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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 Recent studies have investigated the anatomy and motion of the human cochlear partition, revealing insights
4850065 into the flexible nature of the osseous spiral lamina (OSL). These investigations have primarily focused on
Keywords: air-conducted stimulation, leaving the impact of the OSL’s flexibility during bone-conducted (BC) stimulation
Bone conduction largely unexplored. By considering the OSL as either flexible or rigid in a finite element model of the
Cochlear partition human inner ear, we examined the effect of the OSL’s flexibility on the fluid flow in the inner ear during
Osseous spiral lamina BC stimulation, which was divided into contributors entering via the oval window (OW) and rigid body
Inner ear stimulation.

Third window effect Our results with rigid body stimulation indicate that the OSL facilitates an increased differential fluid

flow at the round window compared to the OW, aligning with experimental observations interpreted as
third window effects. Analysis of the OSL motion showed that this contribution results from a compressional
motion of the OSL’s vestibular and tympanic plates which is significantly lower in magnitude than the plates’
translation in the direction of the stimulation. Separately applying OW input and rigid body stimulation
provided insights into the interaction of BC sound entering via the OW and the reaction of the stapes to
complex interior sound pressure distributions. Combined with the observations from a prior study (Kersten
et al., 2024b) our results suggest a more important role for the OSL in BC hearing than previously understood.
These findings enhance our understanding of the inner ear’s response during BC and contribute to ongoing
investigations into the interaction of BC mechanisms, while highlighting the need for further research into the
deformation of the cochlear boundaries.

1. Introduction cochlear partition bridge (CPB), a soft tissue structure that connects the
OSL laterally to the basilar membrane (BM), has been identified (Raufer

Recent studies have investigated the anatomy and motion of the et al., 2019).
human cochlear partition (CP), challenging the classical view that Using a finite element model of the human inner ear, we found

its medial part, the osseous spiral lamina (OSL), is rigid. The OSL, that the flexibility of the OSL and the presence of the CPB significantly
which consists of two thin, porous plates - the vestibular plate (VP) affect the differential impedance across the CP and the related cochlear
and the tympanic plate (TP) — enveloping soft tissue and auditory input impedance at the oval window (OW), as well as the local stiffness
nerves (Raufer et al., 2020; Bom Braga et al., 2023), has been shown of the CP (Kersten et al., 2024b). The CP’s influence on the cochlear

to move considerably due to sound entering the inner ear (von Békésy. . .
’ d d th t f the OSL at its lateral ed It
1960; Stenfelt et al, 2003; Raufer et al., 2019). Additionally, the  — ¢ Presstre andthe motion of the Lot at s fateral edge resu

Abbreviations: CP, cochlear partition; OSL, osseous spiral lamina; VP, vestibular plate; TP, tympanic plate; CPB, cochlear partition bridge; BM, basilar
membrane; AC, air-conducted/air conduction; BC, bone-conducted/bone conduction; OW, oval window; RW, round window; SV, scala vestibuli; ST, scala
tympani; SL, spiral ligament; y,,,, differential velocity between the stapes footplate and the adjacent bone, normalized to the velocity of the bone; Vg, Vproms
measured velocities of the stapes footplate and cochlear promontory; v, (x), velocity of the stapes footplate in inward direction at position x on the OW
surface; <p>,,, sound pressure averaged over the OW surface; Z ., reverse middle ear impedance; A, area of the OW; vy, stimulation velocity vector; n(x),
unit vector perpendicular to a fluid surface in outward direction from the fluid; g, Vw> Gost> Qyp> Qip> total volume velocities associated with the OW, RW, OSL,
VP, and TP; Qo dists Qrwdife> Dosiaite> Qup,ditt> dep,cite> differential volume velocities associated with the OW, RW, OSL, VP, and TP; v(x), acoustic particle velocity
vector at position x
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in frequency- and position-dependent differences in the characteristics
of the BM traveling wave, aligning with characteristics apparent in
experimental data on CP motion (Gundersen et al., 1978; Stenfelt et al.,
2003; Raufer et al., 2019).

However, these investigations have primarily focused on
air-conducted (AC) stimulation, where sound enters the inner ear via
the OW while the inner’s ears surroundings remain fixed. In contrast,
during bone-conducted (BC) stimulation, the inner ear’s response is
a result of the complex interaction of multiple mechanisms and con-
tributions (Tonndorf, 1966, 1968; Stenfelt and Goode, 2005). Unlike
AC stimulation, BC sound enters the inner ear via the OW and via
vibrational stimulation of the cochlear surroundings. This vibrational
input induces inertial forces within the cochlear fluid and pressure
responses to cochlear bone deformation (Tonndorf, 1962; Stenfelt,
2015; Dobrev et al., 2023), both of which depend on the impedances
of the two windows and the CP (Tonndorf, 1966). Additional obser-
vations, such as an unequal fluid flow between the OW and round
window (RW) (Stenfelt et al., 2004) and sound transmission through
the vestibular and cochlear aqueducts (Freeman et al., 2000; Sohmer
and Freeman, 2004; Dobrev et al., 2022), have been regarded as “third
window” mechanisms in BC hearing.

Despite these advances, the impact of the OSL’s flexibility during
BC stimulation has only received little attention. Tonndorf (1966)
highlighted the importance of the CP impedance alongside the OW
and RW impedances in influencing fluid inertial effects. Stenfelt et al.
(2003) investigated BM and OSL motion in temporal bone specimens,
reporting that OSL motion during BC is driven by inertial forces in the
cochlear fluid and can influence intracochlear sound pressures. They
acknowledged the challenge in predicting the effect of OSL motion
and hypothesized that its impact on BC hearing might be signifi-
cant at higher frequencies but is likely insignificant in healthy ears.
Consequently, three-dimensional inner ear models used to investigate
BC hearing - including BM traveling waves and the comparisons to
AC (Kim et al., 2011; Ren et al., 2021; Lim et al., 2022), directional
sensitivity (Kim et al., 2014), and responses to BC hearing aids (Lim
et al., 2022) — have typically treated the OSL as rigid.

This paper extends previous findings on the effect of the OSL’s
flexibility, focusing on its impact on cochlear fluid dynamics during
BC stimulation, as captured by the volume velocities at the OW and
RW (Stenfelt et al., 2004) and intracochlear sound pressures (Stieger
et al,, 2018). In line with our previous study, we analyze the role
of the OSL by modeling it either as flexible or rigid structure in our
finite element model (Fig. 1). We specifically investigate two stimula-
tion conditions (see Fig. 1, left): (1) BC sound entering the inner ear
exclusively via the OW, and (2) rigid body motion of the inner ear’s
surroundings in a direction aligned with the OW. During the rigid body
stimulation, we account for the middle ear solely as a passive load,
without sound entering through the OW. In both scenarios, cochlear
bone deformation - apart from the OSL — and outlets beyond the OW
and RW are excluded. By capturing the fluid dynamics in the inner ear
separately for these two conditions, we aim to gain deeper insights into
the contribution of OSL’s flexibility to BC hearing and the interaction
of related mechanisms.

