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Impact of the ear canal motion on the impedance boundary
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ABSTRACT:
The occlusion effect (OE) denotes the increased low-frequency perception of bone-conducted sounds when the ear

canal (EC) is occluded. Circuit and finite element (FE) models are commonly used to investigate the OE and

improve its prediction, often applying acoustic impedances at the EC entrance and tympanic membrane (TM). This

study investigates the sound generation caused by the structural motion of the EC. In addition to the EC wall vibra-

tion, it accounts for the motions of the EC entrance and TM, resulting from nondeforming motion of the surrounding

structures. A model extension including these motions with the impedances is proposed. Related mechanisms are

illustrated based on a circuit model. Implications are discussed by using an EC motion extracted from a FE model of

a human head. The results demonstrate that the motions of the EC entrance and TM, addressed by the proposed

extension, affects the TM sound pressure and may lead to a reduction of the OE at lower frequencies compared to

solely considering the EC wall vibration. Accordingly, this phenomenon potentially reconciles differences between

experimental data and OE simulations at frequencies below about 250 Hz, highlighting the importance to discern

between multiple contributing mechanisms to the TM sound pressure.
VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0024244

(Received 28 July 2023; revised 8 December 2023; accepted 13 December 2023; published online 4 January 2024)

[Editor: James F. Lynch] Pages: 56–67

I. INTRODUCTION

The occlusion effect (OE) denotes the increased low-

frequency perception of bone-conducted (BC) sounds,

resulting from the occlusion or blockage of the ear canal

(EC) with devices such as earplugs or hearing aids.1 This

phenomenon manifests in the amplification of physiological

noise and alterations of one’s own voice perception. The OE

contributes to the discomfort experienced by workers who

wear earplugs,2 and it can diminish the overall acceptance

of hearing aids among their users.3

The OE is objectively measurable as the sound pressure

level difference in the EC due to the occlusion. The OE

exhibits a low-pass characteristic4–6 and mainly appears at

frequencies below 1 kHz.7 In contrast to air-conducted

sound, which enters the EC at its entrance, the OE is a result

of the structural transmission of BC sound. Hence, the sound

pressure in the EC is in the open and occluded case induced

by the moving EC boundaries. Influencing factors on this

phenomenon are as follows:

• the frequency-dependent distribution of the EC wall

vibrations in magnitude and phase,8,9 which varies

between the elastic soft tissue/cartilage part and bony part

of the EC;5

• the different areas and orientations of the EC wall, EC

entrance, and tympanic membrane (TM)10,11 in relation to

the direction of the motion;
• the source of the BC stimulation, e.g., BC trans-

ducers,5,12–14 one’s own voice,15,16 or mastication;16

• the variation of the vibrating area of the wall with the

occluding device’s insertion;3,5

• the mechanical load of the occluding device to the vibration

of the EC wall;3,15,17

• the acoustical load to the vibration of the EC wall due to the

occlusion;18 and
• the boundary and loading conditions within numerical

simulations, e.g., at the temporal bone and soft tissue of

an outer ear model8 or at the base of a truncated head

model.19

Researchers have employed various modeling

approaches to simulate the OE, ranging from one-

dimensional circuit models (e.g., Refs. 5, 6, 8, 15, 20, and 21)

to more complex finite element (FE) models (e.g., Refs. 8,

13, 18, 19, and 22). It is a common approach within OE mod-

els to represent the sound radiation at the open EC entrance

by an acoustic impedance.5,6,8,13,15,18,20,22 Similarly, also the

occluding device can be considered as an impedance at the

EC entrance, which differs from the open-ear case. In several

OE models, such an impedance is incorporated explicitly

in at least one of the investigated conditions.5,6,8,13,15,18,20a)Email: simon.kersten@akustik.rwth-aachen.de
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At the TM, the impedance represents the load by the mem-

brane itself, the middle ear (ME) cavity, the ME ossicles, and

inner ear (see, e.g., Shaw and Stinson23 or Hudde and

Engel24–26) Using such an impedance allows bypassing the

necessity of modeling the ME structures in detail, therefore,

it is the most common approach for OE models.5,6,8,13,15,18–22

Conceptually, the impedance approach assumes a

piston-like motion at the entrance and TM.27 Such a simpli-

fication is justified because the frequency range of interest

extends up to a maximum of 2 kHz, hence, the wavelength

in air is significantly larger than the radial dimensions of the

EC and TM [e.g., with a speed of sound in air of 343 m/s,

the wavelength at 2 kHz exceeds a typical TM diameter of

about 9 mm (Ref. 28) by 19 times]. Furthermore, experimen-

tal observations suggest a “simple vibration pattern”29 of the

TM below 2 kHz. This allows treating its motion by means

of a volume velocity instead of considering the spatially dis-

tributed point velocity.29,30 The corresponding sound pres-

sure level close to the TM varies spatially by about 1 dB

within the considered frequency range.31 The TM acoustic

impedance can then be defined as the average sound pres-

sure on the TM divided by the volume velocity of the TM

during air-conducted stimulation.28 It is worth noting that

for BC stimulation, the TM may also play an active role by

radiating sound originating from the ME into the EC.

Experiments suggest that this reverse excitation does not

significantly contribute to the EC sound pressure except at

the EC resonance at approximately 3 kHz.7

Yet, predicting the OE and assessing the effectiveness

of measures to reduce it, such as vents,32 open-fitting hear-

ing aids,33 or sound-absorbing earplugs,34,35 remains chal-

lenging.8,19 Comparisons between experimental data and

simulations18,19,22 reveal an overestimation of the OE, par-

ticularly at frequencies below 250 Hz. Interestingly, experi-

mental results also exhibit a higher variance of the OE and

stronger excitation dependence in this frequency range.12,16

Using a FE model of a human head, Xu et al.19 highlighted

that the radiation of the BC-stimulated head vibrations into

the open EC could account for some of these observations.

However, existing discrepancies between experimental and

simulation data remain unexplained.

