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SUPPORTING MATERIAL 

In this Supporting Material section, the model responses (e.g., the middle-ear pressure-gain 
function, cochlear impedance, basilar-membrane velocity, and best-frequency map) are 
compared with published data in order to provide validation for the current finite-element (FE) 
model. In addition, cochlear responses to air-conducted (AC) and bone-conducted (BC) 
excitations were calculated, and also compared with those of the previous FE model.  
 
Validation of the FE model 
The model-validation procedures are similar to those used in a previous study with a box model 
(1), with similar results in terms of the middle-ear (ME) pressure-gain function, cochlear input 
impedance, basilar-membrane (BM) velocity at specific locations, and cochlear best-frequency 
(BF) map. 
 
Middle-ear pressure-gain function 
In Figure S1, the ME pressure-gain function from the FE model, expressed as the ratio of the 
scalae-fluid pressure near the oval window (OW) to the acoustic pressure in the ear canal at the 
tympanic membrane (TM), POW/PEC, is shown and compared with results from the literature (2–
5). The FE results were consistent with experimental data to within about 5 dB from 0.3 kHz to 
10 kHz. 
  

 
 
FIGURE S1. (A and B) The oval-window pressure, POW, to the ear-canal pressure, PEC, middle-ear gain (POW/PEC), 
for air-conducted (AC) excitation. (A) Magnitude in dB and (B) phase in degrees. 



 
Cochlear input impedance 
In Figure S2, the cochlear input impedance (ZC) from the present model is shown alongside 
previous measured (3–6) and calculated (2) results. At frequencies below 0.5 kHz, the magnitude 
of ZC for the current FE model falls within the range of the experimental data, but for higher 
frequencies it mostly remains somewhat above the comparison data in spite of their wide 
variance. 
 
 

 
 
FIGURE S2. (A and B) Cochlear input impedance, ZC, which is equal to POW/UOW. (A) Magnitude in GΩ and (B) 
phase in degrees. 
 
BM velocities at a specific location (χ = 12 mm) 
The responses of VBM, the velocity normal to the BM surface, to AC stimuli; and the relative BM 
velocity, ∆VBM, to BC stimuli (where ∆VBM is equal to VBM minus the velocity of the bone, VB), 
were measured at a specific BM location (approximately 12 mm from the base), and are shown in 
Figure S3. VBM was normalized by the OW (i.e., stapes-footplate) velocity, VOW, for AC stimuli.  
∆VBM was normalized by VB for BC stimuli, and then 20×log10(∆VBM/ VB) was computed to 
represent ‘∆VBM/ VB’ on a dB scale. For the model’s AC results (Figure S3A), VBM/VOW reaches 
a maximum amplitude of 27 dB, between 4 and 5 kHz, which is reasonably consistent with the 
experimental data (7–8). For the model’s BC results (Figure S3B), ∆VBM/VB reaches 21 dB for 
the maximum amplitude, at around 4 kHz, while the data from Stenfelt et al. (8) rises to 18 dB 
for the maximum amplitude, at around 2 kHz. 
 



 

 
 
FIGURE S3. (A) The basilar-membrane (BM) velocity normalized by the stapes-footplate velocity, VBM/VOW, for 
AC excitation, and (B) the relative BM velocity (ΔVBM = VBM – VB) normalized by the BC bone-velocity input, 
ΔVBM/VB, given for inputs in the direction of each of the three orthogonal axes, x, y, and z (i.e., lateral, superior, and 
medial directions of the skull, respectively). The BM velocity for both modeled and experimental responses was 
calculated at χ = 12 mm from the RW. 
 
Cochlear best-frequency map 
The FE-simulated best-frequency (BF) cochlear map is shown in Figure S4, and is compared 
with the cochlear map estimated from an equation found in (9). The BF map from the FE model 
is in good agreement with the data except for the BFs below 200 Hz, which correspond to BM 
locations greater than χ = 30 mm. This agreement between the simulated and measured BF maps 
was achieved by iteratively tuning the elastic modulus values of the BM for AC excitation. It 
should be noted that the model’s BF map is a serrated line rather than a smooth line like 
Greenwood’s results for the following reason: in local regions where the curvature of the coiled 
BM is large, the width of the BM in the model does not increase smoothly along the length of the 
BM from base to apex, and as a result, the location of the node where the BM velocity is 
calculated ends up straying slightly from the centerline of the BM in these regions.  
 



 
 

FIGURE S4. Simulated best-frequency (BF) maps for AC excitation and BC excitation given in the z direction, 
along with results from Greenwood (9). The results in the x and y directions were almost identical to the one shown 
for the z-directional excitation. ‘X’ marks on the BF plot indicate the four different BM locations (0.8, 5.8, 15.63, 
and 33.06 mm) for which the d1, d2, d3, and d4 directions are respectively defined. 
 
Cochlear responses to AC and BC excitation 
Having thus validated the FE model, the next step was to simulate and analyze the symmetric 
(fast-wave) and anti-symmetric (slow-wave) response characteristics of the scalae-fluid pressure 
and volume velocities of the OW and round window (RW) due to AC and BC excitations. 
Normalized BM-velocities are plotted along the length of the BM in Figures S5, S6, and S7, for 
particular input frequencies. 
 