2. Methods
2.1. Finite element model

The inner ear model used in this study is identical to the one
employed for AC stimulation in Kersten et al. (2024b). The geometry of
the model was originally created as part of the work by Taschke (2005)
using a dataset of an inner ear, which included grayscale images from
serial sections of a temporal bone specimen with a slice thickness of
20 pm (cf. Taschke, 2005, p. 36). Contours of the scalae, vestibule, and
semicircular canals were segmented in the slices and reconstructed to

Hearing Research 459 (2025) 109205

a three-dimensional model. Uncertainties related to the unknown post-
mortem time, specimen conservation, and partial structural damage
caused by slicing were mitigated by integrating prior anatomical knowl-
edge (Gray and Lewis, 1918; Anson and Donaldson, 1981), as described
in Taschke (2005, Section 4.2). More recently, we refined the original
geometry to incorporate more detailed anatomical information (Cohen
et al., 2005; Li et al., 2007; Atturo et al., 2014b,a; Wright and Roland,
2018; Agrawal et al., 2018; Raufer et al., 2019, 2020; Bom Braga et al.,
2023). These adjustments included enhancements at the helicotrema,
cochlear base, RW, OSL, and CPB.

The geometry of the inner ear and its CP are depicted in Fig. 1.
Fluid domains (blue) include the vestibule, semicircular canals, scala
vestibuli (SV), and scala tympani (ST). The CP separates the two
scalae, with the CPB (red) and BM (purple) surfaces connecting the
OSL (orange/green) with the spiral ligament (SL, brown). The SL was
considered as solid domain, shell physics was assigned to the RW
(olive), CPB, and BM. The entire geometry, except for the two windows,
is embedded in a surrounding block of solid material (not shown in
Fig. 1).

We maintained the same set of material parameters as in the prior
study (Kersten et al., 2024b, Table 1). These parameters were de-
rived from experimental sources and other models where possible, and
reasonable values were assumed where no references were available.
Specifically, longitudinal and radial CP coordinates were used for the
implementation of inhomogeneity and anisotropy of material proper-
ties. The chosen parameters generally led to satisfactory agreements
with experimental data for AC stimulation as detailed in Kersten et al.
(2024b).

The OSL was modeled as a sandwich-like structure, with the VP
and TP (green in Fig. 1) represented as two thin solid plates sep-
arated by a solid core (orange) with soft tissue properties. In real
ears, small, randomly distributed bony pillars connect the VP and
TP (Raufer et al.,, 2019; Bom Braga et al., 2023). This feature was
approximated by connecting the plates along their lateral edge. Addi-
tionally, the OSL is semi-permeable, with varying porosity of the VP
and TP depending on lateral and longitudinal position and differing
across specimens (Bom Braga et al., 2023). Incorporating these com-
plexities directly into the model was infeasible due to the high modeling
complexity and limited available data. Therefore, material properties
were assigned to approximate these characteristics, achieving satisfac-
tory correspondence with AC stimulation data (Kersten et al., 2024b).
However, the results should be interpreted in the light of this simplified
representation of OSL.

In contrast to our previous study, we did not observe a significant
impact on the results when the CPB was modeled as either flexible
or rigid, provided the OSL remained rigid. Therefore, we only present
results for cases where only the OSL was either flexible or rigid, while
the CPB remained flexible.

2.2. BC contributors entering via the OW

Two stimulation conditions were investigated. First, to relate the
BC contributions entering the inner ear via the OW to the vibration of
the cochlear bone, we adopted an approach similar to that of Stenfelt
(2016, 2020). This approach utilized a measured differential velocity
between the stapes footplate and the adjacent bone, normalized to the
velocity of the bone:

Ustap - Uprom Ustap

Yow = = -1, (@]
Upmm Upmm

where v, is the velocity of the stapes footplate, and vy, is the veloc-

ity of the cochlear bone, both measured in the same direction (Stenfelt
et al., 2002). In Stenfelt (2016, 2020), y,,, was multiplied by the area
of the stapes footplate to define the OW volume velocity as an input to
a lumped element model of the inner ear, characterizing the BC sound
that enters the inner ear via the middle ear. For this study, we directly
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Fig. 1. Geometry of the inner ear model and its CP. Arrows represent the two stimulation conditions: input at the OW and rigid body motion of the surrounding structures, both
directed perpendicular to the OW. The CP is depicted with a cutout to display its cross-section, illustrating that the VP and TP (green), the CPB (red), and the BM (purple) are
included as boundary surfaces assigned with shell physics. The OSL’s interior domain is highlighted in orange.

applied y,, as the input velocity at the OW, accounting for these BC
contributors while the surroundings remained fixed. To obtain y,
we subtracted 1 from the complex-valued average data for vy,,/vprom
measured across 26 temporal bone specimens with intact middle ears
reported in Stenfelt et al. (2002, Fig. 3a).

In experimental setups, separating BC sound entering via the OW
from the response to inner ear motion is not feasible. Using the mea-
sured differential velocity to predict the response to BC contributors
entering via the OW, as similarly done by Stenfelt (2016), implicitly
assumes that these contributors were the dominant source of differen-
tial stapes motion compared to internal sound pressure acting on the
stapes footplate in the average experimental data from Stenfelt et al.
(2002).

For implementation, rather than directly applying ,, as velocity
boundary condition at the OW, we leveraged the linearity of the model.
This enabled us to scale the simulation results obtained with a unit
inward velocity of 1 m/s by y,, during post-processing, remaining with
the identical OW boundary condition in the finite element simulations
as in Kersten et al. (2024b).

2.3. Rigid body stimulation

Second, rigid body motion was applied as a unit velocity vector of
1m/s to the structures surrounding the inner ear (Kim et al., 2011,
2014). This approach captures the fluid inertia BC mechanism and the
pressure release at the two windows (Tonndorf, 1968), while excluding
the effects of cochlear bone deformation (see Section 4 for potential
impacts on the results). Experimental studies (Zhao et al., 2021) and
numerical simulations (Kim et al., 2014) have demonstrated the direc-
tional sensitivity of the inner ear to BC stimulation. To align with the
experimental Stenfelt et al. (2004), the stimulation direction was set
perpendicular to the OW. In a subset of the simulations, the OSL was
modeled as rigid by also applying rigid body motion to this structure.
By normalizing the amplitude of the stimulation velocity vector to
unity, the results for OW input and rigid body stimulation could be
directly compared, as both were referenced to the same quantity.

During the rigid body stimulation, a lumped model of the reverse
middle ear impedance Z, ., was applied at the OW, derived from
experimental data during RW stimulation by dividing SV pressure
through OW volume velocity (Frear et al., 2018). Z, ., was modeled
as a series resonator with parameters R, = 4.76 x 10! Pas/m?, L., =
7.78 x 10° Pas>/m?, and C,, = 2.56 x 10715 Pa/m> (Frear et al., 2018).
In the finite element model, the impedance boundary condition at the
OW was implemented as a velocity condition:

(Pow

. 2
Zow X Aoy + Vpe - 0(X)| , 2

Vow(X) = —
where v, (x) represents the inward acoustic particle velocity at po-
sitions x on the OW surface, and (p),, the surface-averaged sound
pressure at the OW (equal to the force acting on the stapes footplate

divided by the OW area, A,,). The dot product v,. - n(x) captures
the local normal component of the stimulation velocity vector vy,
calculated using the unit vector n(x) perpendicular to the surface in
outward direction from the fluid.