This study investigates whether considering a more

comprehensive view on the three-dimensional structural

motion of the EC could, at least partially, elucidate the dis-

crepancies at low frequencies between the calculated and

measured OEs. Below 300 Hz, the skull exhibits a rigid

body motion,36 which causes the part of the EC surrounded

by bone to follow. Additionally, the wavelength in the sur-

rounding soft tissue and cartilage is larger or similar to the

dimensions of the EC. For instance, when employing the

material parameters referred to as “reference” in Xu et al.,19

the wavelength of shear waves in soft tissue at 100 Hz

exceeds the EC dimensions by a factor of 3. In the case of

cartilage, the wavelength surpasses the EC dimensions even

by a factor of 20–40 at this frequency. Consequently, EC

segments partially exhibit a rigid body motion with a dis-

placement which is characterized by being in phase, of simi-

lar magnitude, and spatially in the same direction along all

points on the EC wall within a segment. This phenomenon

will be referred to as nondeforming motions of parts of the

EC throughout this paper. Particularly, such a nondeforming

motion of the EC parts at the EC entrance and TM causes

the entrance plane and TM to change their positions in

space, respectively, as a consequence of their connections

with the surrounding structures. The motions of these

boundaries complement the vibration of the EC wall, which

has been widely accepted to primarily generate the sound

pressure in the EC. The two cases of considering the

motions of the EC entrance and TM due to nondeforming

motion of adjacent EC parts and solely accounting for the

vibration of the EC wall are illustrated in Fig. 1.

To the best of our knowledge, the effect of accounting

for the motions of the EC entrance and TM due to nonde-

forming motion of the adjacent structures on the sound pres-

sure in the open and occluded ear has not been quantified,

yet. The objective of this paper is to study the impact of this

phenomenon on the simulation of the OE, specifically focus-

ing on effects related to the acoustic impedances at the EC

FIG. 1. (Color online) Sketch of the EC and its structural motion for BC stimulation. The dashed lines indicate the transition from the elastic part, consisting

of cartilage and soft tissue, to the bony part. The EC entrance is depicted as a fictive plane. It is associated with a surface Se and acoustic impedance Ze,

which represents an occluding device or the exterior radiation of sound in the case of the open ear, respectively. Likewise, the TM is associated with a sur-

face Stm and acoustic impedance Ztm, incorporating the load by the middle and inner ear. nðxÞ denotes the unit vector perpendicular to the surfaces along

positions x. The colored lines and arrows illustrate the structural motion of the EC, the cause of the sound pressure in the EC, leading to a TM vibration

(thick black arrows). In (b), an EC motion, including motions of the EC entrance and TM, are depicted, which are caused by nondeforming motion of the

attached EC segments (blue double arrows). These motions complement the EC wall vibration. For comparison, an EC motion is illustrated in (c) (orange

double arrows), where the TM vibration is solely due to the sound pressure generated by the wall vibration.
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entrance and TM. Influencing factors and underlying mecha-

nisms are discussed based on circuit calculations through

examples using an EC motion extracted from a FE model of

a human head.

II. MODELING CONSIDERATIONS

A. Formulation of the impedance boundary condition

Because the mechanism underlying the OE is the com-

plex interaction of the vibrations of the EC structure with

the sound field in the EC, OE models can be methodologi-

cally considered as fluid-structure problems (general infor-

mation on fluid-structure problems can be found, e.g., in

Ref. 37) Let Z be the acoustical impedance of a boundary

attached to a moving structure (see Fig. 1), then the imped-

ance boundary condition is38,39

va ¼ p=Z þ vs ; or Z ¼ p

va � vs

; (1)

where p denotes the sound pressure, va is the normal acous-

tic particle velocity, and vs is the associated velocity of the

surrounding structure in normal direction to the boundary,

which is often omitted.39 Equation (1) states that vs is to be

superimposed on the reaction term p/Z to obtain the particle

velocity, va, when solving a fluid-structure problem. From

another perspective, it states that the relative velocity,

va � vs, between the air and its surrounding structure is to be

incorporated to obtain the sound pressure, p.

Two examples highlight the validity of Eq. (1). For an

acoustically rigid boundary (Z !1), va¼ vs, which means

it moves with the adjacent solid. Neglecting vs would mis-

leadingly cause va to be zero in this case, implying that the

acoustic boundary is fixed in position regardless of the sur-

rounding structure’s motion. If the structure is fixed

(vs ¼ 0), Eq. (1) leads to the impedance definition Z ¼ p=va,

which is commonly used within OE models.

B. Application to OE models

As depicted in Fig. 1, the two boundaries often assigned

with acoustic impedances for the simulation of the OE are

the EC entrance and the TM (e.g., in Refs. 5, 6, 8, 13, 15,

18, and 20–22) The question is how to implement the

impedance boundary condition from Eq. (1) into the simula-

tion models to account for a nondeforming motion of the

surrounding structures. Because it is a general phenomenon

of structure-fluid interaction, it may affect both numerical

approaches, e.g., using the FE method, and simplified

approaches, such as equivalent circuit calculations. We

begin the investigation by employing the circuit model

depicted in Fig. 2 to provide a “visual image of the sys-

tem.”40 It gives an overview of the physical mechanisms

involved and allows separation of the various contributions

to the TM sound pressure. Subsequently, an application of

Eq. (1) to FE models is proposed.

1. Circuit modeling

In Fig. 2, the sound generation by the motion of the EC

structure is divided into three volume velocity sources:

qw;s; qe;s, and qtm;s. Each of the sources corresponds to a spe-

cific boundary with distinct acoustic properties, necessitat-

ing their separate treatment. qw;s characterizes the volume

velocity induced by the vibration of the EC wall,

qw;s ¼ �
ð ð

Sw

vsðxÞ � nðxÞ dS: (2)

Here, Sw represents the surface of the EC wall, and vsðxÞ is

the complex-valued, three-dimensional structural velocity

distribution along positions denoted as x on this surface.

nðxÞ is the unit vector perpendicular to Sw at x in outward

direction of the EC, as indicated in Fig. 1. Accordingly, the

dot product vsðxÞ � nðxÞ captures the local normal compo-

nent of the velocity. The negative sign in Eq. (2) accounts

for the vector component to be defined outward while qw;s

is, here, considered to be positive inward.

Note that Eq. (2) accounts for the vibration of the EC

wall in general, which could include nondeforming motion

of the parts. Yet, a nondeforming motion of an EC segment

does not contribute to qw;s. For such a motion, vs remains

constant across all positions on the wall within that segment.

