and (squares) reflectance Rec [Eq. (3)] of a lossless uni-

form transmission line onto the Riemann sphere for 25 values of klec in equidistant steps from 0 to p. To illustrate the effects of using the correct and an

invariant characteristic impedance for impedance normalization, results are shown for (individual colors) different scaling factors K applied to Z0 (a) both

for the impedance calculation and normalization [Eq. (15)], and (b) only for impedance calculation and not normalization [Eq. (16)], respectively.
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using an invariant cross-sectional area are not merely the

result of the magnitude of klec but, among other things, fur-

ther depend on the middle-ear impedance Zme, which defines

the starting point on the Riemann sphere for klec ¼ 0, and

the mismatch between assumed and actual areas, which

defines the trajectory of the circle on the Riemann sphere.

Still, deep ear-probe insertions certainly seem favorable to

minimize klec. It is important to emphasize the trivial prop-

erty and caveat that wave-quantity magnitudes are mathe-

matically non-unique because the middle-ear impedances

Zme and Z2
0=Zme produce identical wave-quantity magni-

tudes. This implies that low-frequency wave-quantity mag-

nitudes using the invariant cross-sectional area only

uniquely characterize the middle ear under the assumption

that the middle-ear impedance jZmej > Z0. However, tempo-

ral characteristics of reflectance may still reveal if this con-

dition is not satisfied because the direction of rotation on the

Riemann sphere around the axis spanning from �1 to 1 with

increasing klec changes.
Figure 8 also illustrates the importance of selecting an

invariant ear-canal cross-sectional area that is representative of

the population; if the invariant area is off from the population

mean, projections of normalized impedance onto the Riemann

sphere would tend to skew more in one direction, generally

producing larger variations in reflectance magnitude for

smaller klec. Fortunately, judging from the data of Voss et al.
(2025), the current assumption of 44:2mm2 for adult ears,

used in existing clinical instruments and in the vast majority of

the literature, appears to be a reasonable approximation for the

average ear-canal area between the ear probe and the tympanic

membrane for the population. For infant ears below 6 months

age, some instruments utilize the smaller assumed area of

17:8mm2 (Keefe and Simmons, 2003), prompting an abrupt

arbitrary change to absorbance values, normative data, and

interpretation at the intersection between the age groups—not

because of anatomical differences but because of the change in

assumed area.11 Some authors have attributed differences in

absorbance from this age group to slightly older ears to devel-

opmental changes (Zhao et al., 2025), even though these differ-
ences might as well stem from the difference in assumed

cross-sectional area. However, for infants, matching the

assumed area to the population might be less of a concern

because of their generally smaller ear canals, meaning that klec
is generally smaller at the same frequency. Note that all our

anatomical ears fall into the adult category (older than

6months) in terms of the assumed cross-sectional area in exist-

ing instruments (Table I), and even the small ear canal 6207L

produced reflectances similar to the remaining canals when

using an invariant cross-sectional area [Fig. 6(b)]. Therefore, it

might be preferable to simply use the adult cross-sectional area

of 44:2mm2 for ears of all ages, thus removing the arbitrary

category separation for normative WAI data at 6 months age.

D. Quantities characterizing hearing ability

Determining a suitable quantity for characterizing the

middle ear depends on whether the goal is a unique

characterization of middle-ear status or a characterization of

the role of the middle ear in sound perception. Although

wave quantities calculated from the estimated or acoustical

area do characterize a physical phenomenon in the ear canal,

our results suggest that this phenomenon plays a negligible

role in the acoustic transduction mechanism in the ear canal

and middle ear responsible for low-frequency hearing. It

should be emphasized that our results only suggest what these

wave quantities do not describe; they reveal nothing about

the actual role of wave quantities in describing this transduc-

tion process and hearing at higher frequencies. However, as

would be expected from a transmission line disregarding

higher-order modes, our results do seem to imply that the rel-

evancy of wave quantities in describing middle-ear mechan-

ics is a gradual transition from no relevancy to sole relevancy

in the hypothetical limits of zero and infinite frequency,

respectively. The actual role of sound wave reflections and

the relevance of wave quantities in characterizing the role of

the middle ear in sound perception toward higher audio fre-

quencies is not known, and no studies have investigated

which quantities most accurately achieve this. However, it

does seem plausible that wave quantities based on estimated

or geometrical ear-canal cross-sectional areas, thus providing

a characterization of the underlying physical wave phenome-

non but a non-unique characterization of the middle ear, are

the most relevant for this purpose. Still, although the cochlear

immittance may affect the middle-ear immittance, the propor-

tion of sound in the ear canal absorbed by the middle ear

likely does not relate directly to that entering the cochlea

because the middle ear includes several additional possible

paths of transmission. A study investigating this might

explore the relationship between air-bone gaps and various

WAI quantities or follow the framework underlying Souza

et al. (2014), mapping instead the relationship between

changes in various WAI quantities and behavioral thresholds

upon changes in middle-ear status, for example, induced by a

static change in ear-canal air pressure. However, like Souza

et al. (2014), the highly variable measurement uncertainty of

individual WAI quantities needs to be taken into account in

such studies. Regardless of the potential ability of wave quan-

tities in characterizing hearing at higher frequencies, this does

not change the fact that they do not provide a unique charac-

terization of the middle ear, which might impact their ability

to diagnose middle-ear pathologies.