To illustrate Eq. (2), consider a scenario where the inner ear’s
surroundings are fixed in position (i.e., vy, = 0). In this case, Eq. (2)
reduces to the classical impedance equation for Z,.,, consistent with its
measurement during RW stimulation (Frear et al., 2018) and its use in
previous BC studies (Stenfelt, 2015, 2016; Guan et al., 2020; Ren et al.,
2021). However, during BC stimulation, the temporal bone structures
adjacent to the OW are in motion, necessitating the inclusion of this
velocity in the impedance boundary condition.! This is highlighted, for
example, at a frequency where Z, is acoustically rigid. In this case,
Eq. (2) simplifies to v, (x) & —v. - n(x), indicating that the stapes foot-
plate moves with the adjacent bone (the negative sign reflects inward
versus outward velocity definitions). Omitting v,. would incorrectly
imply that v, (x) = 0, suggesting that the OW surface remains fixed
in position despite the motion of the inner ear.

Thus, this OW boundary condition conceptually incorporates the
middle ear as part of the moving system, preserving the acoustic
reaction to lymph pressure at the OW while excluding BC contributors
entering the inner ear via the OW.

2.4. Volume velocities

Two types of volume velocities were evaluated, illustrated in Fig. 2.
Total volume velocities gy, d» 4y, and g, were calculated by integrating
the normal component of the acoustic particle velocity vector v over the
surfaces in contact with the fluid:

qr = // v(x)-n(x)dS k € {rw,ow,vp,tp} . 3
Sk

Here, S, represents the surface, and v(x) - n(x) is the normal com-
ponent of the acoustic particle velocity in outward direction of the
fluid at a position x on the surface. Differential volume velocities q,y, 4if>
Grw dift> dypairt and gy, giee Were determined by integrating the normal
component of the differential velocity between the acoustic particle
velocity v and the stimulation velocity vy:

Qi dgiff = // [v(x) - vbc] -n(x)dS k€ {rw,ow,vp,tp} . 4
Sk

This calculation method for differential volume velocities is compa-
rable to the experimental approach of Stenfelt et al. (2004) for the OW

1 Interested readers are referred to Marburg and Anderssohn (2011) for
general considerations on impedance boundary conditions in fluid—structure
coupling problems, and to Kersten et al. (2024a) for related implications on
prediction of the sound pressure in the ear canal.
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(b) Rigid body stimulation
Differential motion

Gosl = {osl,diff
Qvp,diff = —qtp,diff

Grw = Grw,diff

Zme’
Gow,diff
Deflection
Qvp,diff M
dosl,diff compression
Gtp,diff

qu

Fig. 2. Schematic cross-sectional illustration of the motion types of the OW, RW, and OSL for (a) OW input and (b) rigid body stimulation. For rigid body stimulation, the total
motion (long dashed lines) is described by the total volume velocities gy, ¢y, 4y, and q,,, while the differential motion components (short dashed lines) are defined relative to
the translational motion (dash-dotted lines) and quantified by qoygirs Grwairrs upairr> @D Gy gier- OSL volume velocities are calculated as gy = gy, + ¢y, aNd Gog gisr = dypaisr + dipairt-
For the OSL, the two distinct types comprising the differential motion are shown: deflection, which arises from the pressure difference between the VP and TP, and compression,
which results from common pressure in SV and ST. For OW input, total and differential motion are identical.

and RW, though here the integrations were performed numerically.

The total volume velocities quantify the overall motion of surfaces,
while the OW and RW differential volume velocities allow for com-
parison with AC stimulation [cf. Stenfelt et al. (2004)]. Since the OSL
surface in contact with the fluid comprises the VP and TP, the OSL
volume velocities are calculated as qoq = qp + qp and gogaier =
dupditf + dipaier- It is important to note that, because the unit vector
n(x) points outward from the inner ear, a zero-phase condition of the
volume velocities defined in Egs. (3) and (4) corresponds to fluid flow
in the outward direction.

To illustrate, consider AC stimulation where vy, = 0. In this case,
total and differential volume velocities are identical, as surface de-
formation is solely due to fluid pressure loading on the boundaries
or, at the OW, due to the stimulation condition itself [Fig. 2(a)]. For
rigid body stimulation applied to the inner ear’s surroundings, the total
motion of fluid surfaces coupled to structures not directly assigned the
stimulation velocity — namely, the OW, RW, CP, and SL - includes
both translation induced by the stimulation and deformation caused
by sound pressure loading [Fig. 2(b)]. In this case, the differential
volume velocities are solely governed by the sound pressure acting on
the surfaces and represent the deformation relative to the translational
motion. In addition, since the cochlear fluid is nearly incompressible,
mass conservation ensures that the sum of the differential volume
velocities across all cochlear boundaries equals zero.

The RW and OSL responses to sound pressure are implicitly handled
by the fluid-structure interaction in the model, consistent with real
ears. For the OW, using v, (x) = —v(x) - n(x) and substituting Eq. (2)
into Eq. (4) yields:

(p)
ow,diff = 7 =, ()

me’

demonstrating that g, 4y results of the sound pressure acting on
the reverse middle ear impedance.

As illustrated in Fig. 2, the differential motion of the OSL comprises
two distinct types: deflection and compression. Deflection arises from
the pressure difference between the SV and ST or from inertial effects
of the OSL, while compression is driven by the common pressure within
the SV and ST. For OW input, deflection is expected to dominate,
resulting in g, 4t ¥ —dipqire- Conversely, when compression is the
primary mode of motion, g, gitt ~ ¢ipairr- These effects will be further
discussed based on the simulation results.

2.5. Intracochlear sound pressure

Consistent with our previous study (Kersten et al., 2024b), intra-
cochlear sound pressures in the SV and ST were assessed using virtual
sound probes within the fluid domains. This method follows experimen-
tal setups from prior studies (Olson, 1998; Nakajima et al., 2009; Frear
et al., 2018; Stieger et al., 2018; Borgers et al., 2019; Dobrev et al.,
2022). Additionally, following Eq. (5), the average sound pressure over
the OW surface, (p),,,, was evaluated.

2.6. Simulation parameters and post-processing

The simulations were conducted using Comsol Multiphysics® ver-
sion 6.2, covering frequencies from 100 Hz to 10 kHz with a resolution
of 12 frequencies per octave. The meshing parameters were kept as
in Kersten et al. (2024b).

The volume velocities and sound pressures were exported in .csv
format and analyzed using custom Python scripts. The updated version
of the finite element model including the rigid body stimulation, the
simulation results, and Python code used for the analysis are provided
at https://doi.org/10.5281/zenodo.14850065.