Consequently, the contributions of opposing boundaries

within this segment to the overall volume velocity nullify

each other as a result of the differing signs of vsðxÞdSðxÞ.
One should be aware that describing the EC wall vibration

as source using the integral quantity qw;s is only valid as

FIG. 2. Circuit model of the EC. The impedance Ze represents an occluding device or the exterior radiation of sound in case of the open ear. Ztm denotes the

TM impedance. The motion associated with these boundaries because of their connections with the moving surrounding structures is considered with the

sources qe;s and qtm;s parallel to Ze and Ztm. The vibration of the EC wall is represented by the volume velocity source qw;s. It splits up the EC air volume

into an upstream segment toward the EC entrance and a downstream segment terminated by the TM. For the circuit calculations presented here, the EC seg-

ments are modeled as acoustical transmission lines represented by two-port matrices Ku and Kd.
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long as the wavelength in air is much larger than the dimen-

sions of the radiating wall area. This is the case, at least, in

the considered frequency range below 1 kHz.

The source of strength qe;s represents the volume veloc-

ity corresponding to the motion with the surrounding struc-

ture of the EC entrance plane (see Fig. 1). The source in Fig.

2 is parallel to the impedance Ze, which represents the

occluding device (Zoccl
e ), or the exterior radiation of sound

out of the open ear (Zopen
e ). The resulting equation regarding

the acoustic volume velocity qe;a toward the EC entrance is

qe;a ¼ pe=Ze þ qe;s; (3)

where pe denotes the sound pressure at the EC entrance.

Equation (3) is closely related to Eq. (1) but expressed with

volume velocities instead of point velocities and with the

impedance Ze in Pas/m3 based on the conception of a piston-

like, one-dimensional motion of the boundary (see Sec. I).

Note that qe;s refers to the passive motion of the EC entrance

plane, which neglects the sound radiated into the EC from

the outside, or the sound radiated by the occluding device

(in that sense, the volume velocity imposed by the earplug

as defined by Carillo et al.22 represents both contributions).

If desired, the radiation of an occluding device could be

included by a second volume velocity source parallel to Ze

in the circuit in Fig. 2.

The volume velocity source qtm;s in Fig. 2 incorporates

the motion of the TM caused by the nondeforming motion

of the surrounding bone (see colored arrows in Fig. 1). qtm;s

establishes the boundary condition

qtm;a ¼ ptm=Ztm þ qtm;s; (4)

for the acoustical volume velocity qtm;a toward the TM,

analogously to Eqs. (1) and (3). Here, ptm denotes the sound

pressure at the TM. Equation (4) states that the motion of

the TM with the surrounding bone—represented by qtm;s—is

superimposed with the relative motion between ossicles and

the surroundings due to the sound transmission from the TM

to the inner ear, which is depicted by the term ptm=Ztm. Ztm

corresponds to the impedance that would be measured on

human subjects using classical acoustical methods when

there is no structural motion of the EC. Accordingly, it

incorporates the complex deformation of the TM itself and

the inertia of the ME ossicles (details on the TM impedance

can be found, e.g., in Refs. 24–26, 28, 40, and 41) The for-

mulation in Eq. (4) conceptually implies that the ME and

inner ear structures move together with the TM and the sur-

rounding temporal bone, therefore, BC sound transmitted

from the ME into the EC via the TM (Refs. 7 and 20) is not

accounted for. A second source could be added for this pur-

pose if desired.

2. FE modeling

Equation (1) already gives the boundary condition for

acoustic impedances within FE models, and a more detailed

formulation is, e.g., given in Ref. 39. However,

implementing Eq. (1) raises the question on how to obtain

the structural velocity vs.

Within such models, the TM is represented by its sur-

face that is in contact with the air and assigned with the TM

impedance rather than including it as a solid structure. In

this case, a reasonable approach is to determine a vector

�vtm;s, as the component-wise average of the structural veloc-

ity over the mutual edge of the TM surface with the adjacent

bone. The structural velocity, vtm;s, which is included in the

boundary condition, is then calculated locally as the normal

component of �vtm;s,

vtm;sðxÞ ¼ �vtm;s � nðxÞ: (5)

Here, nðxÞ is the unit vector perpendicular to the TM surface

at position x in outward direction of the EC (see Fig. 1).

Including vtm;s in this manner in the acoustic boundary con-

dition conceptually accounts for a piston-like motion of the

TM surface, which follows the average structural motion of

its edge. As already argued with regard to circuit models in

Sec. II B 1, this formulation implies that the ME and inner

ear structures align with this motion.

Obtaining the corresponding structural velocity ve;s at

the EC entrance is feasible following the same approach by

averaging via the mutual edge of the entrance plane with

the surrounding structures. For instance, with a rigid

impedance representing the occluding device, the resulting

acoustic boundary condition in Eq. (1) locally accommo-

dates the piston-like motion of the device with its surround-

ings. Thus, nonrigid devices and open-ear radiation just

result in different impedance terms p / Z in Eq. (1), but the

method for determining ve;s remains unchanged. However,

it is essential to acknowledge that Eq. (1) solely accounts

for sources inside the EC. To also encompass the BC-

excited radiation from the head into the EC via the EC

entrance,19 an additional term would need to be

incorporated.

The structural velocities in FE models and the volume

velocities in the circuit approach are for the open and

occluded ear cases related as

qe;s ¼
ð ð

Se

ve;sðxÞ dS; qtm;s ¼
ð ð

Stm

vtm;sðxÞ dS: (6)

Here, Se and Stm denote the surfaces of the entrance plane

and TM as indicated in Fig. 1. Note that with the convention

used here, qe;s is defined in outward direction normal to the

entrance plane, and qtm;s is defined in direction toward the

ME. The complex-valued relation of qw;s; qe;s, and qtm;s

depends on the actual three-dimensional motion of the EC

and orientation of the corresponding boundaries (see Sec.