The issues relating to the physical significance of wave

quantities might, at least partly, explain the difficulty in their

interpretation and relatively slow clinical adoption of WAI.

Despite the results presented here, ear-canal wave quantities

calculated using an invariant cross-sectional area does seem

like a clinically viable measurement technique that can pro-

vide unique information on the middle-ear status up to

approximately 3 kHz beyond what is possible with ear-canal

immittance and conventional tympanometry. To improve

our ability to uniquely characterize the middle ear across a

wider frequency range, future research might preferably

focus on methods to accurately and reliably measure or

approximate the middle-ear immittance.
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E. Reflectance-based stimulus quantities

Although wave quantities calculated from the estimated

cross-sectional area might not be optimal for middle-ear diag-

nostics in the clinic, at least at low frequencies, because they

are confounded by the canal area, they do provide improved

accuracy for reflectance-based quantities for delivering stim-

uli to the ear (Souza et al., 2014; Nørgaard and Bray, 2023)

and measuring otoacoustic emissions (Charaziak and Shera,

2017). This is because these methods aim to describe the

physical ear-canal sound field close to the tympanic mem-

brane based on propagating waves rather than the mechanics

of the middle ear, which is exactly what these wave quantities

characterize. Evaluating the accuracy of stimulus levels and

otoacoustic-emission measurements within our methodologi-

cal framework could be achieved using a miniature micro-

phone to measure stimulus levels and a speaker to simulate

otoacoustic-emission responses, respectively, built into the

middle-ear simulator at the plane of the middle ear, and con-

stitutes a feasible extension of this study.

VI. CONCLUSION

This study has investigated the physical significance of ear-

canal wave quantities, e.g., pressure reflectance and energy

absorbance, and their variability due to variations in ear-canal

geometry. This was done using a simple simulation approach

based on lumped-element and transmission-line models, and

3D-printed uniform and anatomical ear canals terminated by the

same middle-ear simulator. Our results showed the following:

(1) Ear-canal wave quantities characterize the wave interaction

between the ear canal and middle ear, and do therefore not

uniquely describe middle-ear mechanics. Variations in ear-

canal geometry confound wave quantities calculated using

the estimated or acoustical cross-sectional area, introduc-

ing significant inter-subject variability. In our anatomical

ear canals, this estimated area based on Nørgaard et al.
(2019c) appeared to approximate the longitudinally

averaged area. On the other hand, middle-ear immittance

quantities do uniquely characterize the middle ear, and

although we were able to accurately estimate these quanti-

ties in ideal uniform ear canals, we were unable to do this

in our anatomical ear canals using estimated uniform and

known acoustical non-uniform ear-canal area functions.

(2) Among our considered quantities, wave quantities based

on the assumption of an invariant cross-sectional area rep-

resentative of the adult ears seem most suitable for clinical

assessment of middle-ear status at frequencies below

approximately 3 kHz because of their low sensitivity to

variations in ear-canal geometry. These wave quantities do

not provide a physical characterization of the middle ear at

any frequency but may instead enable middle-ear diagno-

ses through pattern recognition. Deep ear-probe insertions

may reduce measurement errors because of reflections at

frequencies below the approximate 3-kHz limit. None of

our considered quantities provided reliable unique charac-

terizations of the middle ear in our anatomical ear canals

above 3 kHz. Due to their smaller size, the same adult area

might also be preferable in infant ears.

(3) Ear-canal wave quantities calculated using the estimated

cross-sectional area do characterize an actual physical

phenomenon at low frequencies. However, because the

wavelength is much longer than the ear canal, the sound

field is practically uniform, and effectively only a single

impedance mismatch is present between a sound source

and the ear canal. Therefore, the reflection of ear-canal

sound waves by the middle ear plays a negligible role in

the underlying acoustic transduction mechanism, which

is instead dominated by the impedance mismatch

directly between the sound source and the combined ear

canal and middle ear. Therefore, ear-canal wave quanti-

ties do not provide a meaningful physical characteriza-

tion of middle-ear mechanics at lower frequencies.

SUPPLEMENTARY MATERIAL

See the supplementary material for the measurement

data in the uniform and anatomical ear canals presented in

Secs. IVB and IVC; a MATLAB script to reproduce Figs. 2, 5,

and 6; and a MATLAB script to produce the Riemann-sphere

projections in Fig. 8. The scripts were tested in MATLAB

R2025b, requiring no additional toolboxes. The measure-

ment data may serve as a means for interested readers for

evaluating their own or alternative algorithms for estimating

the ear-canal cross-sectional areas, ear-canal area function,

middle-ear immittance, etc. These data are made available

for self-use only, and any publication of results based on the

data is subject to approval by the authors of this article.
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