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Abstract 

Auditory system dysfunction caused by exposure to blast waves is one of 

the leading causes of disability among military servicemembers and veterans. 

While the external and middle ear response to blast overpressures (BOPs) have 

been characterized experimentally, the inner ear behavior is much more difficult to 

measure, especially the micro-level cochlear hair cells in the organ of Corti (OC) 

responsible for converting pressure waves into electrical signals. Recently, 

computational finite element (FE) models have advanced to predict blast wave 

transmission from the external ear into the cochlea. However, in published FE 

models the anatomy of the inner ear is still insufficient. The objective of this study 

was to develop a 3D FE model of the human ear that included a 3-chambered 

cochlea to improve inner ear anatomy, validate the model’s results, and simulate 

the behavior of the OC during blast wave transmission. 

The human ear FE model consists of the ear canal, middle ear, and spiral 

cochlea with 3 chambers (scala vestibuli, scala media, and scala tympani) separated 

by Reissner’s membrane (RM) and the basilar membrane (BM). The model was 

run as a coupled fluid-structural analysis in ANSYS. An experimentally recorded 

blast waveform was applied as input to the entrance of the ear canal, and the model 

outputs included the ear canal (P1) and cochlear pressures, and the displacements 

of the tympanic membrane (TM), stapes footplate (SFP), and BM. The results of 

the model were compared to experimental measurements from blast tests in order 

to validate the FE model’s results. In addition, a microscale structural model of the 

OC was developed that used the FE model-derived BM displacement at 16.75 mm 
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from the BM base end as input. This model reported some preliminary results 

describing the motion of the outer hair cells (OHCs) and hair bundles (HBs). 

 The FE model of the human ear successfully predicted the middle and inner 

ear tissue displacements and fluid pressures. The P1 pressure, cochlear pressures, 

TM displacement, and SFP displacements were validated against blast test results. 

The incorporation of the 3-chambered cochlea improved the model’s accuracy 

compared to previous cochlea models used for blast transmission and demonstrated 

the influence of the RM and scala media chamber on cochlear biomechanics. These 

results were used to predict the likelihood of auditory injury. In addition, the 

preliminary results of the OC model showed radial variation in the OHC and HB 

behavior and indicated some potential mechanisms of sensory hair cell injury. 

The FE model reported in this thesis successfully improved the simulation 

of human cochlear anatomy and was validated against experimental blast 

measurements. A microscale model of the OC was connected with the full human 

ear model, giving some preliminary insight into blast-induced OC behavior. Future 

work with this model will improve the connection between the cochlea model and 

OC model and apply the FE model of the human ear to hearing loss prediction and 

the evaluation of earplug effectiveness. 
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Chapter 1: Introduction 

1.1 Motivation 

 The daily functioning and mental state of military servicemembers and veterans are 

commonly hindered by auditory system disabilities. In the fiscal year 2022, 2.7 million 

veterans received compensation for tinnitus, and 1.4 million received compensation for 

hearing loss1; together, they are the most common service-connected disabilities reported 

among veterans. Hearing loss is strongly associated with decreased military operational 

performance,2,3 lower speech comprehension in noisy environments,4 and reduced quality 

of life.5  

 Blast-exposed military personnel have a significantly higher risk of ear injury and 

hearing loss.6,7 Blast overpressures (BOPs) are high-intensity disturbances in the ambient 

air pressure8 that generally over 170 dB SPL. BOPs induce extreme deformation of the 

tympanic membrane (TM) and significant movement of the stapes footplate (SFP) when 

compared to those caused by normal sound9,10. TM rupture, middle ear ossicular chain 

disruption, and cochlea hair cell damage are commonly reported as blast-induced hearing 

injury in the literature9–13. Military servicemembers are commonly exposed to BOPs 

generated by artillery, gunfire, and explosions, so an understanding of the mechanisms of 

blast-induced hearing loss is important. The behavior of the external and middle ear during 

blast exposure is well-documented9,10 but the reported data from the inner ear response is 

significantly more limited. 

 Computational finite-element (FE) models have been utilized to analyze pressure 

transmission through the ear. FE modeling provides a valuable tool for predicting the inner 

ear behavior that is otherwise difficult to measure experimentally, including the motion of 

the basilar membrane (BM) and hair cells in the organ of Corti (OC). The development of 
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an FE model simulating these components is essential to gaining a full understanding of 

the effect of BOP transmission in the inner ear. 

1.2 Peripheral Auditory System 

 This thesis is primarily concerned with the peripheral auditory system (PAS). The 

PAS detects pressure waves and transmits them through the ear until they are converted 

into nervous signals sent into the central auditory system (CAS). The ear is commonly 

divided into the external ear, middle ear, and inner ear. 

 The external ear starts at the auricle, which funnels sound and pressure waves into 

the ear canal. The ear canal transmits sound waves to the TM, or eardrum. The middle ear 

consists of the TM, manubrium, ossicles and suspensory ligaments. The TM is connected 

to the ossicular chain by the manubrium, and the TM vibrations induced by sound waves 

in the ear canal cause the ossicles to move. The ossicular chain is comprised of, in order, 

the malleus, incus, and stapes. The SFP presses against the oval window membrane 

(OWM) of the inner ear and serves as the primary input into the inner ear. The basic 

anatomy of the human ear is displayed in Fig. 1. 
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Figure 1. The anatomy of the human ear, with the external, middle, and inner ear 

labelled. (https://openstax.org/books/anatomy-and-physiology/pages/14-1-sensory-
perception) 

 
 The inner ear is fluid-filled and includes the semicircular canals and the cochlea. 

The cochlea contains three chambers—the scala vestibuli (SV), which connects to the 

OWM, the scala media (SM), separated from the other chambers, and the scala tympani 

(ST), which contacts the round window membrane (RWM)—separated by Reissner’s 

membrane (RM) and the basilar membrane (BM), respectively. The RM is a thin, flexible 

membrane spanning the width of the cochlea, and the BM is thin and stiff near the base of 

the cochlea, and wide and flexible near the apex. The SV and ST are connected by the 

helicotrema, located at the cochlear apex. The SFP motion generates pressure waves in the 

inner ear fluid, which travel through the cochlea and displace the BM. 

 The OC is located on the BM in the SM. The organ consists of 3 rows of outer hair 

cells (OHCs) and 1 row of inner hair cells (IHCs), supported by Dieters’ cells (DCs) and 

phalangeal processes (PhPs). The OC structure is supported by outer and inner pillar cells 

(OPCs and IPCs, respectively), Hensen’s cells (HCs), and the osseous spiral lamina of the 
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cochlea. Stereocilia connected to the hair cells are arranged into rows of increasing length 

and extend between the reticular lamina (RL) and tectorial membrane (TcM). Figure 2 

provides cross-sectional view of the cochlea and the OC. The OC detects pressure waves 

in the cochlea via the bending of the stereocilia, which cause the mechanosensory hair cells 

to send nervous signals to the auditory nerve and CAS. The BM is tuned via its mechanical 

and structural properties so that high frequency sounds are processed by the basal hair cells, 

and low frequency sounds are processed by the apical hair cells. 

1.3 Finite Element Models of the Human Ear 

 The FE modeling handles complex geometries by subdividing them into discrete 

finite elements. This mesh model is governed by a set of differential equations 

approximating the mechanics of the simulated system. FE analysis is well-suited to the 

middle ear and inner ear structures, and many studies have developed FE models of the 

human ear for a variety of applications. Several acoustic and blast wave transmission 

models were relevant to the development of the model detailed in this thesis. 

 
Figure 2. Cross-section view of the human cochlea with the OC enlarged. The OC is 

located in the SM, between the RM and BM, and is responsible for converting pressure 
waves in the cochlea into electrical signals sent into the CAS. 

(https://www.researchgate.net/figure/Cross-section-of-the-cochlea-with-enlarged-organ-
of-Corti-40_fig1_330111901) 
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1.3.1 Sound Transmission Through the Ear 

 Many 3D finite element (FE) models of the cochlea have been published in the 

literature for acoustic sound transmission14–21. Böhnke and Arnold14 published one of the 

earliest FE models of the 2-chambered cochlea to predict the basilar membrane 

displacement. The first FE model of the entire human ear including the external ear, middle 

ear with the cavity, and two-chamber straight cochlea for sound transmission from the ear 

canal to the cochlea was reported by Gan et al. (2007).22 This study built on the model 

described in Gan et al. (2004),23 which used 3D reconstruction technology based on 

histological section images of a human temporal bone (TB) to construct the geometry of 

the ear canal and middle ear tissues. Finally, an FE model of the human ear with a spiral-

shaped 3-chambered cochlea was published by Zhang and Gan16,17, shown in Fig. 3, and 

used in the study of hearing devices and energy absorbance in normal and disordered 

human ears. All of these FE models were used for the simulation of normal sound 

transmission through the ear at the frequency domain and could not predict the transient 

behavior of the ear. 

 
Figure 3. The FE model described by Zhang and Gan (2011). This model ran a 

frequency-domain analysis of acoustic pressure transmission and provides the structure of 
the cochlea used in later blast wave transmission models. 
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1.3.2 Blast Wave Transmission Through the Ear 

 Leckness et al.24 reported the first 3D FE model used to simulate the blast wave 

transmission through the ear, consisting of the ear canal, middle ear with the cavity, and 

cochlear load represented by a mass block-dashpot system. Using experimentally measured 

blast waveforms in human TBs, the results from this FE model reflected the pressures 

observed throughout the ear and the stress distribution within the TM which were 

comparable to measured pressures and TM damage examination in TBs. This model was 

the first transient FE analysis of blast wave transmission through the ear conducted using 

a coupled fluid-structure setup, and was subsequently applied to an analysis of the 

effectiveness of earplugs for attenuating BOPs.16 Following Leckness et al.’s FE model, 

the 3D FE model of the entire ear with 2-chambered straight cochlea was first developed 

by Brown et al. (2021)20 to predict the significant displacements of the TM, middle ear 

ossicles, and cochlear basilar membrane. Then, the straight cochlea model was improved 

to the 2-chambered spiral cochlea of two and a half turns described in Brown et al. (2022)21 

and shown in Fig. 4. The spiral shape of the cochlea caused an asymmetric pressure 

distribution across the width of the cochlea or the cochlea chambers and allowed for 

significant transverse motion of the BM. This model also assessed auditory injury markers 

using the FE model-derived results. 