III B). Hence, a certain EC motion is implied implicitly or

explicitly when conducting OE simulations. Given the rela-

tionship between the modeling approaches from Eq. (6), the

circuit model from Fig. 2 is employed in the following to

further elucidate the underlying mechanisms and discuss

corresponding effects.
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C. Effect on the simulation of the OE

To investigate the effect of the consideration of the

structural EC motion within the impedance boundary condi-

tions at EC entrance and TM, a formulation is now derived

which explicitly reveals the dependency of the OE on the EC

motion. This formulation is developed using the circuit

model displayed in Fig. 2, where the EC motion finds repre-

sentation through sources qw;s; qe;s, and qtm;s. To accomplish

this, the volume velocity qtm ¼ qtm;a � qtm;s is scrutinized

because it signifies the resulting relative motion between the

TM and surrounding bone. It determines the TM pressure

ptm ¼ Ztmqtm, which is transmitted through the ME to the

inner ear, thereby representing the auditory perception in a

manner analogous to air-conducted sound. Extending the

approach of Ref. 6, volume velocity transfer functions Tw,

Te, and Ttm are defined to quantify the specific contributions

of qw;s; qe;s and qtm;s to qtm, respectively, such that

qk
tm ¼ Tk

wqk
w;s þ Tk

e qk
e;s þ Tk

tmqk
tm;s; k 2 fopen; occlg: (7)

The volume velocity transfer functions account for the

observation that the induced volume velocities are divided

into the branches in the circuit in Fig. 2 according to the

impedance relations, therefore, only a part is transmitted to

the TM. Consequently, as it is indicated in Eq. (7), their

characteristics depend on whether the EC is open or

occluded due to the corresponding impedance change at the

EC entrance (see Ref. 6 for more details). The transfer func-

tions may also encompass variations of the EC volume

resulting from the insertion of an occluding device as indi-

cated by the dependency on the occlusion condition in Eq.

(7). This dependency is also denoted for qw;s; qe;s, and qtm;s

to accommodate the factors outlined in Sec. I such as a vari-

ation of the radiating wall area3,5 or the difference between

the associated surfaces of the inserted occluding device and

open EC entrance.

Using Eq. (7), the OE for a structural motion of the EC

considering the vibration of the EC wall and the motions of

the EC entrance plane and TM is

OE¼ 20 log 10

���� poccl
tm

popen
tm

����
¼ 20 log10

���� Toccl
w qoccl

w;s þToccl
e qoccl

e;s þToccl
tm qoccl

tm;s

Topen
w qopen

w;s þTopen
e qopen

e;s þTopen
tm qopen

tm;s

����: (8)

Equation (8) expresses the OE directly as a function of the

sources which represent the EC motion caused by BC stimu-

lation. It highlights the two main influencing factors for the

effect of the EC motion and its consideration at the TM and

EC entrance on the OE: (1) the volume velocity transfer

toward the TM, expressed by Tw, Te, and Ttm; and (2) the

relation and magnitudes of the different boundaries’ motion,

which are expressed by the volume velocities qw;s; qe;s, and

qtm;s. Accordingly, modeling assumptions regarding the EC

motion—or the contributions of qw;s; qe;s, and qtm;s—are, in

principle, necessary for the simulation of the sound pressure

at the TM and resulting OE.

However, the OE is commonly understood in a way that

the vibration of the EC wall predominantly induces the

sound pressure in the EC during the BC stimulation. This is

a valid assumption when the magnitude of the wall’s volume

velocity, jqw;sj, greatly surpasses the contributions of the EC

entrance and TM, jqe;sj and jqtm;sj (see Fig. 1 for illustra-

tion). In this case, Eq. (8) simplifies to

OE � 20 log10

���� Toccl
w qoccl

w;s

Topen
w qopen

w;s

����: (9)

If it is additionally assumed that the fictive entrance plane of

the open EC and surface of the occluding device are aligned

(approximating a “shallow insertion” of an earplug) and the

influence of the change in acoustical load caused by the

occlusion on the vibration of the EC wall is negligible,18

qw;s is then independent of the occlusion condition.

Consequentially, the cancellation of qw;s in Eq. (9) results in

an OE which depends only on the alteration of the volume

velocity transfer function Tw.6

D. Circuit calculations for BC stimulation
at the ipsilateral mastoid

We now demonstrate the effect of considering the EC

wall vibration and the motions of the EC entrance and TM

on the simulation of the OE using the circuit model in Fig.

2. The problem, however, is that each specific contribution

of the boundaries involved depend on the type of excitation.

As no general data on the spatially distributed motion of the

EC for BC stimulation and the corresponding volume veloc-

ities are available yet, an example is taken as a case study.

The motions were extracted from the FE model of a

human head presented by Xu et al.19 The excitation was a

BC stimulation of 1 N at the ipsilateral mastoid similar to a

BC transducer.5,12,13 The head base was fixed, and the tissue

material properties denoted as “reference” in Ref. 19 were

applied. Despite the adjustments at the EC entrance and TM

described in Appendixes A and B, which serve the purpose

of ensuring that the circuit calculations are representative in

highlighting the mechanisms involved, the FE model was

kept as documented in detail by Xu et al.19 The volume

velocities qw;s; qe;s, and qtm;s, were extracted from the FE

simulations following Eqs. (2) and (6) as reported in

Appendix A. Subsequently, the volume velocity transfer

functions were calculated based on the circuit in Fig. 2.

Using the extracted volume velocities as input then allowed

calculation of the terms Twqw;s; Teqe;s, and Ttmqtm;s from Eq.

(7) as well as the resulting OE according to Eqs. (8) and (9).

To obtain the volume velocity transfer functions, the

sound propagation within the EC needs to be considered.

Therefore, the EC acoustics were modeled using a simplified

circular cross section, cylindrical geometry with an EC

length, lec, of 27.7 mm and radius, rec, to 3.85 mm. These

dimensions lead to the same length and volume of the cylin-

der as those for the EC in the FE model.19 The cylindrical

geometry neglects the variability of the radius along the EC

axis. The comparison between the circuit- and FE-calculated
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sound pressure in Appendix B shows that the circuit calcula-

tions can be considered to appropriately represent the mecha-

nisms related to the motions of the EC entrance plane and TM.