3. Results

The results are structured to systematically investigate the influence
of the OSL’s flexibility on inner ear fluid dynamics. First, total and
differential volume velocities at the OW, RW, and OSL are presented
for both stimulation conditions to characterize the types of motion oc-
curring at these boundaries. The differential volume velocity associated
with the SL was found to be negligible compared to these boundaries,
indicating that it behaves as a rigid structure and is therefore not
discussed further. Comparisons of OW and RW differential volume
velocities are made with experimental data from Stenfelt et al. (2004).
Next, the individual contributions of the OSL (divided into VP and
TP) and OW to the RW differential volume velocity are analyzed in
more detail. Since the differential volume velocities are driven by sound
pressure loading, intracochlear sound pressures are subsequently exam-
ined. These include probe evaluations compared to experimental data
from Stieger et al. (2018) as well as visualizations of three-dimensional
sound pressure distributions.
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Fig. 3. Magnitude and phase of the volume velocities associated with the (a) RW, (b) OW, (¢) VP, and (d) TP. Black lines indicate differential and green lines total volume
velocities with rigid body stimulation. Orange lines represent the volume velocities for BC input at the OW, where total and differential volume velocities are identical. Solid lines
represent results with flexible OSL, and dashed lines with rigid OSL. The OW and RW differential volume velocity magnitudes are compared to the experimental data from Stenfelt
et al. (2004) (blue, mean and standard deviation), which were recalculated to volume velocities instead of volume displacements. The vertical dotted lines indicate the lower

frequency limit (300 Hz) for the validity of the experimental data.
3.1. Volume velocities

Fig. 3 presents the total and differential volume velocities for (a)
the RW, (b) the OW, (c) the VP, and (d) the TP. Black and green lines
represent differential and total volume velocities, respectively, under
rigid body stimulation, while orange lines correspond to BC input at the
OW. As detailed in Section 2.4, the total and differential volume veloc-
ities are identical for the OW input condition. The differential volume
velocity magnitudes at the OW and RW are compared against experi-
mental data obtained by Stenfelt et al. (2004) from measurements on
eight temporal bones. These experimental results were converted from
volume displacements to volume velocities. In these measurements, the
middle ear structures were removed, leaving only the stapes footplate
and annular ligament at the OW. The BC stimulation directions were
perpendicular to the stapes footplate, consistent with the rigid body
stimulation direction applied in the model. The experimental data
is shown as the mean + standard deviation. According to an error
analysis in Stenfelt et al. (2004), these results are considered valid
above approximately 300 Hz, as indicated by the vertical dotted lines.

3.1.1. General observations

The magnitudes of the differential volume velocities under rigid
body stimulation with a flexible OSL (solid black lines) exhibit similar
trends for the surfaces in Fig. 3(a)-(d). These curves increase with a
slope of approximately 40dB per decade up to about 1kHz, followed
by alternating behavior around constant values above 2kHz. For the
OW, VP, and TP [Fig. 3(b)-(d)], the total volume velocity magnitudes
under rigid body stimulation (green lines) remain nearly constant with
frequency and are similar for both the flexible and rigid OSL conditions.
The differential volume velocity magnitudes in these cases are at least
10-20 dB lower than the total volume velocities, indicating that surface
deformation due to sound pressure loading is minor compared to the
rigid body motion along with the inner ear surroundings. The phases
of the total velocities at either zero or +r indicate whether the spatial
angle between the stimulation and the average surface normals in
outward direction from the fluid is within 90° or exceeds this range.

3.1.2. RW volume velocities

A significant impact of the OSL’s flexibility is visible for the RW vol-
ume velocities in Fig. 3(a). The differential and total volume velocities
under rigid body stimulation with flexible OSL (solid black and green
lines) show similar magnitudes above approximately 1kHz, indicating
comparable contributions of rigid body motion and deformation due
to sound pressure loading on the RW in this frequency range. The RW
differential volume velocities under both rigid body stimulation and
OW input (solid black and orange lines) align with the experimental
data from Stenfelt et al. (2004) within the standard deviation.

In contrast, under rigid body stimulation with a rigid OSL (dashed
black line), the RW differential volume velocities are 30-40 dB lower
than those for the flexible OSL up to 2kHz. Above this frequency, the
difference between the conditions reduces to 10 dB towards 10 kHz due
to a continuous increase for the rigid OSL condition. Additionally, ex-
cept between approximately 500 Hz and 2kHz the differential velocity
results with flexible versus rigid OSL show phase differences close to
7, indicating opposite directions of RW motion relative to the rigid
body stimulation. As a result, the total velocity curves with flexible
OSL alternate with frequency in a range of +10 dB around the constant
value of the rigid OSL condition above 1 kHz.

For OW input (orange lines), RW volume velocities match the exper-
imental magnitudes above approximately 400 Hz, and the differential
volume velocities for rigid body stimulation and flexible OSL above
500Hz. The impact of OSL flexibility is limited to a reduction of
approximately 5dB in magnitude above 2 kHz.

3.1.3. OW differential volume velocity

The OW differential volume velocity under rigid body stimulation
(solid black line) exhibits a distinct notch near 1kHz [Fig. 3(b)]. This
minimum corresponds to a minimum in the sound pressure distribution,
as further inspected in Section 3.3. Similarly, the rigid OSL condition
(dashed black line) shows a notch at approximately 1.5 kHz.

The flexible OSL condition exhibits higher magnitudes between
1kHz and 8kHz, with a maximum difference of approximately 35dB
around 2kHz. Below 800 Hz, both conditions show similar phase and
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increase with a 40dB per decade slope, though the magnitudes with
flexible OSL are about 5dB higher.

The experimental data (blue lines) aligns with the simulation results
for a flexible OSL within standard deviation between approximately
300-500 Hz and 1.5-3kHz. Above 3 kHz, the simulation results are 10—
35dB lower than the experimental data. For the rigid OSL condition
(dashed black line), the difference from the experimental values is at
least 20 dB above 1 kHz.

Since the OW volume velocity is the input for the corresponding OW
stimulation condition (orange), the OW differential volume velocities
are equal for the two OSL conditions. These results align with the
experimental data above approximately 500 Hz.

3.1.4. VP and TP volume velocities

The VP and TP volume velocities [Fig. 3(c)-(d)] show that the
deformation of these structures is small compared to their overall
motion for both the BC input at the OW (orange) and the rigid body
stimulation (black). The phase difference of = between the VP and TP
total volume velocities (green) reflects their opposing positions on the
OSL, though both move in the same direction [see Fig. 2].

3.2. Differential volume velocities referenced to the RW

From Fig. 3 it is difficult to directly relate the differential volume
velocities to each other. Since the RW impedance is significantly lower
than the reverse middle ear impedance at the OW (Frear et al., 2018),
differential fluid flow from both the OW and within the inner ear
is predominantly directed toward the RW (Stenfelt et al., 2004). To
facilitate comparison, Fig. 4 presents the differential volume veloc-
ities normalized to the RW differential volume velocity for (a) OW
input and (b) rigid body stimulation. Solid lines indicate the ratios
owditt / Grwitt (Plack), dog gite /drw airr (Orange), dyp gir /Grw airr (reen),
and gy, gifr /9rw,airr (red) for a flexible OSL. The dashed black lines repre-
sent gy girf /Grw.aiee With a rigid OSL, while all other ratios are zero (—co
dB) for this condition. By normalizing to the RW outlet, the OW results
can directly be compared to experimental data from Stenfelt et al.
(2004, Fig. 6 and 10). The experimental magnitudes, corresponding
to AC and BC stimulation in the original study, are shown in blue,
including both mean curves and individual data.