 
Figure 4. The FE model of the human ear described in Brown et al. (2022). This model 

simulated blast wave transmission and utilized a 2-chambered cochlea with a BM, but no 
RM or SM. The intracochlear pressures were predicted with this model. 
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 These models confirmed that BOPs induced higher tissue displacements than 

normal sound exposure and reported that injury in the middle ear and cochlea were likely. 

The blast model were results validated against experimental blast tests,20,21,24 

demonstrating the success of coupled fluid-structure analyses for simulating transient, 

high-deformation biomechanical problems. However, the state of these blast models still 

leaves room for improvements to the anatomical accuracy of the cochlea and the addition 

of smaller structures such as the OC. 

1.3.3 Organ of Corti & Cochlear Hair Cells 

 The OC is important for the translation of pressure in the cochlea into nervous 

signals traveling into the central auditory system. Understanding the mechanics of the OC 

is key to determining the differences in OC behavior from the cochlear base to apex and 

determining the mechanisms through which inner ear injuries occur. Several FE models of 

the OC have been published.  

 Ramamoorthy et al.25 described the first 3D FE model of the OC that was 

incorporated into a straight, 2-chambered gerbil cochlea. The mechano-electro-acoustic 

model included the fluid in the cochlea and the piezoelectric behavior of the OHCs, and 

used a radial modal decomposition to improve the model’s computational efficiency. The 

OC structure was simplified and included the BM, OHCs, pillar cells, RL, TcM, and 

stereociliar hair bundles (HBs). This model was expanded in Meaud and Grosh,26 which 

added viscoelastic longitudinal coupling to the BM and TcM components. A detailed, 3D 

FE mechanical model of the OC was described in Zagadou et al. (2014).27 In addition to 

the inner and outer sensory hair cells, the model included more supporting cells of the OC 

than previous models and was used in an inverse analysis of the elastic material properties 



8 
 

of the OC components. In 2019, Sasmal and Grosh28 presented a more detailed OC model, 

displayed in Fig. 5, that they used to examine the effect of the SV and ST structure of the 

cochlea on the OC behavior. Their model supported the claim that the spatial variation 

along the length of  the cochlea influenced the high and low frequency tuning of the 

cochlea. 

 These models are excellent examples of the development and application of 3D FE 

models of the OC. However, some gaps in the literature on OC modeling are clear. No FE 

models predicting OC behavior during blast wave transmission have been published. 

Furthermore, the integration of OC models with cochlea models is limited to straight, 2-

chambered gerbil cochleae. An FE model of the human OC, paired with a spiral-shaped, 

3-chambered human cochlea, is needed to better understand the effect of blast wave 

transmission on the human inner ear. 

 
Figure 5. The unified cochlea-OC FE model reported in Sasmal and Grosh (2019). This 
model consisted of a simple 2-chambered gerbil cochlea (a) and a 5-row OC model (b) 
containing the OC’s membranes, sensory hair cells, and supporting cells. The models 

were unified to simulate low- and high-frequency hearing. 
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1.4 Objectives 

 In order to better understand and reliably predict hearing loss and injury in the 

human ear resulting from BOP exposure, improved and models of the human ear are 

required. 3D FE computational modeling is the best tool for simulating the 3D behavior of 

the middle and inner ear with geometry accurate to the ear’s anatomy. In order to advance 

the understanding of ear biomechanics during blast wave transmission, a multiscale FE 

model of the human ear was developed, consisting of a macroscale model of the human ear 

and a microscale model of the human OC. This model is the most comprehensive FE model 

of the ear, further improving the anatomy of the inner ear and integrating the OC, which 

will provide useful results for understanding how the behavior of the OC during blast leads 

to hearing loss. The FE model can also be used to predict the effectiveness of hearing 

protection devices (HPDs) or the likelihood of injury resulting from theoretical blast 

waveforms. The goal of this study is to further advance the understanding of auditory blast 

injury and provide a useful tool for predicting the likelihood of hearing loss. 
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Chapter 2: 3D Finite Element Analysis of Blast Wave Transmission 

through Human Ear Model 
 

2.1 Creation of the 3D Finite Element Model of Human Ear 

2.1.1 Macroscale Human Ear Model 

The 3D FE macroscale model of the human ear with a 3-chamber spiral cochlea 

was built based on the model reported by Brown et al.21 The model consists of the external 

ear canal, middle ear, and spiral cochlea. The middle ear includes the TM, which is 

connected by the manubrium to the three ossicles (malleus, incus, and stapes). The ossicles 

are connected together by the incudomalleolar joint (IMJ) and ISJ and suspended in middle 

ear cavity by ligaments and muscle tendons (C1 to C7). The spiral cochlea has two and a 

half turns and connects to the middle ear at the oval window through the SFP and stapedial 

annular ligament (SAL) and at the round window through the RWM as shown in Figs. 6(a) 

and 6(b). Figure 6(a) displays the posterior view of the model with the middle ear cavity 

partially transparent to show the ossicles and Fig. 6(b) is a magnified view of the 

connections between the middle ear and cochlea, showing the basilar membrane inside the 

cochlea. The P0 and P1 marked in Fig. 6(a) represent the locations where input pressure P0 

was applied to the model and the ear canal pressure P1 near the TM derived from the model, 

respectively. 

The spiral cochlea has three fluid-filled chambers: the SV, SM, and ST, separated 

by the RM and the BM as illustrated in Figs. 6(c) and 6(d). Figure 6(c) gives a transparent 

view of the cochlea with the connection to the SFP and RWM and marks the location of 

PSV, the point where SFP-adjacent cochlear pressure is measured. The BM and RM extend 

the full length of the cochlea’s spiral turns. The BM has a width that increases from 0.13 

mm to 0.50 mm and is flanked by a supporting bony lamina, while the RM width does not 
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vary significantly. The SV connects to the ST at the helicotrema, as shown in Fig. 6(c), 

while the SM is disconnected from the rest of the cochlear fluid. Fig. 6(d) provides a cross-

sectional view of the three chambers of the cochlea and clearly shows that the SM lies 

between the SV and ST. 

 All structural components including middle ear ossicles and soft tissues, the air in 

the ear canal and middle ear cavity, and the fluid inside the cochlea were meshed using 

Hypermesh software (Altair Engineering, Inc., Troy, MI), the same methods reported in 

previous FE models17,20–22,24. The BM and RM are composed of hexahedral elements, while 

the remaining structural components and fluids are made of tetrahedral and pyramidal 

elements. The structural and fluid models consist of 16,343 and 170,383 elements, 

respectively. 

 
Figure 6. The macroscale FE model of the human ear used in this study. (a) Posterior 

view of the full 3D FE model, including the ear canal, middle ear, and cochlea. P0 and P1 
mark the points where input pressure is applied and ear canal pressure is measured, 

respectively. (b) Magnified view of the cochlea showing the connections between the 
cochlea and middle ear cavity. PSV reports the SV pressure near the SFP. (c) Superior 

view of the 3-chambered cochlea showing internal chambers and membranes. (d) Cross-
sectional view of the cochlea. 
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2.1.2 Microscale OC Model 

 The 3D FE microscale model of the OC corresponds to the BM segment located 

16.75 mm from the base of the BM. The model, displayed in Fig. 7(a), consists of the BM, 

TcM, HBs, RL, OHCs, DCs, PhPs, HCs, IPCs, OPCs, IHCs, OSL, and the spiral ligament. 

The BM has an independent mesh, but is bonded to the OSL, IHC, IPC, OPC, DC, and HC 

components. The HBs span the TcM and RL, as displayed in Fig. 7(b). Each OHC 

component is connected to the RL and a DC element, with an associated HB and PhP. Each 

PhP links a DC to the RL. An individual “row” of the model consists of 3 OHCs arranged 

in a line, the associated DCs and HBs, and an OPC. The microscale model contains 5 OHC 

rows, as shown in Fig. 7(c), meaning that there are 15 HBs, 15 OHCs, 15 DCs, 15 PhP, 

and 5 OPCs. The radial and longitudinal directions used in the OC model are marked in 

Fig. 7(c) as well. 

 
Figure 7. The microscale FE model of the OC. (a) Front view of the OC model, with the 
membranes, sensory cells, and supporting cells labelled. (b) Magnified view of the HB 
components connecting the RL and TcM. (c) Side view of the OC model with the HC 

component hidden, displaying the 5 OHC rows. 
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 The position of the DCs, dimensions of cells and membranes, and sizes of other 

structures such as the tunnel of Corti (the space between the IPCs and OPCs) were derived 

from published OC models and histological studies. The dimensions of the model are 

detailed in Table 1. The model’s geometry was built in SolidWorks (Dassault Systèmes, 

Vélizy-Villacoublay, France), and imported into ANSYS Workbench (ANSYS, Inc., 

Canonsburg, PA). The mesh model was generated using ANSYS Mechanical. The BM 

mesh does not align with the other model components, so the connection between the BM 

and the rest of the model is maintained by a mutual bonded contact condition. The OC 

model contains 32 total components. The components were constructed using linear 

hexahedral elements, with the exceptions of the DCs, HC, and sections of the RL and TcM 

in contact with the HBs, which use tetrahedral elements. Using available tools in ANSYS 

Mechanical, the model was refined to minimize aspect ratio and element count. The 

structural model consists of 478,676 elements total, due to the mesh refinement needed to 

connect small components like the HBs with the relatively larger components such as the 