As indicated in Fig. 2, the motion of the EC wall is rep-

resented by a point source with the volume velocity qw;s

splitting up the EC air volume into an upstream segment

toward the EC entrance and a downstream segment termi-

nated by the TM.6,8,15,20 The EC segments were modeled as

lossless acoustical transmission lines represented by two-

port matrices, Ku and Kd.15,42 The entries in Ku were

obtained as42

Ku ¼
cos klu jZ0 sin klu
j

Z0

sin klu cos klu

0
@

1
A; (10)

with wavenumber k ¼ 2pf=c0, characteristic impedance

Z0 ¼ q0c0=ðpr2
ecÞ, the speed of sound in air c0 ¼ 343 m=s,

and the density of air q0 ¼ 1:2 kHz. The length of the

upstream and downstream segments, lu and ld, were set to

8 mm and 19.7 mm, respectively, which lead to an appropri-

ate agreement of the circuit-calculated TM pressure with

corresponding FE results (see Appendix B). Kd was calcu-

lated according to Eq. (10) with ld instead of lu. It is worth

noting that using lossless transmission lines to model the EC

acoustics assumes that the air’s inertia or compliance effect

are dominant compared to the viscous and thermal losses.

Carillo et al.8 showed that these losses do not significantly

influence the sound pressure and volume velocity flow in the

EC within the considered frequency range. The volume

velocity transfer in direction to the wall due to its vibration

is accounted for by qw;s according to Eq. (2).

At the TM, the impedance, Ztm, was taken from Shaw

and Stinson.23 It was implemented according to the values

given in Ref. 20. Ztm exhibits a resonance at about 900 Hz,

and below it acts as a compliance. Two occlusion conditions

were considered at the EC entrance. For the first condition, a

perfect occlusion was modeled by setting Zoccl
e to infinity.

The second occluding condition represents a vented earplug

with a hole of 0.9 mm radius and 21 mm length. This condi-

tion was already used for the circuit calculations by Carillo

et al.6 for comparison with experimental data by Hansen15

(here called “vented” condition is termed “partially

occluded” in Ref. 6). The air in the vent, the air in the EC,

and the TM compliance form a Helmholtz resonator with a

resonance frequency of about 400 Hz.6 For the correspond-

ing calculations, the same volume velocities qoccl
w;s ; qoccl

e;s , and

qoccl
tm;s, as employed for the perfectly occluded case were

used.

The radiation impedance, Zopen
e , at the EC entrance for

the open ear was obtained from the FE model by an accom-

panying simulation with a piston-like excitation at the

entrance plane toward the exterior of the head. For this sim-

ulation, the “perfectly matched layer,” which allows a free

field radiation without reflection, was used as described in

Ref. 19, and the head surfaces were modeled as acoustically

rigid. Zopen
e is inertia dominated within the inspected fre-

quency range.

III. RESULTS

In Fig. 3, the OE calculations according to Sec. II D for

an EC motion, which accounts for the vibration of the EC

wall and the motions of the EC entrance and TM, and when

only considering the EC wall contribution are shown for a

perfectly occluded (left) and vented EC (right). To illustrate

the influence on the sound pressure at the TM itself, the

level differences between the calculations of the sound pres-

sure, including both mechanisms and exclusively accounting

for the wall vibration, are displayed in Fig. 4. These were

computed from the ratio qtm=ðTwqw;sÞ for the open (left),

perfectly occluded (center), and vented (right) EC entrance

conditions. In Fig. 5, the relative contributions Twqw;s

(orange), Teqe;s (green), and Ttmqtm;s (purple) are shown nor-

malized to their resulting sum, qtm [see Eq. (7)]. These

curves represent the contributions of the motion associated

with the wall, the EC entrance, and TM to the sound pres-

sure at the TM.

FIG. 3. (Color online) OE calculations for an EC motion, including the vibration of the EC wall and the motions of the EC entrance and TM according to

Eq. (8) (blue) and the OE calculated solely from the vibration of the EC wall according to Eq. (9) (orange). The OE is computed based on third octave band

averages and given for the perfectly occluded and vented EC entrance. These calculations highlight the role of the EC motion for two occlusion conditions

(left and right). In contrast to the OE calculated solely based on the EC wall’s contribution, accounting for the motions of the EC entrance and TM leads to a

reduction of the OE in the lowest frequency range. However, the two curves align toward 1 kHz.
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The narrowband data extracted from the FE simulations

exhibit strong resonances, especially at the lowest frequen-

cies below 300 Hz (see Fig. 6 in Appendix A). To better

illustrate the general trends, the results were calculated from

third octave band averages of the overall volume velocities,

qopen
tm and qoccl

tm , in Fig. 3 [the numerator and denominator in

Eq. (8)] and the contributors Twqw;s; Teqe;s, and Ttmqtm;s, as

well as their sum, qtm, in Figs. 4 and 5. The center frequen-

cies were chosen according to the IEC 61260-1:2014

standard.46

A. Wall vibration only

The results for the OE only based on the vibration of

the EC wall depicted in Fig. 3 (orange lines) were calculated

according to Eq. (9). The curves resemble the results in Ref.

6 (Fig. 5) with the small distinction that, here, the difference

between the volume velocities qopen
w;s and qoccl

w;s , which was

below 2 dB throughout the whole frequency range of inter-

est, is accounted for. The related mechanisms are briefly

summarized in the following. This will help to understand

the additional effects when the contributions of the EC

entrance and TM are accounted for in Sec. III B.

For the perfectly occluded EC entrance (left), the OE

exhibits the well-known second order low-pass filter char-

acteristic.6 It can be explained by the variation of the vol-

ume velocity transfer from the wall toward the TM, which

determines the OE according to Eq. (9) for the case of

qopen
w;s � qoccl

w;s given here. In the open case, the wall’s volume

velocity is mainly transferred toward the EC entrance as a

result of the low impedance of the inertia of the air in the

upstream section and the EC entrance. With increasing fre-

quency, this transfer is reduced because of the increase in

the inertial impedance and the decreasing impedance of the

TM and downstream air compliance. In the occluded case,

the transfer of the volume velocity toward the TM is con-

stant with frequency caused by the pressure chamber effect

of the compliant EC volume, resulting in the low-pass char-

acteristic of the OE.6

FIG. 4. (Color online) TM sound pressure level difference between the calculation for an EC motion, which accounts for the vibration of the EC wall and

the motions of the EC entrance and TM, and the calculation exclusively considering wall’s contribution. The level difference is computed from third octave

band averages and provided for the open, perfectly occluded and vented EC entrance conditions. These calculations highlight the influence of the motions of

the EC entrance and TM on the sound pressure at the TM. In contrast to sound pressure calculated ignoring these contributions, a reduction in sound pressure

is observed in the lowest frequency range. However, this reduction is more pronounced in the occluded conditions compared to the open ear.