3.2.1. OW input

For BC input at the OW [Fig. 4(a)], the magnitude of gy, gifr /Gy dir
(black lines) remains within 3dB up to approximately 2kHz indepen-
dent of the OSL condition. Along with the phases at +z, this indicates
that the inward fluid flow at the OW is nearly equal to the outward
flow, consistent with the experimental data for AC stimulation reported
by Stenfelt et al. (2004). Between 2kHz and 8kHz, the simulation
results with a flexible OSL show an increase of up to 8dB, whereas
the rigid OSL results align more closely with the experimental data,
typically within 5dB.

The VP and TP ratios (green and red lines) exhibit similar magni-
tudes below approximately 1kHz, with a phase difference of x. This
indicates that the VP and TP volume velocities largely cancel each other
out. As sketched in Fig. 2(a), this cancellation results from their syn-
chronous motion driven by the differential cochlear pressure acting on
the OSL (Raufer et al., 2019; Kersten et al., 2024b). This synchronous
motion leads to a differential OSL volume velocity (orange line) that
is approximately 20-35dB lower than the RW differential volume
velocity in this frequency range. Above 2kHz, the phase difference
between the VP and TP curves diverges from z, indicating that the
synchronous motion is partially superimposed by a deformation that
varies between the VP and TP. This leads to an increase of the OSL
volume velocity with a slope of 60dB per decade between 1-2kHz,
reaching values within 5dB of the RW differential volume velocity
between 2-8 kHz.
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3.2.2. Rigid body stimulation

For rigid body stimulation [Fig. 4(b)], the RW differential volume
velocity closely matches that of the OSL, as indicated by the orange line
remaining near 0dB in magnitude and zero in phase throughout the
entire frequency range. This suggests that the RW differential volume
velocity originates primarily from the OSL, which differs fundamentally
from the case of OW input.

The VP and TP contributions (green and red lines) remain between
—10dB and 0dB up to approximately 7 kHz, with a phase close to zero.
This indicates a predominantly compressional differential motion of
the OSL rather than deflection [Fig. 2(b)], such that the VP and TP
contribute constructively to the overall OSL volume velocity without
significant cancellation. Fig. 3(c) and (d) show that this compressional
motion component is at least 10-20dB lower than the translational
motion component, with differences of up to 80 dB at low frequencies.

The OW differential volume velocity with flexible OSL (solid black
line) is 10-20dB lower than the RW differential volume velocity for
rigid body stimulation. The notch at about 1kHz from Fig. 3(b) -
related to a pressure minimum inspected in more detail in Section 3.3
— reappears in Fig. 4(b). In contrast, with rigid OSL (dashed black
lines), the RW and OW differential volume velocities are nearly equal
in magnitude and phase, except for the notch at 1.5kHz.

The experimental OW-to-RW differential volume velocity ratio re-
ported by Stenfelt et al. (2004) ranges between —5dB and —10dB on
average from 400 Hz-2 kHz, with values increasing up to 10 dB toward
10kHz. These differences between the OW and RW differential fluid
flow are less pronounced than those observed in the simulations with
flexible OSL, reflecting the discrepancies in OW differential volume
velocity between measurement and simulation results already evident
in Fig. 3(b).

3.3. Intracochlear sound pressure

To further investigate how the differential volume velocities are
governed by intracochlear sound pressure, Fig. 5 presents the sound
pressure results in (a) the SV, and (b) the ST. Black lines indicate
point probe evaluations for rigid body stimulation with flexible (solid)
and rigid OSL (dashed), while green lines represent the average sound
pressure over the OW surface under the same stimulation condition.
Orange lines depict probe sound pressure data for BC input at OW. The
point probe positions correspond to those used in our previous study
on AC stimulation (Kersten et al., 2024b), consistent with experimental
studies (Stieger et al., 2018; Frear et al., 2018). Experimental data
from Stieger et al. (2018, Fig. 11), measured using fiberoptic sensors in
SV and ST of temporal bone specimens with intact middle ears under
BC excitation, are included in blue as mean curves and individual data.

For rigid body stimulation with a rigid OSL (dashed black lines),
the sound pressure in both the SV (a) and ST (b) increases with
a slope of approximately 20dB per decade. This indicates that the
sound pressure is driven by the inertial behavior of the cochlear fluid.
With a flexible OSL (solid black lines), the sound pressures remain
within 5dB of the rigid OSL condition up to 1kHz. Above 1kHz, they
exhibit pronounced increases, with local maxima near 2kHz and 7 kHz,
reaching comparable magnitudes in both SV and ST.

These simulation results align with the lower range of values of the
experimental data range (blue) in the SV above 2kHz and in the ST
across the entire frequency range. However, in the SV at frequencies be-
low 1 kHz, the simulation results fall approximately 10-20 dB below the
experimental values. This discrepancy arises because the experimental
data represent the inner ear’s response to BC stimulation without dis-
tinguishing between OW input and rigid body stimulation. Indeed, the
simulation results for BC input at the OW (orange lines) remain with the
experimental range throughout the frequency range in both SV and ST.
For this input, the OSL’s flexibility reduces the SV sound pressure above
approximately 500 Hz, consistent with our previous findings regarding
the cochlear input impedance (Kersten et al., 2024b). The ST sound
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Fig. 4. Magnitude and phase of the differential volume velocity contributions to the RW differential volume velocity for (a) input at the OW with fixed surroundings and (b) rigid
body stimulation in the direction of the OW. Solid lines indicate the ratios qo, gise/drwaier (Plack), dog gisr /drw.aicr (0TANGE), dyy aisr /drw airr (8reen), and gy, ier /ey gire (red) with flexible
OSL. Dashed black lines represent gy, 4t /dry.airr With a rigid OSL, while the other ratios are zero (-co dB) under this condition. Experimental OW magnitude ratios from Stenfelt
et al. (2004) are shown in blue, corresponding to AC and BC stimulation in the original study, including individual data and mean values. The vertical dotted line indicates the
lower frequency limit (300 Hz) for the validity of the experimental data in (b).
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Fig. 5. Magnitude of the sound pressure in (a) the SV and (b) the ST. Black and green lines show results for the rigid body stimulation condition, evaluated using point probes
and pressure averaged over the OW surface, respectively. Orange lines present the sound pressure for BC input at OW. Solid lines indicate a flexible and dashed lines a rigid OSL.
Experimental data from Stieger et al. (2018), measured using fiberoptic sensors in eight temporal bone specimens with intact middle ears, is shown in blue (mean and individual
data).
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Fig. 6. Sound pressure distributions on the outer surface of the inner ear for (a) input at the OW with flexible OSL at 1kHz, (b) rigid body stimulation and flexible OSL at 1kHz,
and (c) rigid body stimulation and rigid OSL at 1.5kHz. Magnitudes (top row) are normalized to the maximum pressure in the inner ear, the phase data is presented relative to

the stimulation velocity.

pressure is less affected, with differences attributable to local pressure
variations near the cochlear base, as previously observed for the RW
impedance (Kersten et al., 2024b).