TcM. 
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Table 1. The dimensions of the microscale OC model. The table is organized into 3 
columns: the structural component of the model and its dimensions, the assigned value of 

the dimension in the FE model, and the article from which the value was taken. 
Structure FE model Source 
Basilar Membrane (BM)   
     Distance from Base (mm) 16.75 Macroscale human ear model 
     Width From macroscale model  
     Thickness From macroscale model  
     Length From macroscale model  
Tectorial Membrane (TcM)   
     Thickness (μm) ≈ 25 Assumed  
Hair Bundle (HB)   
     Diameter (μm) 0.4 Zagadou et al. (2014)27 
     Length (μm) 3.5 Wright (1984)29 
Reticular Lamina (RL)   
     Thickness (μm) 0.4 Zagadou et al. (2014)27 
     Angle of RL from BM 15.53° Meenderink et al. (2019)30 
Outer Hair Cell (OHC)   
     Diameter (μm) 4.5 Assumed 
     Angle of OHC to DC 30° Assumed based on Ramamoorthy et 

al. (2007)25 
Deiters’ Cell (DC)   
     Diameter (μm) 9 Assumed 
     Length (μm) 40 Kolston and Ashmore (1996)31 
     Distance between DCs (μm) 15 Assumed 
     Location of middle DC (width of BM)/2 Ramamoorthy et al. (2007)25 
Phalangeal Process of DC (PhP)   
     Diameter (μm) 2 Assumed 
     PhP span (length) (μm) 34 Assumed, based on Motallebzadeh 

et al. (2018)32 
Hensen’s Cell (HC)   
     Thickness (μm) 10-35 Assumed 
Inner Pillar Cell (IPC)   
     Diameter (μm) 3.4 Zetes et al. (2012),33 from image; 

Zagadou et al. (2014)27 
Outer Pillar Cell (OPC)   
     Diameter (μm) 2 Zetes et al. (2012),33 from image 
Tunnel of Corti (ToC)   
     Width (μm) 84.94 Meenderink et al. (2019)30 
     Height (μm) 46.89 Meenderink et al. (2019)30 
     Angle 77.07° Meenderink et al. (2019)30 
Inner Hair Cell (IHC)   
     Thickness (μm) 6-22 Assumed 
     Width (μm) 34.49  
Osseous Spiral Lamina (OSL)   
     Thickness (μm) 6-22 Assumed 
     Width (μm) 97.23 Assumed 

 

  



15 
 

2.2 Coupled Fluid-Structural Analysis in ANSYS 

The macroscale human ear mesh model was imported into ANSYS Workbench. A 

Fluent/Mechanical coupled fluid-structure-interaction analysis was set up using the System 

Coupling Service. The Mechanical module simulated the structural components, consisting 

of the ear canal, middle ear, and cochlear tissues, and the Fluent module modeled the fluid 

dynamics of the air in the ear canal and middle ear cavity and the fluid inside the cochlea.  

2.2.1 Material Properties 

 The ear canal skin was given material properties identical to those reported in 

Brown et al.,20 with a density of 1050 kg/m3, Young’s modulus of 0.42 MPa, and a 

Poisson’s ratio of 0.43. Material properties of the middle ear tissues were derived from 

experimental studies34,35 and published FE models17,22–24,36,37. Table 2 details the elastic 

material properties of the middle ear tissues. The standard linear viscoelastic model in the 

ANSYS material library was assigned to the TM, IMJ, ISJ, SAL, and RWM with the Prony 

shear relaxation modulus represented by Eq. [1]: 

  𝐺(𝑡) = 𝐺଴ ቂ𝛼ஶ
ீ + 𝛼ଵ

ீ𝑒ି௧ ఛ೔
ಸ⁄ ቃ [ 1 ] 

where 𝐺଴ is the relaxation modulus at 𝑡 = 0, 𝛼ஶ
ீ  is the relative long-term modulus, 𝛼ଵ

ீ  is 

the first-order relative modulus, and 𝜏௜
ீ  is the first-order relaxation time. The shear modulus 

applied to each material was derived from material properties previously published in 

Zhang and Gan17 and used in Leckness et al.24 The Young’s Modulus (𝐸) and Poisson’s 

ratio (𝑣) for the material were converted to the shear modulus (𝐺) using Eq. [2]: 

 𝐸 = 𝐺(1 + 𝑣) [ 2 ] 
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Table 2. The elastic material properties assigned to structures in the middle ear of the 
macroscale human ear model. All materials had a Poisson’s ratio of 0.3. 

Structure FE model Source 
Tympanic Membrane (TM)   
     Density (kg/m3) 1200 Gan et al. (2006)36 
     Young’s Modulus (N/m2)   
          Pars tensa 9.5E+7 Zhang and Gan (2013)17 
          Pars flaccida 2.3E+7 Zhang and Gan (2013)17 
          Tympanic annulus 6.0E+7 Zhang and Gan (2013)17 
Malleus   
     Density (avg) (kg/m3) 3600 Gan et al. (2006)36 
     Young’s Modulus (N/m2) 1.41E+10 Herrman & Liebowitz (1972)34 
Incus   
     Density (avg) (kg/m3) 3230 Gan et al. (2006)36 
     Young’s Modulus (N/m2) 1.41E+10 Herrman & Liebowitz (1972)34 
Stapes   
     Density (kg/m3) 2200 Kirikae (1960)35 
     Young’s Modulus (N/m2) 1.41E+10 Gan et al. (2004)23 
Stapedial Annular Ligament   
     Density (kg/m3) 1200 Gan et al. (2006)36 
     Young’s Modulus (N/m2) 1.28E+7 Zhang and Gan (2013)17 
Manubrium   
     Density (kg/m3) 1000 Sun et al. (2002)37 
     Young’s Modulus (N/m2) 4.7E+9 Sun et al. (2002)37 
Incudomalleolar Joint   
     Density (kg/m3) 3200 Sun et al. (2002)37 
     Young’s Modulus (N/m2) 2.4E+8 Zhang and Gan (2013)17 
Incudostapedial Joint   
     Density (kg/m3) 1200 Sun et al. (2002)37 
     Young’s Modulus (N/m2) 2.04E+7 Zhang and Gan (2013)17 
Middle Ear Suspensory Ligaments   
     C1   
          Young’s Modulus (N/m2) 4.9E+6 Gan et al. (2004)23 
     C2   
          Young’s Modulus (N/m2) 6.7E+6 Gan et al. (2004)23 
     C3   
          Young’s Modulus (N/m2) 6.5E+6 Gan et al. (2004)23 
     C4   
          Young’s Modulus (N/m2) 2.1E+7 Gan et al. (2004)23 
     C5   
          Young’s Modulus (N/m2) 5.2E+7 Gan et al. (2004)23 
     C7   
          Young’s Modulus (N/m2) 7.0E+7 Gan et al. (2004)23 
Round Window Membrane   
     Density (kg/m3) 1200 Gan et al. (2007)22  
     Young’s Modulus (N/m2) 4.0E+6 Zhang and Gan (2013)17 
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The material properties of the cochlear BM varied along the length of the BM. The 

mechanical properties of the RM remain understudied38 but are similar to those of the BM. 

The cochlear tissue properties are displayed in Table 3. The Fluent model had distinct 

material properties for the fluid components. The ear canal and middle ear air was specified 

as a compressible, ideal gas with a sea-level ambient pressure (101,325 Pa). The cochlear 

fluid was assigned an initial density of 998.2 kg/m3 and viscosity of 1.003 × 10-3 kg/(m∙s). 

2.2.2 Boundary Conditions 

The surfaces of the ear canal skin, TM annulus, suspensory ligaments, stapedial 

annular ligament, and RWM in contact with the bony wall of the ear were set to fixed 

boundaries in ANSYS Mechanical simulation. In the cochlea, the supporting bony lamina 

and the other bones in the cochlea were fully fixed. The edges of the BM and RM in contact 

with the bony wall were fixed as well. All the walls or solid surfaces contacting the fluid 

in the Fluent simulation were assigned the no-slip boundary condition. 

Table 3. The elastic material properties of the BM and RM in the cochlea. The first and 
last BM elements are described in order to demonstrate the variation of the BM material 

properties from the base to the apex of the cochlea. 
Structure FE model Source 
Basilar Membrane   
     First Element:   
          Width (μm) 130 Gan et al. (2007)22 
          Density (kg/m3) 1200 Gan et al. (2007)22 
          Young’s Modulus (N/m2) 5.0E+7 Gan et al. (2007)22 
          β Damping Factor 0.0002  
     Last Element:   
          Width (μm) 500 Gan et al. (2007)22 
          Density (kg/m3) 1200 Gan et al. (2007)22 
          Young’s Modulus (N/m2) 3.9375E+6 Gan et al. (2007)22 
          β Damping Factor 0.0009685  
Reissner’s Membrane   
     Density (kg/m3) 1200 Zhang and Gan (2011)16 
     Young’s Modulus (N/m2) 5.0E+7 Zhang and Gan (2011)16 
     β Damping Factor 0.001 Zhang and Gan (2011)16 
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Fluid-structure interaction (FSI) in ANSYS occurs on defined interface boundary 

conditions. These interfaces enable communication between the structural and fluid 

components for FE analysis. In this study, FSI boundary conditions were assigned to the 

inner wall of the ear canal skin, the ear canal and middle ear facing surfaces of the TM, the 

SFP surface in contact with the SV, the RWM surfaces in contact with the middle ear and 

cochlea, the RM surfaces facing the SV and SM, and the BM surfaces facing the SM and 

ST. With the exception of the RM boundary conditions, these FSI interfaces are identical 

to those assigned in Brown et al.21. 

2.2.3 System Coupling Analysis, Inputs and Outputs 

An experimentally recorded BOP waveform from human TB experiments with a 

peak pressure of 30.5 kPa (Fig. 8) was applied at the entrance of the ear canal as the P0 

shown in Fig. 6(a). The simulation was run for 4 ms, with a time-step size of 1 × 10-3 ms. 

Both Fluent and Mechanical modules were coupled together using the System Coupling 

Service to pass structural deformations calculated in Mechanical to Fluent and the fluid 

force (pressure) calculated in Fluent to Mechanical. Fluid domains were smoothed and re-

meshed during the simulation to sustain the mesh quality. 

 Mechanical outputs from the FE model included all the fluid pressures and 

structural deformations induced by the BOP or P0. In this study, the BOP transmission from 

the ear canal to cochlea was predicted as the ear canal pressure near the TM (P1) and the 

intracochlear pressure in SV (PSV) along 5 locations from the base to apex (e.g., 2.5, 5.5, 

11.75, 20.5, and 31.75 mm from the base. The model predicted the BOP-induced TM and 

SFP displacements and the BM movement from the base to apex. In addition, the model 

predicted the maximum strain and stress distributions of the TM and ISJ. 
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Figure 8. The experimentally recorded BOP waveform applied as input at P0 in the 

macroscale human ear FE model. The peak pressure is 30.5 kPa. 
 