FIG. 5. (Color online) Volume velocity contributions associated with the EC boundaries to the TM sound pressure. Following Eq. (7), the three terms

Twqw;s (orange), Teqe;s (green), and Ttmqtm;s (purple) normalized to their sum qtm for the open (left), perfectly occluded (center), and vented EC (right) sce-

narios are illustrated. These ratios are based on third octave band averages. In the open-ear case (left), the wall’s contribution dominates across the entire fre-

quency range. Conversely, in the two occluding scenarios, the wall and entrance contributions exhibit similar magnitudes at the lowest frequencies. Notably,

both contributions maintain magnitudes exceeding 0 dB within this frequency range, indicating a partial cancellation effect. This cancellation leads to a

reduction in the TM sound pressure when compared to scenarios where only the wall’s contribution is considered.
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The vent at the EC entrance causes a reduction of the

OE compared to the perfect occlusion because it allows for

a volume velocity transfer from the EC wall through the

vent instead of toward the TM below the Helmholtz reso-

nance (cf. right panel in Fig. 3).6 The OE is constant with

frequency within this frequency range. Above the resonance,

the air in the vent occludes the EC entrance, hence, the OE

for vented EC entrance and the case of perfect occlusion fol-

low a similar trend.

B. Including contributions of the entrance plane
and TM

The OE results in Fig. 3 (blue lines) represent an illus-

trative example considering the wall vibration and the

motions of the EC entrance plane and TM. In contrast to the

prevalent assumption in OE simulations, which predomi-

nantly considers wall vibration alone (orange lines), the OE

is reduced in the 100, 160, and 200 Hz third octave bands

while the curves are similar at other frequencies. This OE

reduction can, in principle, be attributed to changes in the

open or occluded ear sound pressure. Therefore, Fig. 4

shows the effect of the contributions of the EC entrance and

TM to the TM sound pressure itself, examined for the sce-

narios with open EC (left), perfectly occluded EC (center),

and vented EC (right). In contrast to sound pressure calcu-

lated solely from the vibration of the EC wall, a reduction is

observed in the lowest frequency range. However, this

reduction is more pronounced in the occluded conditions

compared to the open ear, which results in the reduction of

the OE displayed in Fig. 3.

Figure 5 helps to identify the underlying mechanisms

which explain the difference of the effect between the open

and occluding conditions on the TM sound pressure and

shows the relative contributions of the three distinct volume

velocities associated with the wall (depicted in orange), the

EC entrance (green), and TM (purple) to the resulting sound

pressure at the TM. In the case of the open ear, the wall’s

contribution predominantly influences the TM pressure

above 250 Hz (as shown in the left plot of Fig. 5) as it

closely approaches 0 dB. In the 125, 160, and 200 Hz third

octave bands, the wall’s contribution exhibits a magnitude

slightly greater than 0 dB, which indicates a partial cancella-

tion by the TM’s contribution at 125 Hz and by the entran-

ce’s contribution at 160 and 200 Hz. Interestingly, the

entrance’s and TM’s contributions cancel each other at

100 Hz, resulting in the wall’s contribution to be dominant.

Consequently, the difference in Fig. 4 (left panel) is rela-

tively small except between 125 and 200 Hz, where account-

ing for motion of EC entrance and TM reduces the TM

sound pressure by approximately 3 dB.

For the perfectly occluded and vented conditions, the

wall’s contribution predominates only for frequencies higher

than approximately 250 Hz (right and center plots in Fig. 5).

Below 250 Hz, the entrance’s and the wall’s contributions are

similar in magnitude. What is noteworthy here is that both

contributions exhibit a magnitude greater than 0 dB, signify-

ing their partial cancellation in this frequency range.

Conceptually, this can be visualized as the rigid EC entrance

plane moving together with the attached wall but with differ-

ent surface orientations. This type of motion leads to an over-

all reduction of the volume velocity when these contributions

are summed [see also explanations on Eq. (2)].

Consequentially, the occluded TM pressure is reduced. This

phenomenon is very similar for the two cases of perfect occlu-

sion and a vented EC entrance considered here. Accordingly,

when only accounting for the wall’s contribution for the OE

(orange line in Fig. 3), this effect, stemming from the reduc-

tion of the wall’s contribution resulting from the motion of

the entrance plane, is omitted. This omission leads to an over-

estimation of the predicted occluded sound pressure.

Notably, in all three cases, the contribution linked to the

motion of the TM with the surrounding bone remains small,

except at the lowest considered frequencies below 125 Hz

(purple lines in Fig. 5). This phenomenon can be attributed

to the different materials surrounding the EC. At the lowest

frequencies inspected, the EC exhibits a rigid body motion

as a whole. However, already above approximately 125 Hz,

the EC section surrounded by soft tissue and cartilage exhib-

its a higher amplitude of the motion than the bony part

attached to the TM. Consequently, the resulting volume

velocity associated with the TM remains significantly

smaller in magnitude when compared to the volume veloci-

ties linked to the wall and EC entrance plane. The only

exception is the 125 Hz band with open ear, where the vol-

ume velocity associated with the motion of the TM partially

cancels the effect of the wall vibration on the TM pressure.

Another illustration of the mechanisms is provided with

the help of the circuit in Fig. 2. The three sources are con-

nected to two branches each with one portion of the volume

velocity flowing toward the TM—encompassed by the vol-

ume velocity transfer functions—and another portion

directed toward the EC entrance. The high impedance at the

EC entrance for the two occluding conditions causes the por-

tion toward the EC entrance to be relatively small. This leads

to jToccl
w j � jToccl

e j � jToccl
tm j, allowing the partial cancellation

of the wall’s contribution by the entrance’s contribution

below 250 Hz, because of their phase differences related to

the surface orientations. In contrast, for the open-ear condi-

tion, the air in the EC is divided into an upstream and a

downstream section6,8,15,20 connected to the low radiation

impedance at the EC entrance. This division results in differ-

ent ratios of the volume velocity portions transmitted toward

the EC entrance and TM for each of the sources. Most signif-

icantly, it leads to jTopen
e j < jTopen

w j. Consequently, the effect

of the entrance’s contribution to cancel the wall’s contribu-

tion is smaller for the open compared to the occluded condi-

tions, as shown when comparing the green lines in Fig. 5.