The OW average pressure for rigid body stimulation with a flexible
OSL (solid green line) aligns with the SV probe pressure above approx-
imately 1.5kHz, but it is about 10 dB higher below 800 Hz. Comparing
the OW average pressure characteristics to the OW differential volume
velocity in Fig. 3(b) highlights that the OW volume velocity reflects the
OW sound pressure, as enforced through the OW boundary condition
detailed in Section 2.3. Accordingly, the notches observed at 1kHz
(flexible OSL) and 1.5kHz (rigid OSL) in the volume velocity data
Fig. 3(b) reappear in the OW average pressure in Fig. 5(a). Differences
between OW average and probe pressures further illustrate the position
dependence of the sound pressure under rigid body stimulation.

Fig. 6 depicts the intracochlear pressure distributions for rigid body
stimulation with flexible OSL in (b) and rigid OSL in (c). These cor-
respond to the notch frequencies in Figs. 3(b) and 5(a). The pressure
magnitudes (top row) are normalized to the respective intracochlear
maximum.

For comparison, Fig. 6(a) shows the pressure distribution for OW
input with flexible OSL at 1kHz. In this case, the sound pressure is
highest in the vestibule and basal part of the SV, showing a spatially
uniform magnitude and phase distribution in this portion of the inner
ear. The lowest pressure occurs near the RW, about 10-20 dB below
the maximum, consistent with experimental ratios (Stieger et al., 2018,
Fig. 12). Near the best frequency position, the sound pressure varies
between SV and ST before converging to a constant value towards the
apex [right in Fig. 6(a)].

For rigid body stimulation shown in Fig. 6(b) and (c), pressure
minima form on planes perpendicular to the stimulation direction.
The tangential alignments of these planes with the RW correspond to
the notches in OW differential volume velocity and average pressure
[Figs. 3(b), 5(a)]. The level differences between minima and maxima
range from 30-60dB, much greater than for OW input. The phase
data (bottom row) reveal a r phase difference across these minima.
Additionally, an inspection of the fluid particle velocity distribution
(results not shown here) confirmed that the fluid motion largely follows
the applied rigid body stimulation, as already observed in Fig. 3.

Animations of these pressure distributions across frequencies are
available in the research data for this article at https://doi.org/10.
5281/zenodo.14850065. These animations show that with rigid OSL,

the plane of minimum pressure perpendicular to the stimulation direc-
tion persist up to about 6 kHz, with slight frequency-dependent shifts
in its position relative to the OW. With flexible OSL, similar patterns
appear up to approximately 1.1 kHz, after which the distribution alter-
nates between uniform and complex patterns, occasionally forming a
minimum plane.

4. Discussion

As emphasized in our previous study (Kersten et al., 2024b), the
numerical model of the inner ear should be viewed as a representation
of an individual specimen rather than as a predictive model for average
data. Its primary aim is to assess mechanisms and identify distinct
phenomena related to the flexibility of the OSL, with the understanding
that the magnitudes of these effects and related quantities will naturally
vary between individual ears. Additionally, a model-based approach
necessarily simplifies the complex anatomy and physiology of the inner
ear, especially of the OSL, so the results may not reflect all aspects
of real-world behavior in precise detail. The complexity of assessing
the inner ear’s response to BC stimulation arises from the multiple
pathways through which sound reaches the cochlea (Tonndorf, 1966,
1968; Stenfelt and Goode, 2005). To address this, we separated the
mechanisms between (1) contributions that enter the inner ear via
the OW, modeled by applying measured average OW input while
keeping the surroundings fixed (see Section 2.2), and (2) the fluid
dynamics induced by rigid body motion of the surrounding structures
(see Section 2.3). Our investigations focussed on the fluid flow within
the inner ear, assessed either by total volume velocities, reflecting the
motion of the OW, RW and OSL surfaces, or by differential volume
velocities, which capture the relative motion of these surfaces due to
sound pressure loading. To enhance understanding, we also examined
the relationship between volume velocities and intracochlear sound
pressures, evaluating sound pressure in the SV and ST as well as spatial
pressure distributions.

4.1. Total and differential motion of the OSL

A critical factor in evaluating the model predictions is recognizing
the fundamentally different mechanisms driving OSL motion for OW
input compared to rigid body motion of the inner ear’s surroundings.
For AC stimulation and BC contributors entering via the OW, the OSL
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reacts to the pressure difference between the SV and ST (Fig. 6). This
differential pressure leads to similar deflections of the VP and TP
(schematic in Fig. 2), resulting in a significant cancellation of their
respective volume velocities [Fig. 4(a)]. These findings are consistent
with measurements by Raufer et al. (2019), who reported a bending
of the OSL similar to a plate hinged at the medial side. Our previous
simulations with AC stimulation (Kersten et al., 2024b) demonstrated
behavior consistent with these experimental observations.

In contrast, during rigid body stimulation, the OSL’s motion in-
volves two components: (1) translational motion with the inner ear’s
surroundings, and (2) deformation caused by fluid pressure induced
by the stimulation. For rigid body stimulation, we observed that the
sound pressures on both sides of the OSL are - in contrast to OW
input — nearly equal (Fig. 6). This results in a slight compression of the
OSL [illustrated in Fig. 2(b)]. While only this compressional component
contributes to the differential volume velocity, its magnitude is substan-
tially smaller than that of the translational motion. This is evident from
the differences of 20-80 dB between the VP and TP total and differential
volume velocities below 4kHz (Fig. 3). Consequently, the VP and TP
move largely synchronously during rigid body stimulation, which may
explain why a differential volume velocity contribution of the OSL has
not yet been recognized.

Thus, understanding the OSL’s contribution to fluid flow in the inner
ear under BC stimulation requires separately analyzing the motions
of the VP and TP. Unfortunately, there is currently no experimental
data available on these motions or for the OSL’s volume velocity
contribution. Experimentally assessing these effects poses significant
challenges. The 20-80dB differences between VP and TP total and
differential volume velocities [Fig. 3(c) and (d)] provide an estimate
of the signal-to-noise ratio needed to capture differential motion of
the OSL (cf. Eq. (3) and Eq. (4)). This dynamic range exceeds the
capabilities of most current measurement methods. Additionally, high-
resolution measurements of velocity distributions in both radial and
longitudinal directions of the CP, separately for the VP and TP, would
be necessary. These considerations highlight the significant experimen-
tal limitations that currently impede direct verification of the OSL’s
contribution to the fluid flow during BC stimulation, motivating our
model-based approach.

4.2. Volume velocity contribution of the OSL

The equality in volume velocity between the OW and RW observed
for OW input in Fig. 4(a) resembles experimental findings for AC
stimulation (Kringlebotn, 1995; Stenfelt et al., 2004). It results from
the incompressibility of the fluid and the rigid boundaries of the inner
ear, where an inward flow at the OW generates an equal outward flow
at the RW (Stenfelt et al., 2004; Frear et al., 2018).