2.3 Mechanical Analysis of Organ of Corti Model in ANSYS 

2.3.1 Material Properties 

 The components of the OC model were assigned linear elastic material properties, 

outlined in Table 4. The material properties were derived from material tests and other FE 

models in the published literature. The DC-assigned Young’s Modulus was approximated 

using the elastic rod model in Eq. [3], like the model in Zagadou et al. (2014)27: 

  𝐸 =
௞×௅

గோమ
 [ 3 ] 

where 𝑘 is the material stiffness, and 𝐿 and 𝑅 are the component length and radius. The 

Poisson’s ratio of all the materials were assumed to be 0.3. 
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Table 4. Linear elastic material properties assigned to structures in the microscale model 
of the OC. If Poisson’s ratio is not listed, it is assumed to be 0.3. 

Structure FE Model Value Source 
Basilar Membrane (BM)   
     Density (kg/m3) 1200 Gan et al. (2007)22 
     Young’s Modulus (N/m2) 1.72 × 107 Gan et al. (2007)22 
Tectorial Membrane (TcM)   
     Density (kg/m3) 1200 Zwislocki and Cefaratti (1989)39 
     Contacting Hair Cells   
          Young’s Modulus (N/m2) 1.10 × 105 Gueta et al. (2006)40 
     Main Body   
          Young’s Modulus (N/m2) 3.0 × 104 Gueta et al. (2006)40 
Hair Bundle (HB)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 8.6 × 107 Matsui et al. (2006)41 
Reticular Lamina (RL)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 1.0 × 105 Motallebzadeh et al. (2018)32 
Outer Hair Cell (OHC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 3700 Sugawara et al. (2002)42 
     Poisson’s Ratio 0.82 Spector et al. (1999),43 

isotropic model 
Deiters’ Cell (DC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 6.18 × 106 Elastic rod model, stiffness from 

Naidu and Mountain (2001)44; 
method from Zagadou et al. (2014)27 

     Poisson’s Ratio 0.499 Sugawara et al. (2004)45 
Phalangeal Process of DC (PhP)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 4.5 × 107 Laffon and Angelini (1996)46 
     Poisson’s Ratio 0.499 Assumed based on 

Sugawara et al. (2004)45 
Hensen’s Cell (HC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 690 Sugawara et al. (2004)45 
     Poisson’s Ratio 0.499 Sugawara et al. (2004)45 
Inner Pillar Cell (IPC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 2 × 109 Tolomeo and Holley (1997)47 
Outer Pillar Cell (OPC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 2 × 109 Tolomeo and Holley (1997)47 
Inner Hair Cell (IHC)   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 290 Sugawara et al. (2004)45 
Osseous Spiral Lamina   
     Density (kg/m3) 1200 Assumed 
     Young’s Modulus (N/m2) 8.6 × 107 Matsui et al. (2006)41 
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2.3.2 Boundary Conditions 

 The input into the model was applied as a displacement boundary condition on the 

BM face adjacent to the ST. Specifically, the BM displacement was applied on the 

centerline of the BM, in the location indicated in Fig. 9, and applied evenly in the 

longitudinal direction. This input location is directly underneath the middle DCs. The BM 

was connected to the OSL, IHC, IPC, OPC, DC, and HC components by a mutual bonded 

contact connection assigned in ANSYS. The side faces of the BM and walls of the OSL 

facing away from the OHCs were set as fixed boundaries. Additionally, given the potential 

for the elements in the TcM and RL to overlap with each other when BM displacement is 

sufficiently high, a frictionless contact condition was assigned to the TcM and RL walls 

facing each other to prevent simulation errors. 

 Given the lack of fluid components in this model, it was not necessary to set FSI 

interfaces. 

2.3.3 Structural Analysis, Inputs and Outputs 

 The microscale FE model of the OC was simulated using a multi-step static 

structural analysis in ANSYS Mechanical. The BM displacement 16.75 mm from the base 

of the BM was reported by the macroscale human ear model. The peak positive and 

negative displacements in the BM results, representing the BM motion into the SM and ST 

respectively, were applied to the bottom of the BM as input (Fig. 9). The Static Structural 

module solved each BM displacement case sequentially, in the order they occurred in the 

transient model.  

 The model outputs include the deformation of the OHCs, RL, and HBs, as well as 

the maximum principal strain of the OHCs and HBs. The principal strain measures the 
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strain normal to a body in all 3 dimensions and was selected because of its relevance in 

predicting tissue injury in other studies. This quantity measured the 3D change in length of 

the OHC and HB as a preliminary look at potential causes of injury to the OC. 

 The OHC and HB results were examined for radial and longitudinal variation in the 

OC behavior. In the radial direction, the OHC and HB positions were labelled as inner, 

middle, and outer (Fig. 10) based on their relative distance from the center of the cochlea’s 

spiral structure.  

 
Figure 9. The location where BM displacement was applied as input to the OC model, 

marked by the red arrow. The BM displacement was applied evenly along the 
longitudinal direction of the model. 

 

 
Figure 10. The radial distinctions between OHCs and HBs. The inner, middle, and outer 

positions are designated by the blue, red, and black colors respectively, based on their 
distance from the IHCs and the center of the cochlear spiral structure. 
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2.4 Results and Validation 

2.4.1 Experimental Measurement for Validation 

The methods used for collecting experimental pressures (e.g., P0 and P1) and 

movements of the TM and SFP during blast exposure were described in detail by Jiang et 

al. (2019)9 and Jiang et al. (2021).10 Recently, real-time measurements of the SFP motion 

and intracochlear pressure Psv in human TBs were conducted in our laboratory and 

reported by Bien et al.48 Briefly, a pressure sensor (Model 105C002, PCB Piezotronics, 

Depew, NY) was surgically inserted into the cochlea near the stapes to measure PSV and 

another pressure sensor (Model 105C02, PCB, Depew, NY) was inserted into the ear canal 

adjacent to the TM to measure P1 in a fresh human cadaver TB. The TB was then mounted 

to a “head block” and placed under the blast apparatus inside an anechoic chamber. The 3rd 

pressure sensor (Model 102B16, PCB, Depew, NY) was placed at the entrance of the ear 

canal to monitor P0, the input BOP which was generated by rupturing polycarbonate film(s) 

(McMaster-Carr, Atlanta, GA) using compressed nitrogen. Two laser Doppler vibrometers 

(LDVs) were used to measure the movements of the SFP and TB2. The LDVs, P1, and Psv 

signals were triggered by P0 and recorded simultaneously.48 The setup is from Jiang et al. 

(2021)10 is shown in Fig. 11. 
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Figure 11. The blast experimental setup used in Jiang et al. (2021). (a) Lasers aim at the 

TM and SFP of the human TB in the blast apparatus in order to measure their 
displacements during BOP exposure. (b) The LDVs outside of the blast chamber. 

 
The data acquisition system consisted of a cDAQ 7194, an A/D converter 9215 

(National Instruments Inc., Austin, TX), and an oscilloscope (MD04054-6, Tektronix, 

Beaverton, OR). The P0, Psv, and LDVs signals were directly acquired using the 

oscilloscope at a sampling rate of 1 MHz. The P1 was acquired by a desktop computer 

using a LabVIEW software package (NI Inc.) at a sampling rate of 100 kHz. All signals 

were synchronized, and the first positive peak of P0 was used as the trigger.  

 The FE model-derived pressure waveforms and displacements of the TM and SFP 

were compared to the experimental results recorded during blast tests. Three metrics for 

comparing the P1 and PSV pressures to experimental results were considered: peak pressure 

amplitude, ratio over P0, and waveform A-duration. The peak pressure of P1 and PSV 

indicates the intensity of the BOP near the TM and SFP, respectively. The P1/P0 ratio 

represents the ear canal pressure amplification function of the ear canal, and the PSV/P0 

ratio indicates the middle ear pressure amplification function. The A-duration is defined as 

the time duration of the positive component of the BOP waveform and was determined in 

this study by taking the time duration (in ms) between the waveform’s peak pressure and 



25 
 

the end of the initial positive pressure amplitude. The percentage error of these parameters 

was calculated to quantify the difference between the FE model-derived pressures and 

experimental values. 

 The TM and SFP displacements were compared to experimental results using 

several parameters. The peak TM displacement amplitude into the middle ear and the ratio 

of the peak-to-peak TM displacement (ΔD) over the P0 pressure (ΔD/P0), representing the 

middle ear transfer function, were used to validate the TM displacement. The peak SFP 

displacement amplitude into the cochlea and the initial peak-to-peak SFP displacement 

were used for comparison. Percent error was used to compare the model-derived and 

experimental values. 

2.4.2 Macroscale Human Ear Model Results 

 The pressures applied at the entrance of the ear canal (P0) and measured in the ear 

canal 2 mm away from the TM (P1) were plotted in Fig. 12(a). The P1 waveform predicted 

by the FE model was compared with experimental results in human TBs reported by Jiang 

et al. (2021)10 in Fig. 12(b). The P1/P0 peak pressure ratios were 2.0 and 1.9 for the 

modeling and blast test results, respectively, with a percent error of 3.2%. The A-durations 

of the P1 waveforms were 0.16 ms and 0.14 ms in the modeling and experimental results, 

respectively, yielding a higher percent error of 10.7%. Blast-generated air pressure delays 

with larger distances,49 explaining the difference in the A-duration.  
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Figure 12. The P1 pressure near the tympanic membrane in the ear canal predicted by the 

FE model. (a) The P0 pressure (black) compared with the model-derived P1 pressure 
(red), demonstrating the ear canal amplification. (b) The model-derived P1 pressure (red) 

compared to the P1 pressure resulting from equivalent BOP exposure in Jiang et al. 
(2021) (blue). 

 

 The pressure waveforms in cochlear SV, SM, and ST were plotted in Figs. 13(a) to 

13(e). Figure 13(f) shows the locations of the cochlear pressures (CP1 to CP5) located 2.5, 

5.5, 11.75, 20.5, and 31.75 mm from the base of the BM in all 3 chambers of the cochlea. 