IV. DISCUSSION

A. Comparison to experimental findings

The differences for the perfectly occluded and vented

EC entrance highlight that the magnitude and filter charac-

teristic of the OE potentially varies depending on the EC
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motion. Especially, the considered example indicates that a

reduction of the OE toward the lowest frequencies compared

to the second order low-pass filter characteristic6 can be

related to nondeforming motion of parts of the EC (cf. Fig.

3)—which was not accounted for at the EC entrance and

TM in previous studies of the topic. Indeed, comparisons

between experimental data obtained from EC sound pres-

sure measurements and OE simulations18,19,22 reveal an

overestimation of the OE, in particular, at frequencies below

250 Hz.

Reinfeldt et al.12 found a higher variance of the OE

obtained from EC sound pressure measurements for ipsilat-

eral mastoid stimulation with a BC transducer at lowest fre-

quencies compared to other positions on the skull and stated

that this could be related to the elastic part of the EC being

closer to the ipsilateral position. Saint-Gaudens et al.16

reported the same effect comparing ipsi- and contralateral

stimulation, whereas the variance was comparable with mas-

tication as BC stimulation. The OE calculation with stimula-

tion at the mastoid reveals the influence in the same

frequency range where the higher variance is observed in

the measurements. It is likely that the numerous factors

listed in Sec. III B result in variations of the EC motion.

Accordingly, it is plausible that the mechanisms considered

within this study, which are related to the EC motion, con-

tribute to the observed variance of the open or occluded

sound pressure (cf. Fig. 4) and the OE (cf. Fig. 3).

B. Simulation of the OE

Figure 3 highlights the effect of considering the motions

of the EC entrance and TM on the OE simulation.

Accordingly, additional parameters qe;s and qtm;s [cf. Eq.

(8)] could improve the prediction of the sound pressure in

the EC and OE with circuit models. However, the values of

qw;s; qe;s, and qtm;s depend on the EC geometry, the orienta-

tion and magnitude of the excitation, the areas associated

with the volume velocity sources, and the material proper-

ties of the EC surroundings. More experimental and numeri-

cal studies are needed to investigate the EC motion in more

detail in the future, e.g., in terms of the spatially distributed

EC wall vibration (as already pointed out by Carillo et al.22)

This is also indicated by a remaining difference of the open-

ear pressure between the FE simulation and circuit calcula-

tion given in Fig. 7 in Appendix B. This difference can

potentially be mitigated by considering the frequency-

dependent nature of the velocity distribution, particularly in

terms of its centroid position.22 For the circuit calculations

conducted within this study, a constant centroid position

with frequency was assumed.

Within numerical models, one should be aware that

applying the TM impedance locally as specific acoustic

impedance deviates from the original one-dimensional for-

mulation (see, e.g., detailed discussion in Ref. 24). Also,

the pressure distribution in the EC (especially close to the

TM)31,43 and the deformation of the TM is generally com-

plex at higher frequencies than about 1–1.5 kHz.29,30

Therefore, it is reasonable to replace the impedances at the

EC entrance and the TM, e.g., considering the coupling of

the EC cavity with the external air,19 or using middle and

inner ear structures at the TM.44 Although this allows

extending the frequency range of the OE simulations, it

increases the model complexity and computational effort.

Yet, circuit and FE models have been shown to be useful to

investigate the OE using acoustic impedances (see, e.g.,

Ref. 8 for a comparison). The proposed extension of the

impedance boundary condition could help to improve such

OE simulations by accounting for nondeforming motion of

the EC.

C. Mechanisms contributing to the OE

Within the FE simulations and circuit calculations con-

ducted for this study, an impedance was applied at the EC

entrance plane instead of including the earplug as solid

material. Thereby, the effects of occluding devices listed in

Sec. I, which are not directly related to its impedance, such

as the variation of the radiating area,3,5 were excluded.

Although this is a limitation of the study regarding the pre-

diction of the occluded sound pressure in the EC, it allowed

focusing on the consideration of the motion of the earplug’s

medial surface due to its connection with the surroundings

throughout the analysis. Similarly, also the open EC

entrance was only considered using a radiation impedance.

However, Xu et al.19 compared OE simulations with the

same FE model of a human head as employed here between

a setup with a radiation impedance at the EC entrance and

an infinite surrounding acoustic domain directly coupled to

the EC cavity (see their Fig. 8). Additional simulations with

incorporating the impedance boundary condition according

to Eq. (1) confirmed their finding that the sound radiation of

the head vibrations into the open EC via the EC entrance

can contribute to TM sound pressure, especially at the low-

est frequencies (refer to Appendix C for more details).19

Accordingly, the present considerations highlight that at

least three influencing factors, namely (a) vents of the

occluding device or leaks at the EC entrance, (b) the radia-

tion of BC-stimulated sound into the open EC, and (c) the

nondeforming motion of parts of the EC, contribute to the

deviation of the OE from a second order low-pass filter char-

acteristic. Comparable mechanisms, which could addition-

ally influence the TM sound pressure, are the radiation of

sound by the earplug22 and BC sound transmitted through

the ME into the EC.7 These effects associated with the EC

entrance and TM were excluded here in favor of only inves-

tigating the role of the structural motion of the EC. Yet, the

considered example indicates the necessity to distinguish

between the various mechanisms. However, it remains chal-

lenging to predict their effect on the resulting EC sound

pressure and OE in advance because these mechanisms con-

tribute to the TM pressure differently depending on whether

the EC is open or occluded (as exemplified in Fig. 5). Also,

the present analysis considered the EC motion only in a spe-

cific head model for a particular BC stimulation at the
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mastoid. The variability of the aforementioned mechanisms

in relation to the factors listed in Sec. I, such as the type of

stimulation or the individual EC geometry, remains unex-

plored. A more comprehensive investigation into these com-

plexities could be a valuable pursuit for future research.