BM-velocity responses to AC and BC excitation 
Figure S5 shows the simulated relative BM-velocity distribution along the length of the BM, 
ΔVBM(χ), in response to BC excitations of the rigid bone forming the boundaries of the model. 
The results are shown for three frequencies: 0.5, 1, and 7 kHz. The BC cases are normalized with 
respect to the velocity magnitude of the rigid bone, VB. Figure S5 also shows the BM-velocity 
distribution in response to AC excitation, VBM(χ), normalized by the corresponding stapes 
velocity, VOW. The overall shape of the BM-velocity distribution magnitude for each respective 
frequency is similar among the different excitation cases, including between the AC- and BC-
excitation cases. However, the primary difference among the three input-frequency cases (0.5, 
1.0, and 7.0 kHz) is that their magnitudes are shifted with respect to one another. The phase 
responses for the different input frequencies are similarly shifted with respect to one another. 
 



 

 
FIGURE S5. Magnitude (A) and Phase (B) of BM-velocity profiles along the length of the BM, VBM(χ), normalized 
by the stapes velocity, VOW, for AC excitation (solid lines); and the relative BM-velocity profile, ΔVBM(χ), 
normalized by the magnitude of the base bone velocity, VB, for BC excitations. Excitation frequencies of 0.5, 1, and 
7 kHz were used. The BC curves indicate the sensitivity of the cochlea to BC excitations in the x (dashed lines), y 
(dash-dotted lines), and z (dotted lines) directions. The legend applies to both (A) and (B), and the arrows labeled 
“BF” indicate the best-frequency locations on the BM corresponding to each stimulus frequency. 

 
Normalization of the BM velocity by anti-symmetric and symmetric volume-velocity components 
Figure S6 shows, for the present coiled-cochlea model, the BM-velocity (VBM) and relative BM-
velocity (∆VBM, where ∆VBM is defined as ‘VBM – VB’, with VB being the BC velocity used to 
stimulate the model) distributions in response to AC and BC excitations, respectively. These 
quantities are normalized by both the anti-symmetric, UA, and symmetric, US, volume-velocity 
components (in Figures S6A and S6B, respectively). The results are shown for 0.5, 1, and 7 kHz. 
As can be seen in Figure S6(A), the results for the different excitation cases show better 
alignment with each other when they are normalized by the anti-symmetric volume-velocity 
component, UA (as compared to Figure S5A, in which the results are normalized by the stapes 
velocity and bone velocity for AC and BC, respectively). In the case of the 7 kHz results, the 
magnitudes of the normalized BM velocities (VBM/UA for AC and ∆VBM/UA for BC) show at 
most a 2–5 dB difference between one another, whereas for the other frequencies, 0.5 and 1 kHz, 
the corresponding normalized BM velocities for AC and BC stimuli overlap with one another 
such that they appear to form single lines. In contrast, when normalized by the symmetric 
volume-velocity component, US (Figure S6B), the results for a given frequency reveal 
misalignments between the different excitation methods. This demonstrates that the anti-
symmetric volume-velocity component, UA, correlates with the BM vibration better than the 
symmetric volume-velocity component, US. This was also the finding for the simplified box 
model (1). 
 



 
 
FIGURE S6. (A and B) BM velocity distributions along the length of the BM, VBM(χ) and ∆VBM(χ) (defined as ‘VBM 
– VB’, where VB is the BC velocity used to stimulate the model), in response to AC and BC excitations, respectively, 
at 0.5, 1, and 7 kHz. The results are normalized by (A) the anti-symmetric volume-velocity (slow-wave) component, 
UA, and (B) the symmetric volume-velocity (fast-wave) component, US. 
 
Decomposition of the cochlear-fluid pressure into symmetric and anti-symmetric components 
Figure S7 shows the anti-symmetric and symmetric pressure components, PA(χ) and PS(χ), 
normalized by UA, at 1 and 7 kHz. In the figure, the magnitudes of PA(χ) for different excitation 
cases become aligned with one another up to the corresponding BF position when normalized by 
UA, whereas this is not the case for PS(χ)/UA. This result follows a similar pattern to the 
normalized BM velocities (VBM(χ)/UA for AC and ΔVBM(χ)/UA for BC), as shown in Figure 
S6(A), in that the anti-symmetric normalized velocity and pressure profiles (VBM(χ)/UA, 
ΔVBM(χ)/UA, and PA(χ)/UA) all feature overlapping lines for their different excitation cases. 
 

 
FIGURE S7. (A and B) Cochlear scalae-fluid pressure distributions along the BM length (i.e., the anti-symmetric 
pressure, PA(χ), and symmetric pressure, PS(χ)), in response to AC and BC excitations, normalized by the 
corresponding anti-symmetric volume-velocity component, UA, at (A) 1 kHz and (B) 7 kHz.  

 



 
Comparisons with the simplified box model 
Based on a simplified box cochlear model, the BM was shown to primarily respond to the anti-
symmetric excitation components (i.e., the slow traveling wave; 10) generated at the OW and 
RW, regardless of whether the components were produced via AC or BC excitation (1). In this 
study, the relationships between the anti-symmetric pressure and volume-velocity components 
were investigated using a more anatomically realistic coiled cochlear model. As shown in Figure 
S6, regardless of the excitation type, the BM-velocity response was correlated with the anti-
symmetric rather than the symmetric volume velocity. In addition, Figure S7 shows that the anti-
symmetric volume velocity was closely related to the anti-symmetric pressure along the BM 
length. In short, regardless of the excitation type or direction, the anti-symmetric scalae-fluid 
pressure and anti-symmetric volume velocity are both highly correlated with the BM velocity. 
These results from the coiled model are consistent with those from the simplified box model. 
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