All pressure signals decreased with time and reached a level below 7 kPa within 4 ms at 

all locations. The SV and SM pressure curves overlapped with each other at all 5 CPs, with 

the pressure magnitude in those chambers decreasing from the base to the apex. The ST 

pressure increased moving from the base to the apex, meaning that the pressure difference 

across the BM was lower closer to the cochlear apex. Greene et al.50 reported that for a 

mean field pressure around the skull of 31.19 kPa, the mean experimentally recorded SV 

and ST pressures were approximately 18.37 kPa and 17.34 kPa, respectively. This is 

consistent with the model-derived results from CP5, which report maximum SV and ST 

pressures of 19.04 kPa and 19.05 kPa, respectively. The modeling SV and ST pressures 

have a percent error of 3.65% and 9.86% compared with the experimental results. 
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Figure 13. The pressures in the SV, SM, and ST at various points distributed throughout 

the cochlea. CP1 (a), CP2 (b), CP3 (c), CP4 (d), and CP5 (e) are located 2.5, 5.5, 11.75, 
20.5, and 31.75 mm from the base of the cochlea, respectively. The SV, SM, and ST 
pressures are colored black, green, and red, respectively. The locations of all pressure 

monitor points are shown in (f). 
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 The PSV compared to P0 in Fig. 14(a) was the pressure measured in the SV behind 

the SFP (Fig. 6(c)) at the location where intracochlear pressure was measured by Bien et 

al.48 The model-derived PSV/P0 ratio was 4.0, 10.44% higher than the mean of the 

experimental PSV/P0, 3.64. The upper and lower bounds of the experimentally measured 

PSV results under the similar P0 input reported by Bien et al.48 are shown as a blue shaded 

region and compared with the modeling values in Fig. 14(b). The magnitudes of the model-

derived Psv are within the range established by Bien et al.48. 

 The displacement of the TM umbo is shown in Fig. 15(a). Positive TM 

displacement indicates the membrane is moving into the middle ear cavity. The maximum 

amplitude of the TM displacement was 321.6 μm at 0.17 ms, corresponding with the 

maximum P1 pressure like previous blast models.20 The SFP displacement obtained from 

the FE simulation is presented in Fig. 15(b), where the negative displacement indicates 

movement into the cochlea, and compared to the SFP displacement range published in 

Jiang et al.10 in Fig. 15(c). The majority of the SFP displacement reported by the 

macroscale model was within the range of experimental results. The model-predicted initial 

peak-to-peak SFP displacement was 67.9 μm. Jiang et al.10 reported a peak-to-peak SFP 

displacement of 68.7 μm, giving the modeling results a percent error of 1.19%.  
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Figure 14. The model-derived PSV pressure near the stapes footplate in the cochlea. (a) 

The P0 pressure (black) compared with the PSV results (red). (b) The model’s PSV 
pressure compared with the PSV range established by Bien et al. (2022) (shaded blue).  

 

 
Figure 15. The model-derived displacements of middle ear structures. (a) The model-
derived displacement of the TM umbo. Positive displacement indicates movement into 

the middle ear cavity. (b) The SFP displacement predicted by the model (black) 
compared with the range of experimentally recorded SFP displacements reported by 

Jiang et al. (2021) (blue shaded region).  
  

0 1 2 3 4
-100

-50

0

50

100

150

Time (ms)

P
re

s
s

u
re

 (
k

P
a)

P0

PSV

0 1 2 3 4
-200

-150

-100

-50

0

50

100

150

200

Time (ms)

P
re

s
s

u
re

 (
k

P
a)

FE Model

Experiment

a) b)
PSV Compared with P0 PSV Comparison



30 
 

 The model-predicted BM displacements are presented in Fig. 16. The BM 

displacements at 4.25, 10.50, 16.75, 23.00, and 29.25 mm from the base of the BM are 

displayed in Figs. 16(a-e), respectively, with positive displacement indicating movement 

into the SM. The locations where BM displacement was monitored in the model are shown 

in Fig. 16(f). The results clearly show the time-dependent transmission of pressure through 

the cochlea causing BM motion, as the peak BM displacement occurs later moving from 

the basal to apical BM locations. The predicted peak-to-peak BM displacement was highest 

in the middle-to-apical region of the BM, consistent with previous blast models.20,21 Like 

in Brown et al.,21 an increasingly negative trend in the BM displacement was observed 

moving from the base to the apex of the BM. In addition, the initial direction of BM 

movement was positive at the locations of 10.50, 23.00, 16.75, and 29.25 mm and the 

amplitude of the first positive peak increased from base to apex. 
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Figure 16. The model-derived displacements of the basilar membrane (BM) at the base, 
middle, and apex of the cochlea. The displacements at 4.25 mm (a), 10.5 mm (b), 16.75 
mm (c), 23.0 mm (d), and 29.25 mm (e) from the base of the BM (positive displacement 
is into the SV) are displayed, tuned to 11.8 kHz, 5.4 kHz, 2.5 kHz, 1.1 kHz, and 0.5 kHz, 

respectively. The locations of each BM displacement monitor are shown in (f). 
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2.4.3 Preliminary Structural OC Model Results 

 The peak displacements of the macroscale model-predicted BM displacement 16.75 

mm from the BM base in the 0 to 2 ms time range were extracted and applied as input to 

the microscale OC model. The sequential BM displacements for the static structural 

simulation are shown in Table 5. The peak BM displacement into the SM was 15.8 μm, 

while the peak BM displacement into the ST was 26.8 μm. The significantly higher ST 

displacement is consistent with the negative displacement trend observed in the macroscale 

BM displacements (Fig. 16c). With these inputs, the model successfully predicted the 

linear behavior of the OC during blast wave transmission and reported the displacements 

of the OHCs, RL, and HBs, and the maximum principal strains of the OHCs and HBs. 

Figures 17(a) and 17(b) show the full OC response at the maximum BM displacements, 

15.8 μm and -26.8 μm. As the figures indicate, the region of greatest movement was 

concentrated around the DCs, OHCs, RL, and the unfixed end of the TcM. The OSL, IHCs 

and outer region of the HCs showed the least displacement. The RL and TcM also moved 

much closer to each other during high BM displacement into the SM, but not into the ST. 

Table 5. The BM displacement values applied as input to the static structural simulation 
of the microscale OC model. The displacement at each solution step was taken from the 

model-derived BM peak results, as shown on the left. 

 

 

Step Input BM Displacement (μm) 

0 0 

1 8.73 

2 -26.8 

3 11.8 

4 -17.8 

5 15.8 

6 -11.0 

7 1.16 

8 -11.9 

9 -1.85 
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Figure 17. The behavior of the microscale OC model during blast transmission. The OC 
response during the BM’s maximum displacement into the SM and ST are shown in (a) 

and (b), respectively. As shown by the color bars on the left, blue corresponds to the 
lowest displacement while orange and red mark the highest displacement. 

 
 The displacement of the OHCs versus BM displacement amplitude is shown in Fig. 

18. Figure 18(a) shows the OHC displacement of the inner, middle, and outer OHCs. The 

OHC displacement displays a linear relationship with the BM displacement. The radial 

variation in these results is not substantial, with a maximum percent difference of 5.83% 

when the BM displacement is -26.8 μm. Notably, while the middle and outer OHC 

displacements align very closely, the inner OHC is more distinct, displaying a slightly 

lower displacement amplitude than the other OHCs. The longitudinal variation in OHC 

displacement, illustrated in Fig. 18(b), shows even less of a distinction between the OHC 

results. This is consistent with other modeling results that indicated longitudinal variation 

in the model was not significant. The radial variation in the OHC strains is shown in Fig. 

19. As expected, strain is higher when the BM displacement into the SM or ST is greater. 
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It is clear based on these results that the middle OHC has significantly less strain than the 

other OHCs, with a percent difference of 28.02%. This is the first example of the strain 

results showing greater differences between tissues in the radial direction than the 

displacement results. 

 The RL displacements at the maximum BM displacements into the SM and ST are 

shown in Figs. 20(a) and 20(b), respectively. The region of the RL connected to the OHC 

consistently displayed the highest displacement on the membrane, while the areas of the 

RL connected to the pillar cells and IHCs showed the lowest displacement. Despite the RL 

region around the OHCs showing the highest displacement, this region never contacted the 

TcM due to the presence of the HBs. 

 
Figure 18. The OHC displacement reported by the microscale model of the OC. (a) The 
displacement of the outer (black), middle (red), and inner (blue) OHCs, indicating radial 
variation in the results. (b) The displacement of the 1st(black), 3rd(green), and 5th (orange) 

rows of OHCs, indicating longitudinal variation in the model. The inner OHC 
displacement is plotted. 
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Figure 19. The OHC principal strain reported by the microscale model of the OC. The 

outer (black), middle (red), and inner (blue) OHC strains are plotted. 
 

 
Figure 20. The total RL displacement during blast wave transmission. (a) and (b) show 
the RL displacement when the BM displacement is 15.8 μm and -26.8 μm, respectively. 

The left color bars indicate the RL displacement amplitude. 
 
 The HBs during the maximum BM displacement into the SM and ST are shown in 

Figs. 21(a) and 20(b). As Fig. 21 demonstrates, depending on whether the BM 
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displacement is into the SM or ST, the HBs will bend inward or outward, respectively. 

Another pattern is also illustrated by this figure. As BM displacement amplitude increases 

in either direction, the HBs are moved to be increasingly parallel with the RL. The 

displacement and strain of the HBs versus the BM displacement is plotted in Figs. 22(a) 

and 22(b). Like the OHCs, the HB displacements have a linear relationship with BM 

displacement. The outer HB displays the strongest displacement amplitude, with the inner 

HB showing the lowest displacement. The maximum percent difference between the outer 

and inner HB displacements is 9.96%, greater than the percent difference between the 

radial OHC displacements. Looking at Fig. 22(b), the middle HB principal strain is 

significantly lower than the inner and outer HB strains, with a maximum percent difference 

of 36.27% when the BM displacement into the ST peaks. This is a significant difference, 

limited only to the middle HB, that does not follow the same pattern as the HB 

displacement variation. 

 
Figure 21. The total HB displacement during blast wave transmission. The HB 

displacements when the BM displacement is 15.8 μm and -26.8 μm are displayed in (a) 
and (b), respectively. 



37 
 

 
Figure 22. The HB behavior reported by the microscale OC model. The outer (black), 

middle (red), and inner (blue) HB data is plotted. (a) The HB displacements. (b) The HB 
strains. 