In contrast, under BC stimulation, Stenfelt et al. (2004) observed
unequal volume velocities at the OW and RW in temporal bone spec-
imens where middle ear structures, aside from the stapes footplate,
had been removed. At frequencies below 4kHz, this inequality was
later attributed to “third window” effects in healthy ears, referring to
fluid leakage through small channels or compliant structures within
the cochlea (Stenfelt and Goode, 2005). Notably, these studies did not
specifically mention the OSL as one of the compliant structures when
discussing this phenomenon.

Although our model excluded openings other than the OW and RW,
simulations with rigid body stimulation and flexible OSL produced dif-
ferences in both magnitude and phase between the differential volume
velocities at the two windows [Fig. 4(b)], which are phenomenologi-
cally consistent with the experimental observations by Stenfelt et al.
(2004). The simulations further demonstrated a 0 dB ratio between the
OSL and RW differential volume velocities [Fig. 4(b)], identifying the
flexible OSL as the dominant contributor to RW volume velocity for
the rigid body stimulation condition. In contrast, with a rigid OSL, the
OW-to-RW volume velocity ratio remained near 0dB, indicating equal
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differential fluid flow at both windows, similar to AC stimulation. These
results suggest that the flexible OSL likely contributed to the experi-
mentally measured inequality between OW and RW volume velocities
below 4 kHz.

Above 4kHz, Stenfelt et al. (2004) observed larger differential
volume velocities at the OW than at the RW, a phenomenon pri-
marily attributed to deformations of the surrounding bone (Stenfelt
and Goode, 2005). Since our rigid body stimulation excluded such
deformations, this limitation likely explains the discrepancies in the
OW-to-RW volume velocity ratios at higher frequencies compared to
the experimental results [Fig. 4(b)].

Despite these differences in the volume velocity ratios, the quanti-
tative agreement between the simulated and measured RW differential
volume velocities [Fig. 3(a)] is noteworthy, particularly given the
substantial 30-40dB increase due to OSL flexibility compared to the
rigid OSL condition. This suggests that the magnitude discrepancies
in the OW-to-RW volume velocity ratio below 4kHz may primarily
stem from differences in the OW differential volume velocities when
compared to the measurements by Stenfelt et al. (2004).

4.3. OW volume velocities and intracochlear sound pressure

By separating BC stimulation into input at the OW and rigid body
stimulation, our approach highlights two distinct mechanisms con-
tributing to the OW differential volume velocity during BC: (1) sound
pressure acting on the stapes footplate as a reaction to inner ear motion,
and (2) differential stapes motion due to BC sound originating from the
middle ear or ear canal.

For rigid body stimulation, the total volume velocities [Fig. 3(b)]
indicate that the OW surface primarily moves synchronously with the
adjacent structures. The differential volume velocity, in this case, is
exclusively driven by intracochlear pressure acting against the reverse
middle ear impedance [Eq. (5)]. This behavior is confirmed by the
agreement between the characteristics of OW average pressure and
OW differential volume velocity curves [Fig. 5(a) and Fig. 3(b)]. A
notable difference between the simulation results and experimental
data is the appearance of a notch in the OW differential volume velocity
for rigid body stimulation [Fig. 3(b)]. This feature arises from pressure
distribution patterns with a plane of minimum pressure normal to the
stimulation direction (Fig. 6). The position of this minimum plane
varies slightly with frequency (cf. animations at https://doi.org/10.
5281/zenodo.14850065) and aligns with the OW at approximately
1 kHz with flexible OSL and 1.5kHz with rigid OSL. These variations,
along with the disappearance of the pressure minimum in certain
frequency ranges, can be attributed to the motion of the OSL, which
modifies the pressure boundary conditions in the part of the inner ear
comprising the SV and ST. Above approximately 1kHz, the flexibility
of the OSL increases the magnitude of both the OW average pressure
and the OW differential volume velocity [Figs. 5 and 3(b)].

For BC input at the OW, the OSL’s flexibility does not influence
the OW differential volume velocity by definition. The differential
stapes motion used as input data for this stimulation condition (Sec-
tion 2.2) was derived from measurements with intact middle and inner
ears (Stenfelt et al., 2002). Following Stenfelt (2016), we assumed
that the contributors entering via the OW dominate this measured
differential motion. However, in these experiments, BC sound trans-
mission from the middle ear and the reaction to intracochlear pressure
were inseparable, so this input data may already contain an unknown
contribution from the inner ear fluid pressure.

Up to 20 dB higher magnitudes were observed in the sound pressure
probe evaluations in our simulation results for OW input compared to
the rigid body stimulation (Section 3.3). This reflects how a small dif-
ferential motion of the stapes footplate during OW input can generate
a significantly higher pressure in the cochlear fluid than the pressure
caused by the rigid body motion of the inner ear driving the stapes
footplate from the inside. However, since the corresponding pressure
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distributions are uniquely different (Fig. 6), the relationship of these
pressure components is location dependent.

When comparing the simulated pressure results with experimental
data, it is important to consider that the vibration directions for in-
tracochlear sound pressure measurements vary across specimens and
fluctuate with frequency (Stieger et al., 2018; Dobrev et al., 2023),
resulting in significant experimental variability [e.g., Stieger et al.
(2018), Borgers et al. (2019), Dobrev et al. (2023)]. Even in temporal
bone measurements with well-controlled primary stimulation direc-
tions (Stenfelt et al., 2003, 2004), stimulation velocity ratios of 3-10
(equivalent to 10-20 dB) were reported (Stenfelt et al., 2003). Conse-
quently, the pressure ranges of 30-60dB and corresponding notches
observed in our simulations with strictly unidirectional excitation may
appear less distinct in experiments due to additional pressure contribu-
tions from other directions. These considerations help explain why the
simulated sound pressures for rigid body stimulation fall at the lower
end - or below — the experimental values at the probe locations, while
simulations for BC input at the OW remain within the experimental
range (Fig. 5).

It is also important to note that the experimental reference for OW
differential volume velocity under BC stimulation was obtained after
removal of the malleus, incus, and portions of the stapes (Stenfelt et al.,
2004), likely altering the mechanical impedance at the OW compared
to intact ears. Additionally, sound pressure induced by inner ear de-
formation - excluded in our simulations — may have influenced the
OW differential volume velocity, particularly above 4 kHz (Stenfelt and
Goode, 2005). Considering these complexities, it is plausible that the
experimental OW differential volume velocity magnitudes lie between
our simulated results for OW input and rigid body stimulation below
3kHz [Fig. 3(b)].

4.4. Role of the OSL in BC hearing

The role of OSL motion has received limited attention in studies
of BC hearing mechanisms. Stenfelt et al. (2003) investigated BM and
OSL motion under AC and BC stimulation, identifying relative motion
between the OSL and the inner ear’s surroundings. They concluded that
the effect of OSL motion on BC hearing — termed “inertial OSL BC
sound” — may contribute at higher frequencies but is likely not signifi-
cant in healthy ears. However, our findings suggest a more substantial
role for the flexible OSL in BC hearing. Firstly, the impact of the OSL
on BC hearing should be considered in light of our earlier findings for
BC sound entering via the OW. These results demonstrated that the
OSL’s flexibility affects the differential sound pressure and contributes
an additional motion component to BM motion (Kersten et al., 2024b).
Secondly, in this study, we observed a significant contribution of the
OSL to the fluid flow in the inner ear in response to BC stimulation.