V. CONCLUSION

This study highlighted the impact of a nondeforming

motion of parts of the EC on the sound pressure at the TM

and the resulting OE. This type of motion causes the EC

entrance and the TM to move with their surrounding struc-

tures. As a result, these boundaries’ contributions comple-

ment the vibration of the EC wall in serving as the source of

the BC-stimulated sound pressure in the EC, particularly at

the lowest frequencies. An impedance boundary condition

was proposed, which incorporates this phenomenon by

including a term to consider the structural motion of the

adjacent solids at EC entrance and TM. When applied to OE

models, the effect of this motion depends on two key fac-

tors: first, the volume velocity transfer from the boundaries

represented by acoustic impedances to the TM, which varies

based on the open or occluded condition at the EC entrance

and, second, the frequency-dependent, three-dimensional

motion of the EC itself. To illustrate the related mecha-

nisms, an example motion with BC stimulation at the mas-

toid was extracted from a FE model of a human head. This

motion was employed as input for circuit calculations, con-

sidering perfectly occluded and vented EC scenarios.

The results revealed that the motions of the EC entrance

and TM caused by nondeforming adjacent EC parts—which

is addressed by the proposed extension—can contribute to a

reduction of the TM sound pressure at the lowest frequencies

compared to when solely accounting for the vibration of the

EC wall. This impact was found to be more pronounced

when the EC is occluded, leading to a concurrent reduction

of the OE. It is reasonable to consider that the mechanisms

associated with the motions of the occluding device and TM

offer a plausible explanation of the higher variance of experi-

mental OE data for stimulation positions close to the EC. In

addition, they can contribute to the deviation between OE

simulations and experimental data below 250 Hz.

The considered EC motion highlighted the importance

of discerning between multiple mechanisms that contribute

to the sound pressure at the TM in open or occluded scenar-

ios. Yet, a more detailed knowledge on the EC motion and

its influencing factors is needed to determine the relative

contributions of the various effects and their degree of vari-

ability before, e.g., including the contributions by the differ-

ent surfaces within improved circuit simulations of the OE.

SUPPLEMENTARY MATERIAL

See the supplementary material for a Python script

(Python Software Foundation)45 with the circuit calcula-

tions, and the corresponding data extracted from the FE

simulations.

ACKNOWLEDGMENTS

The authors would like to thank Steffen Marburg for

pointing to the literature to base the considerations on. This

work was funded by the Deutsche Forschungsgemeinschaft

(DFG, German Research Foundation)—Project-ID

352015383—SFB 1330 A4 and supported through a Mitacs

Globalink Research Award (Ref. No. IT34758).

AUTHOR DECLARATIONS

Conflict of Interest

All authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are

available within the article and its supplementary material.

APPENDIX A: FE SIMULATIONS

Open and perfectly occluded conditions were applied at

the EC entrance in the FE model (at the position termed

“E1” in Ref. 19) using the same impedances as were used

for the circuit calculations. Likewise, the TM impedance

after Shaw and Stinson20,23 was used at the TM. The circuit

impedances (in Pas/m3) were multiplied with the area of the

corresponding boundary surfaces to apply them locally as

specific acoustic impedances (in Pas/m). To account for the

FIG. 6. (Color online) Magnitude and unwrapped phase of the volume

velocities extracted from the FE simulations for BC stimulation of 1 N at

the ipsilateral mastoid (right ear).
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structural motion at the boundaries represented by acoustic

impedances, the underlying equations in the software

COMSOL MultiphysicsVR version 6.1 (COMSOL AB,

Stockholm, Sweden), which was used for the FE simula-

tions, were manually modified as described in Sec. II B 2.

Given these simulation parameters, the volume velocities

qopen
w;s and qoccl

w;s were extracted according to Eq. (2), and

qopen
e;s ; qoccl

e;s ; qopen
tm;s , and qoccl

tm;s were obtained according to Eq.

(6). The volume velocities are depicted in Fig. 6. The

inspected frequency range included the third octave bands

from 100 Hz to 1 kHz. The frequency resolution was set to

24 frequencies per octave.

APPENDIX B: VALIDATION OF CIRCUIT
CALCULATIONS

To ensure that the circuit calculations are representative

in highlighting the mechanisms involved, the calculations

were verified by simulating the TM pressure for the open-

ear condition with radiation impedance and perfectly

occluded condition with infinite impedance at the EC

entrance. The comparison is displayed in Fig. 7.

The sound pressure level difference between the FE

simulation and circuit calculation with perfectly occluded

EC is generally negligible within the examined frequency

range. The level difference for the open EC is relatively

small except in the 200 Hz third octave band, where the

circuit-calculated sound pressure is about 6 dB higher than

that in the FE simulation. This difference can be potentially

attributed to the assumption of a constant length for the EC

segments (8 and 19.7 mm) across all frequencies. This is a

simplification of the potentially frequency-dependent effect

where the air in the EC is split up into an inertia-dominated

part toward the EC entrance and a compliant section toward

the TM.6 However, it is crucial to note that this simplifica-

tion does not compromise the fundamental findings regard-

ing the impact of the motions of the EC entrance plane and

TM on TM sound pressure. This is best illustrated by the

negligible difference visible between circuit calculation and

FE simulation for the perfectly occluded EC in Fig. 7,

whereas the effects of the different contributors to the TM

sound pressure are most pronounced in this case (see Fig. 4,

center plot). Therefore, the circuit calculations can be con-

sidered to appropriately represent the relevant mechanisms

involved.

APPENDIX C: RADIATION INTO THE OPEN EC

In addition to the radiation impedance at the EC

entrance, a FE simulation with a perfectly matched layer

around the head was conducted in the same way as the cor-

responding setup by Xu et al.,19 but including the imped-

ance boundary condition at the TM according to Sec. II B 2.

Compared to the radiation impedance at the EC entrance,

this simulation condition also accounts for the exterior radi-

ation of the BC-stimulated head vibrations into the EC. The

difference between the resulting TM pressure simulations is

shown in Fig. 8. Accordingly, the main effect of the sound

propagation from the exterior into the EC is an increase in

the TM sound pressure below approximately 300 Hz. This

effect further reduces the resulting OE compared to Fig. 3.

Note that this contribution to the TM sound pressure in the

open ear is not represented within the circuit model used for

the present study.
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