 
2.5 Discussion 

2.5.1 Advancement of Ear Biomechanics with the Spiral Cochlea FE Model 

 The human ear model described in Chapter 2 was validated by biomechanical 

measurements of the pressure in the ear canal (P1), displacements of the TM and SFP, and 

cochlear pressures (CP1-5, PSV). The pressure amplification of the ear canal, displacements 

of the middle ear, and pressure transmission through the cochlea were accurately simulated 

in the model based on comparisons with experimental results. It can be assumed that the 

development of the 3-chambered spiral cochlea model helped improve the accuracy of the 

model-derived results. 

 The influence of the inclusion of the RM and SM in the spiral cochlea on the 

cochlear biomechanics can be assessed by comparing the results of this model to the 2-

chambered spiral cochlea model in Brown et al. (2022),21 as the same input BOP waveform 

was used for both studies. Compared to Brown et al. (2022)’s results, the 3-chamber spiral 

cochlea model reported a higher maximum SFP displacement and decreased cochlear 

pressures. The SV pressures in Brown et al. (2022) reached up to 175 kPa, more than twice 
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the maximum SV pressure in the 3-chamber model shown in Fig. 13(a). Variation in the 

BM displacement compared to previous models is also due to the inclusion of the RM and 

SM. The decreased SV cross-sectional area may be responsible for the drop in pressure 

between the 2-chamber and 3-chamber cochlea models. For an incompressible fluid, 

decreasing the cross-sectional area increases the fluid velocity which inversely influences 

the fluid pressure. When the RM was added to the model, the SV area decreased, increasing 

the fluid velocity and decreasing the pressure in the SV and throughout the cochlea. This 

model used a compressible fluid to stabilize the simulation, so the relationship between the 

change in area and pressure increase is not linear, but it is likely the same principle applies 

in this case. It is reasonable to conclude that the presence of the RM and SM decreased the 

pressure in the cochlea by decreasing the cross-sectional area of the SV. 

 The RM is known to facilitate the transportation of sodium ions between the 

endolymph (the SM) and the perilymph (the SV and ST),51,52 have frequency-dependent 

vibrations in non-human mammals,53 and potentially play a role in producing otoacoustic 

emissions.38 For this biomechanical study, however, the RM appears primarily to passively 

transmit pressure from the SV to the SM. The results of Fig. 13 show a constant correlation 

between the pressure in both chambers (SV and SM), and the RM is a wide, thin, and 

flexible membrane capable of easily transmitting pressure. The existence of the SM did 

have a notable influence on BM displacement, allowing for the positive peak to develop 

moving toward the apex of the BM. The previously mentioned differences between the BM 

displacement results in the current model and the 2-chambered cochlea model in Brown et 

al. (2022) were caused by the presence of the SM and the changes in cochlear pressure. 

The FE model reported in this paper predicted more accurate results than previous models 
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because of the improvements to its cochlear anatomy, and provided insight into the 

influence of the RM and SM on cochlear biomechanics.  

2.5.2 Contribution of the OC model to multiscale modeling of the auditory system 

 In addition to the improved anatomy of the cochlea in the macroscale model, the 

most significant advancement of blast wave transmission FE models described in this 

chapter is the integration of the microscale model of the OC. Previous studies have modeled 

the inner ear during blast wave transmission20,21 or integrated an OC model with a 

macroscale cochlea model,26,28 but the integration of the microscale OC model with a 

macroscale model of the full human ear, used for a high deformation blast transmission 

analysis, is completely novel. The OC model was able to simulate the motion of the OHCs, 

RL, and HBs during blast transmission in a linear analysis, offering new insight into the 

behavior of the OC during blast wave transmission. This is a crucial step towards 

developing a more advanced multiscale model of the human ear that uses the macroscale 

cochlea’s BM displacements as input into the OC model.  

 Unfortunately, due to a lack of experimental data measuring the motion of OC 

tissues during BOP exposure and the limited nature of the structural analysis conducted in 

this study, the OC model’s preliminary results could not be verified. However, the 

predicted OHC and HB displacements and strains do have interesting implications for OC 

mechanics. The results do indicate a certain degree of radial variation in OHC and HB 

behavior, more pronounced in the HBs and in the strain results. Additionally, the 

differences were more significant when the BM displacement amplitude was greater. This 

indicates that the likelihood of injury to the somatosensory OHCs and HBs could vary 

depending on their position within the OC. 
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 It has been documented that inner ear injury caused by blast exposure is distinct 

from injury occurring due to prolonged noise exposure. While prolonged high noise 

exposure can lead to OHC death and the disappearance of stereociliary bundles, blast 

exposure typically results in the disruption of stereociliary bundles, typically the outer layer 

of stereocilia.54 Scanning electron microscope images of blast-exposed chinchilla ears, 

such as the image in Fig. 23, show the outer stereocilia, which connect to the TcM, “splayed 

out”.54 The FE model-predicted HB motion (Fig. 21) showed significant movement, with 

the HBs pushed against the RL. The preliminary results describing HB motion in the OC 

model may hint at the process by which the stereocilia connected to both the RL and TcM 

become disrupted and splayed out. 

 
Figure 23. Scanning electron microscope image of the stereocilia on the middle turn of 
the BM in the cochlea of a blast-exposed chinchilla’s left ear. The top row of HBs show 

the outer row of stereocilia splayed out. 
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2.6.3 Limitations and Future Study 

 The multi-layered, fiber-embedded microstructure of the TM will be incorporated 

in future updates of the macroscale model to investigate the mechanism and impact of the 

blast-induced structural damage to the TM.55 The complicated microstructure of the BM 

willals o be considered in the future development of this model. The human BM is a multi-

layered, non-isotropic membrane embedded with radial collagen fibers with thickness 

varied in the radial direction.56 The isotropic BM yielded much slower high-frequency roll 

off, which should be improved by considering the orthotropic microstructure of the BM.57 

Notably, the predicted BM displacement of the model has not been experimentally 

validated due to a lack of published experimental results. The development of a novel 

experimental setup to measure the motion of the BM during blast exposure would allow 

the accuracy of the modeling results to be confirmed. 

 In this study, only a single BOP waveform was applied as input to the model. Future 

modeling studies will apply multiple waveforms over time to simulate repeated blast 

exposure. This will enable a closer study of the mechanisms contributing to temporary 

threshold shifts due to blast exposure and permanent threshold shifts caused by multiple 

blasts. 

 The preliminary FE analysis performed using the microscale model of the OC was 

very basic. Future studies need to account for the viscoelastic properties of the TcM and 

BM,26 as well as other OC tissues. A time-domain analysis, using the full BM displacement 

reported by the macroscale model, must be conducted to better understand the behavior of 

the OC during blast. This will require more work on the structure and mesh of the model 

to avoid element distortion in a high deformation, transient analysis.  
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 The focus of the OC modeling study in this thesis was on the OHC behavior during 

blast wave transmission. Relative to the OHCs, the IHCs were neglected, as their behavior 

was not reported and they were represented as a single component. Due to the high 

displacement of the BM in the center of the membrane, where the OHCs are located, the 

OHCs are more strongly affected by blast exposure than the IHCs. In addition, the DPOAE 

signals measured following blast tests are a measure of OHC function, allowing for 

comparison between the experimental and modeling results. However, future studies may 

represent the IHCs as individual cells. Additionally, OC models 4.25 mm and 28.25 mm 

from the base of the BM will be developed in order to understand how the OC response to 

blast wave transmission varies along the length of the cochlea. 
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Chapter 3: Applications of the Human Ear Model 

 The FE model of the human ear was developed to simulate blast wave transmission 

from the external ear canal to the cochlea and predict the behavior of the OC and hair cells 

within the cochlea. The results of the model and the mesh model itself can be applied to 

multiple different studies, such as predicting the likelihood of hearing loss and evaluating 

the performance of HPDs. 

3.1 Auditory Injury Prediction 

 The likelihood of injury occurring in the middle or inner ear due to BOP exposure 

can be predicted using several established metrics. Published literature has established 

thresholds for TM strain,58,59 incudostapedial joint (ISJ) strain,60,61 TM displacement,9 and 

SFP displacement10 during blast wave transmission where injury to the middle ear tissue 

becomes likely. The military standard for predicting high-intensity noise and blast-induced 

hearing loss is the Auditory Hazard Assessment Algorithm for Humans (AHAAH). The 

AHAAH model relates hearing loss caused by noise and blast exposure in animal 

experiments to results in numerical animal models, and converts that data to human 

models.62,63 AHAAH is a one-dimensional lumped model, and expresses the likelihood of 

auditory injury is expressed as auditory risk units (ARUs)64. The model has been validated 

against military clinical studies62,64 and is a simple tool for end-users. Zagadou et al. 

(2016)65 proposed an expansion of the AHAAH model that predicts energy entering the 

cochlea as an indicator of likely hearing loss. Cochlear energy flux has been calculated 

using experimental results in some blast studies.48 The methods for predicting these injury 

indicators are compatible with the results that can be derived from FE mechanical models 

of the ear. 
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3.1.1 Strain Threshold Analysis 

 Published experimental and modeling studies have investigated the conditions 

necessary to rupture, tear, or otherwise injure tissues in the middle ear. The strains 

necessary to damage the TM and ISJ have been published in several papers. Because the 

FE model of the human ear predicts the strains of all structural components at all time 

points, the strains calculated by the model can be compared to strain thresholds in the 

literature. 

 The distributions of the strain and stress within the TM at the time when the 

maximum strain or stress appeared were plotted in Figs. 24(a) and 24(b), respectively. The 

maximum principal elastic strain reported on the TM was 0.23 at 0.15 ms, concentrated on 

the TM annulus approximately 3 mm inferior and anterior to the TM umbo. The maximum 

principal stress reached 14.2 MPa at 0.16 ms, concentrated on the TM umbo. Cheng et al.58 

reported the strain threshold for TM injury as approximately 0.23 ± 0.06. The TM strain 

reported for this model does not surpass this threshold, but a higher pressure BOP likely 

would, causing TM injury or rupture. 