Tonndorf (1966) listed the impedance of the CP — which is signifi-
cantly influenced by the OSL’s flexibility (Kersten et al., 2024b) — as a
factor affecting the fluid inertia effects during BC. This insight has been
incorporated into lumped-element models of the inner ear (Stenfelt,
2015, 2016; Guan et al., 2020). However, our findings on the OSL’s
motion and volume velocity contribution suggest that the consideration
of the CP via a single impedance should be revisited.

The RW, VP, and TP differential volume velocities exhibited similar
magnitudes for both OW input and rigid body stimulation conditions
(Fig. 3), and the relation of these mechanisms in the intracochlear
sound pressure responses was highly dependent on frequency (Fig. 5)
and position (Fig. 6). These findings highlight that, while the OSL likely
plays a substantial role in differential fluid flow during BC stimulation,
quantitatively predicting its contribution remains challenging due to
the uncertain and variable interactions between the BC mechanisms in
real ears.

To further clarify the OSL’s role, it is crucial to distinguish the
different effects that have been regarded as “third windows” in BC hear-
ing: sound transmission from the skull interior via the vestibular and
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cochlear aqueducts (Freeman et al., 2000; Sohmer and Freeman, 2004;
Dobrev et al., 2022), leakage during RW simulation (Stieger et al.,
2013; Frear et al., 2018), and inequality in fluid flow between the OW
and RW during BC stimulation (Stenfelt et al., 2004). Rosowski et al.
(2018) pointed out that distinguishing the compressibility of the inner
ear’s content from anatomical third windows is challenging. In our
study, additional openings beyond the OW and RW were excluded, yet
the simulation reproduced the fluid flow inequality observed by Stenfelt
et al. (2004). This result suggests that the flexibility of the OSL may
play a significant role in this phenomenon. However, the contribution
of anatomical third windows to this effect, to our knowledge, has not
been quantified for healthy ears.

4.5. Study limitations and suggestions for future work

The limitations identified in our previous study on AC stimula-
tion (Kersten et al., 2024b) — particularly, the use of a specific set
of model parameters, the absence of active cochlear mechanisms, and
the lack of representation of individual anatomical differences — are
applicable to the current study, as the model remained essentially
unchanged.

A key limitation specific to the current investigation is the simplified
representation of the OSL. In the model, the OSL was treated as a
sandwich-like solid structure, while in reality, both the VP and TP,
along with the softer core, may be partially fluid-filled due to their
porosity and semi-permeable nature. While the bending stiffness of the
OSL - its most critical property influencing the inner ear’s response to
AC and BC input at the OW - is likely governed primarily by its solid
properties, this modeling approach may not fully capture its compress-
ibility, which could behave more fluid-like. Although this is unlikely to
affect the identified mechanisms related to the OSL’s compressibility,
it may influence the magnitudes of the differential volume velocities
observed during rigid body stimulation [Fig. 3(c) and (d)].

Our simulations focused on a specific direction of rigid body stim-
ulation, aligning with the experimental conditions in Stenfelt et al.
(2004). While primary rigid body motion of the inner ear has been
observed in these experiments (Stenfelt et al., 2004) and cadaver head
measurements (Dobrev et al., 2023), other studies highlighted the
complexity related to such stimulation. Kim et al. (2014) and Zhao
et al. (2021) reported directionality in the inner ear’s BC response,
while Dobrev et al. (2023) found no singular direction of motion in
their cadaver head measurements. These findings underscore the need
for future studies to incorporate multiple directions of stimulation to
fully capture the OSL’s effect on inner ear responses.

We also limited BC stimulation to two mechanisms, BC sound
entering via the OW and rigid body stimulation, excluding deformation
of the inner ear’s surroundings (Tonndorf, 1962; Stenfelt, 2015; Dobrev
et al., 2023). Two findings suggest the need for further investigation
of compression and expansion of the inner ear. First, the differential
volume velocity contribution of the OSL observed in our simulations
arose from differences in VP and TP velocity distributions, but these ve-
locities fall below current measurement thresholds. This highlights the
importance of even minimal compressibilities in cochlear structures,
which should be incorporated into future models. Particularly, rigid
boundary conditions could be reconsidered by including structures such
as the spongy bone of the modiolus and potential flexibility of the
thin walls between cochlear turns [cf. Raufer et al. (2020, Fig. 2a)].
Secondly, the experimental observation of greater OW than RW differ-
ential velocities for BC stimulation above 4 kHz (Stenfelt et al., 2004)
was attributed to cochlear bone deformation (Stenfelt and Goode,
2005). Our simulations could not replicate this phenomenon through
either of the two stimulation conditions or the OSL’s role as a “third
window”, supporting hypotheses that cochlear bone deformation plays
an important role at higher frequencies.

Our approach of separating BC mechanisms using a finite element
model of the inner ear extends previous efforts on predicting the
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relative importance of BC contributors (Taschke, 2005; Stenfelt, 2016,
2020). Our simulation results contribute to these ongoing investigations
into the mechanisms of BC hearing, highlighting the critical role of the
OSL. For this study, we restricted the stimulation to OW input and rigid
body motion. Future work could expand this approach to separate the
outer and middle ear contributions and include additional mechanisms.
Furthermore, integrating a flexible OSL with a middle ear model (Kim
et al.,, 2014) or into a full head model (Lim et al., 2022) could yield
deeper insights into the interaction between the BC pathways and inner
ear structures.

5. Conclusions

This study investigated how the flexibility of the OSL influences
the fluid flow in the inner ear during BC stimulation by modeling the
OSL as either rigid or flexible structure in a finite element model of
the human inner ear. Accounting for the OSL’s sandwich-like anatomy
enabled to separate the contributions from the vestibular and tympanic
plates. Additionally, the BC stimulation was separated into two mech-
anisms: (1) BC contributors entering via the OW and (2) rigid body
stimulation, while excluding inner ear deformation and OW input for
the latter.

During rigid body stimulation, the OSL significantly contributed to
the differential volume velocity at the RW, resulting in an increased
differential fluid flow at the RW compared to the OW. This aligns
with experimental observations previously interpreted as third window
effects. Analysis of the OSL motion indicated that its contribution
arises from compressional motion. However, this motion component is
several orders of magnitude smaller than the motion associated with the
rigid body stimulation. In contrast, under OW input, the OSL deflected
consistent with previous measurements and model predictions, while
the OSL’s flexibility had only minor influence on the differential volume
velocities at the two windows. Comparisons of the simulation results for
the two types of stimulation and experimental data, where responses
inherently reflect a mixture of BC mechanisms, provided insights into
the interaction of BC sound entering via the OW and the stapes’ reaction
to complex sound pressure distributions within the inner ear.

Together with findings from our prior study on AC stimulation
(Kersten et al., 2024b), these results suggest a more important role for
the OSL in BC hearing than previously recognized, while highlighting
the need for further research into the complex mechanical properties
of the OSL and the deformation of the cochlear boundaries.
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