 Figures 25(a) and 25(b) show the maximum distributions of stress and strain on 

the ISJ. The maximum principal elastic strain reported on the ISJ was 0.75 at 0.76 ms, and 

the maximum stress was 9.1 MPa at 0.39 ms. The ISJ reported a greater principal strain but 

lower stress than the TM. The static ISJ failure strain was determined by Zhang and Gan 

to be 1.04 ± 0.12.60 The ISJ strain reported by the macroscale model does not surpass this 

threshold, so using this standard, it would be predicted that the ISJ would not be injured to 

the exposure to a 30.5 kPa BOP. An alternate high strain rate failure threshold is 
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approximately 0.1, as established by Jiang61; using this criterion, the ISJ would be at risk 

of failure, and could contribute to the disruption of the ossicular chain. 

 
Figure 24. The strain and stress on the TM surface predicted by the model and used to 
predict the likelihood of TM rupture. (a) Maximum principal strain distribution on the 

TM surface. (b) Maximum stress distribution on the TM. 
 

 
Figure 25. The strain and stress on the ISJ predicted by the model and used to predict the 

likelihood of ISJ injury. (a) Maximum principal strain distribution on the ISJ. (b) 
Maximum stress distribution on the ISJ. 
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3.1.2 Auditory Risk Units 

 ARUs indicate the likelihood of auditory injury resulting from noise or blast 

exposure as predicted by the AHAAH model. AHAAH is a lumped-element model, but 

ARUs can be predicted using FE modeling as well. ARUs are calculated using Eq. [4]: 

 𝐴𝑅𝑈 = ∑(𝑑஻ெ)ଶ [ 4 ] 

where dBM is the displacement of the BM at a specific point on the membrane. 

 For the purposes of this study, ARUs were calculated at 23 locations along the 

length of the BM. The summation was carried out for 2 ms of data immediately following 

the BOP peak pressure, with the data normalized by time step size. The ARUs 

corresponding to the model-derived BM displacements are shown in Fig. 26. The 

maximum calculated ARU value is approximately 69,000, occurring 25.5 mm from the 

base of the BM. The highest ARUs are concentrated around the middle to apical region of 

the BM. This is consistent with the results reported in Brown et al. (2021).20 Based on this 

analysis, it would be expected that blast-induced injury would be more common in the 

middle to apical region of the cochlea within the inner ear. 
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Figure 26. Auditory risk units calculated based on the BM displacements predicted by 

the macroscale human ear model. The highest ARU values are concentrated in the middle 
to apical region of the BM. 

 
3.1.3 Energy Entering Cochlea 

 The energy entering the cochlea has been proposed as a potential indicator of 

cochlear injury after blast exposure.65 The energy entering the cochlea as a function of time 

was determined based on the reported velocity of the SFP and the pressure in the SV near 

the SFP. The flux of energy entering the cochlea was calculated with the following Eq. 

[5]65: 

 𝐸∗ = |𝑃௏(𝑡)𝑉ௌ(𝑡)| [ 5 ] 

where PV(t) was the SV pressure and VS(t) was the SFP velocity. 

 The total energy entering the cochlea can be calculated using the energy flux as 

explained by Eq. [6]: 

 𝐸 =  ∫ 𝐸∗𝐴 𝑑𝑡
்

଴
 [ 6 ] 

where A was the surface area of the SFP, t was the time, and T was the duration of time 

elapsed.  
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 Cochlear energy was calculated using both the results from the FE model and 

experimental measurements from blast tests.48 The SFP velocity calculated from the SFP 

displacement data and the PSV pressure were used to calculate the energy entering the 

cochlea in Fig. 27. Figure 27(a) displays the calculated energy flux at the SFP in the 

cochlea. The highest energy flux, 67 kJ/(m2*s), occurred at 0.34 ms, roughly corresponding 

to the point in time where the SFP had the highest velocity, moving back from the SV 

towards the middle ear cavity. The second-highest flux, 61 kJ/(m2*s), occurred at 0.14 ms, 

while the stapes footplate was pushing into the SV, and was close to the PSV peak. These 

points in time corresponded with the sharpest increases in energy entering the cochlea. The 

total energy entering the cochlea is illustrated by Fig. 27(b). During the 4 ms of blast 

transmission simulated in the macroscale ear model, 77.7 μJ of energy entered the cochlea 

via the movement of the SFP. 

 Bien et al.48 calculated the energy entering the cochlea based on experimental 

measurements of the SFP velocity and intracochlear pressure. Some of their reported 

experimental results induced a similar maximum energy flux, but unlike the modeling 

results, their results had one prominent peak instead of several intense peaks of short 

duration. This is attributable to the high fluctuations of the PSV pressure in the FE model. 

The total energy entering the cochlea over 4 ms following the blast was 61.9 μJ in the 

experimental results. This yields a percent error of 25.6% between the experimental and 

modeling cochlear energies. With more experimental results or changes to the model’s 

vestibular structure near the SFP, the model might be demonstrated to accurately predict 

the energy entering the cochlea following blast exposure. 
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Figure 27. The total energy entering the cochlea over time calculated based on model-

derived outputs. (a) The energy flux entering the cochlea is calculated as a function of the 
predicted SFP velocity and PSV pressure. (b) Total energy entering the cochlea over 

time, calculated as the integral of energy flux and SFP area over the 4 ms time domain. 
 

3.2 Earplugs & the Occlusion Effect 

 Previous blast models of the ear have been used to simulate the effect of earplugs 

on blast attenuation.66 In this way, the blast transmission FE model can be used to evaluate 

the effectiveness of earplugs in preventing blast-induced auditory injury. However, this 

method of simulating earplugs neglects the phenomenon known as the occlusion effect 

(OE). The OE is the amplification of low-frequency sound transmitted through the ear 

canal walls via bone conduction (BC) when the canal is occluded by objects like earplugs 

or other HPDs. BC sound is caused by the vibration of the temporal bone induced by 

atmospheric vibrations. When the temporal bone vibrates adjacent to the air in the ear canal, 

the air is compressed and expanded, generating a sound in the ear canal.67 The outer-ear 

pathway for BC hearing is negligible in an open ear canal, but in an occluded ear canal, 

BC sound eclipses air-conducted sound below 1 kHz,67 forming the basis of the OE.68,69 
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 HPDs are used to protect service members from noise-induced hearing loss and 

tinnitus, the most common disabilities diagnosed in military servicemembers and 

veterans.6,70 However, studies indicate that earplug use among active military 

servicemembers is very low.71,72 The low compliance in HPD use contributes to the high 

occurrence of hearing loss and tinnitus due to unprotected noise exposure among 

veterans.73,74 Discomfort caused by the OE may account in part for low HPD use; as such, 

it is important to investigate and understand this phenomenon. It is a novel effort to model 

the OE using this blast model. 

3.2.1 Finite Element Modeling 

Two new meshes for the earplugs and adjusted ear canal air were generated for this 

analysis. Three earplugs were examined during the study, shown in Fig. 2. A full earplug 

mesh was created based on the geometry of standard foam earplugs (Fig. 28(a)), consisting 

of 711 elements. This mesh was also used on the earplug made of an experimental 

nanoporous aerogel (NA) material designed by Dr. Hongbing Lu’s lab (Fig. 28(c)). To 

partially simulate the poroelastic behavior of the NA material, it was assigned material 

behavior using the Prony Shear Relaxation model described in Eq. [1]. This earplug fully 

occludes the ear canal entrance. An alternate earplug FE geometry based on silicone 

combat arms (CA) earplugs (Fig. 28(b)) was constructed out of 23,440 mesh elements. A 

cylindrical orifice of 2 mm in diameter runs through the earplug, and the earplug separates 

two EC air domains from the rest of the EC cavity. The earplug material properties are 

displayed in Table 6. The adjusted ear canal mesh was connected with the macroscale 

model’s middle ear and cochlea, displayed in Fig. 6. 
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Figure 28. The earplugs tested during the OE modeling study. The physical earplug and 

FE model of the classic foam earplug (a), CA earplug (b), and NA earplug (c) are 
displayed. 

 
Table 6. The material properties assigned to the earplug components. 

Structure FE Model 
Foam  
     Density (kg/m3) 230 
     Young’s Modulus (N/m2) 2.2 × 104 

     Poisson’s Ratio 0.1 
Silicone  
     Density (kg/m3) 1150 
     Young’s Modulus (N/m2) 1.5 × 106 
     Poisson’s Ratio 0.48 
Aerogel  
     Density (kg/m3) 370 
     Young’s Modulus (N/m2) 2.65 × 105 
     Poisson’s Ratio 0.48 

 
These models were imported into the ANSYS Workbench environment for 

analysis. Two separate simulations were set up for each earplug. A coupled acoustic-

structural simulation was created using ANSYS Mechanical to examine the response of the 

ear over a frequency range of 100 to 10000 Hz. 90 dB was applied uniformly on the ear 

canal entrance (P0). The EC, middle ear cavity and cochlear bony walls were set to 

impedance boundaries with a resistance of 1.5 × 105. The walls of the TM in the EC and 

middle ear, the OWM and RWM, the BM in the cochlea, and any earplug walls facing into 

the EC were all set to behave as FSIs. The P1 pressure was tracked in order to assess the 

influence of the OE. 
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BC stimulation was applied directly to the EC walls due to the lack of simulated 

tissues surrounding the EC in this model and for simplicity. A normal volume velocity was 

applied to the EC walls in simulations with BC stimulation. The amplitude of this velocity 

is 10-5 m/s, the same value used in Carillo et al.,69 though this model’s EC wall stimulation 

is simpler and does not account for velocity distribution along the wall. Fig. 29 shows the 

amplitude and location of the BC stimulation used during simulation. Simulations with and 

without BC stimulation were run. 

 
Figure 29. FE model of the human ear with a velocity boundary condition of 10-5 m/s 

applied normal to the bony ear canal wall to simulate BC hearing.  
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3.2.2 Results & Discussion 

 Figure 30 displays the calculated P1 pressure from the acoustic simulations. Fig. 

30(a) shows the P1 pressure when 90 dB is applied external to the EC entrance, with no BC 

stimulation at all. As illustrated, open ear pressure stays relatively steady at 0.64 Pa below 

1 kHz. The open ear P1 pressure shows two peaks, at 3 and 9 kHz. The P1 pressure with a 

foam earplug present has two peaks, at 0.17 and 0.5 kHz, where its pressure is greater than 

the open ear simulation. The CA plug shows a single peak at 0.8 kHz where it surpasses 

the open ear pressure. Finally, the NA earplug prevents the P1 pressure from being greater 

than P1 in the open ear but has relative peaks at 0.15 and 0.6 kHz. All earplugs caused a 

decrease in pressure after 1 kHz, ending in a relative peak between 9 and 10 kHz.  

 The addition of BC stimulation, produced by the normal 10-5 m/s velocity field on 

the EC wall, produced the P1 pressure results shown in Fig. 30(b). The open ear P1 pressure 

is negligibly affected by BC stimulation, and the CA P1 pressure is only minimally 

increased by BC stimulation. All earplugs induce a P1 pressure peak greater that the open 

ear canal pressure when below 1 kHz. The foam earplug shows peaks at 0.17 and 0.5 kHz, 

reaching 10.25 Pa and 3.56 Pa, respectively. The CA plug retains its peak at 0.8 kHz of 

approximately 9.47 Pa. Unlike the results in Fig. 29(a), with BC stimulation the aerogel 

earplug displays a major peak at 0.5 kHz of 6.74 Pa, respectively. After 1 kHz, the earplug-

affected results show a gradual decrease in pressure like in the results without BC 

stimulation. 
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Figure 30. The FE model’s predicted P1 pressure from the harmonic acoustic analysis for 
the open ear, foam, CA, and experimental NA earplugs. The P1 pressure when 90 dB of 

acoustic pressure is applied outside of the ear canal is without (a) and with (b) BC 
stimulation is presented. 

 
 Fig. 31 displays the SFP displacement amplitude in nanometers (nm) in the acoustic 

simulations with (Fig. 31(a)) and without (Fig. 31(b)) BC stimulation. Comparisons 

between both figures follow the same trends shown in Fig. 30. In addition, peaks in SFP 

displacement amplitude occur at the same frequencies as the pressure monitors, with the 

exception of the open ear’s peak at 3 kHz. Instead, the open ear shows an increase in SFP 

displacement amplitude between 1 and 4 kHz compared to the amplitude before 1 kHz. In 

the open ear, SFP displacement amplitude begins to significantly decrease after 4 kHz, 

while in the earplug cases SFP displacement decreases after 3 kHz. The CA SFP 

displacement peak at 0.8 kHz of approximately 70 nm is the greatest displacement 

amplitude shown, which is not equivalent to the pressure peak of the CA earplug, which 

was lower than the foam and NA earplug peaks. 
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Figure 31. The FE model’s predicted SFP from the harmonic acoustic analysis for the 

open ear, foam, CA, and experimental NA earplugs. The SFP displacement when 90 dB 
of acoustic pressure is applied outside of the ear canal is without (a) and with (b) BC 

stimulation is presented. 
 

 The results obtained from the computational model clearly demonstrate the OE 

when earplugs are inserted into the EC. In each model where earplugs occluded the EC, 

the pressure in the EC showed a significant increase. The OE dominates pressure levels 

below 1 kHz. When BC stimulation was applied to the model, each earplug case 

demonstrated a peak increase of approximately 20 dB, above the open ear case. This is a 

known indicator of the OE in the literature.67,68 The increase was greatest for the foam 

earplug, and lowest for the CA earplug. This likely reflects the presence of the central vent 

in the CA plug, which helps reduce some of the pressure buildup behind the earplug. The 

aerogel earplug demonstrated the greatest pressure attenuation effect of the three earplugs 

tested, but it also showed the greatest pressure increase when BC stimulation was applied.  

 Comparing these results to those of Brummund et al.,75 the foam earplug results 

closely approximate the same pattern of OE increase. The Brummund paper reported the 

maximum occluded EC pressure (and therefore the greatest pressure increase resulting 

from the OE) occurring at approximately 0.125 kHz, whereas for the foam earplug in this 
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study had its maximum pressure peak at approximately 0.17 kHz. Like that paper, the OE’s 

influence gradually diminished as frequency increased, and the phenomenon did not cause 

a pressure increase after 1 kHz. This study builds on these results by illuminating that 

different materials and earplug geometries influence the nature of the OE. The aerogel 

earplug, which shared the geometry of the foam earplug, showed its maximum pressure 

peak at 0.5 kHz, demonstrating that the material plays an important role in the 

manifestation of this phenomenon. The CA earplug’s maximum pressure peak was located 

at 0.8 kHz, which is likely influenced by its silicone material but may also be affected by 

the unique geometry of the earplug. It is notable that the order of peak pressure frequencies, 

from lowest to highest, corresponds with the order of the Young’s moduli from lowest to 

highest. A more detailed analysis of the effect of occluding material on the OE might 

further elucidate this relationship. 

 This is still a preliminary study, indicated by the instability of the results in Figs. 

30 and 31. Further work is needed to fully characterize the OE using FE modeling. The 

earplug materials, in particular the experimental NA earplug, need to be better described 

to fully account for their acoustic properties. In addition, experimental results measuring 

the pressure within the ear canal with earplugs inserted need to be obtained in order to 

verify the modeling results. In addition, deeper study into the vibration of the bony wall of 

the ear canal walls is needed in order to develop a better BC input. The vibration of the 

cartilaginous ear canal wall does not need to be measured, as the earplug seals the cartilage 

part of the canal, preventing it from influencing the air in the ear canal and thereby 

contributing to the OE. 
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Chapter 4: Conclusions 

4.1 Research Summary and Significance 

 This thesis details the creation, analysis, validation, and application of a multiscale 

FE model of the ear canal, middle ear, cochlea, OC, and cochlear hair cells for the purposes 

of simulating blast wave transmission through the ear. No other studies have developed a 

multiscale model unifying the cochlea and hair cell models while modeling blast wave 

transmission. The 3-chamber cochlea developed for this model was validated against 

experimental measurements and improved the accuracy of the model’s results. The OC 

model results, while still preliminary, provided some early insight into the behavior of the 

sensory hair cells in response to blast overpressure. 

 The spiral cochlea used in this FE model has 3-chambers due to the inclusion of the 

RM, mimicking the anatomy of the human cochlea. This led to a relative increase in the 

SFP displacement and decreased cochlear pressures, both of which were validated against 

measurements taken during blast tests. The indicates that the presence of the RM helped 

decrease the extremely high cochlear pressures observed in 2-chambered cochlea models. 

In addition, the role of the RM in cochlear biomechanics was observed to be the passive 

transmission of pressure from the SV to the SM. These validated results were then applied 

to the prediction of auditory injury, assessed using middle ear tissue strain thresholds, 

ARUs, and the energy entering the cochlea.  

 The cochlea’s BM displacement peaks at 16.75 mm from the BM base were applied 

as input to the OC model. The preliminary results obtained from this study could not be 

validated against experimental measurements. The results indicated radial variation in the 

behavior of OHCs and HBs, and the observed bending of the HBs between the TcM and 
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RL in the model results resembled the “splaying out” of the stereocilia connecting both 

membranes observed in SEM images of blast-exposed cochleae. 

 Given the immense difficulty of observing the behavior of the hair cells and OC 

during blast wave transmission through the human ear, FE modeling is uniquely suited to 

predict and analyze the behavior of the OC. The integration of the microscale model of the 

OC with the macroscale human ear model is an important step towards fully predicting the 

OC behavior during blast wave transmission. The multiscale FE model of the human ear 

represents major progress for blast models and the understanding of the biomechanics and 

micromechanics of the ear. 

4.2 Future Study 

 Several major improvements can be made to the multiscale model of the ear. 

Specifically, the microscale OC model will be run transiently, using the full BM 

displacement results predicted by the macroscale cochlea. Additionally, the documented 

viscoelastic material properties of some of the membranes and tissues composing the OC 

can be implemented into the model. Orthotropic material properties of components, 

including the TM and OHCs, can be applied to the model as well. 

 The OC behavior 16.75 mm from the base of the BM was simulated in this study. 

However, the BM displacement varies moving from the base to the apex of the cochlea. 

New models of the OC, corresponding to other locations of the BM such as the basal turn 

and apex, will be developed in order to observe the variation in OC behavior throughout 

the cochlea. 

 More experimental blast studies would help to further validate the model. 

Measurements of the BM displacement during blast wave transmission have not been 
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published, preventing the BM results from being validated at this time. It is an even more 

daunting task to measure OC motion during blast wave transmission, but doing so would 

enable the microscale model results to be confirmed as well. 

 The likelihood of injury to the ear induced by blast wave transmission was predicted 

using the maximum strains of the TM and ISJ, ARUs, and the energy entering the cochlea. 

More metrics indicating potential auditory injury should be explored and examined using 

the results reported by the FE model. In particular, given that the displacement and strain 

of the cochlear hair cells and HBs can be predicted using the OC model, the relationship 

between these measurements and sensorineural hearing loss should be established in order 

to better use the FE model to predict hearing loss. Additionally, studies assessing the 

quality of earplugs and other HPDs can make use of the capabilities of the FE model. More 

improvements to the modeling of the OE, including the BC stimulation input, earplug 

material properties, and measurement of the inner ear behavior when earplugs are used are 

necessary. Experimental measurements of the ear canal pressure and middle ear tissue 

displacements would enable the validation of the model’s results and help the model be 

more reliably applied to the development of improved HPDs. 
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Appendix 

Appendix 1. List of Abbreviations 

3D: three dimensional 
AHAAH: auditory hazard assessment algorithm for humans 
ARU: auditory risk unit 
BM: basilar membrane 
BC: bone conduction 
BOP: blast overpressure 
CA: combat arms 
CAS: central auditory system 
CP: cochlear pressure 
DC: Dieters’ cell 
FE: finite element 
FSI: fluid-structure interaction 
HB: hair bundle 
HC: Hensen’s cell 
HPD: hearing protection device 
IHC: inner hair cell 
IPC: inner pillar cell 
LDV: laser Doppler vibrometer 
OC: organ of Corti 
OE: occlusion effect 
OHC: outer hair cell 
OPC: outer pillar cell 
OSL: osseous spiral lamina 
OWM: oval window membrane 
PAS: peripheral auditory system 
PhP: phalangeal process 
RL: reticular lamina 
RM: Reissner’s membrane 
RWM: round window membrane 
SFP: stapes footplate 
SM: scala media 
ST: scala tympani 
SV: scala vestibuli 
TB: temporal bone 
TM: tympanic membrane 
TcM: tectorial membrane 

 


