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1. INTRODUCTION

The objectives of this research project are to determine middle ear protective mechanisms 

in the conductive path of impulse noise or blast wave into cochlea and to develop the finite element 

model of the human ear for simulating blast injury and assisting the design and evaluation of 

personal hearing protection devices. To our knowledge this state-of-the-art approach has not been 

experimentally applied to evaluating the mechanical basis for middle and inner ear damage 

relevant to high intensity sound or blast exposure. Our long-term goal is to understand ear 

biomechanics in response to blast overpressure and impulse noise and to provide the prevention 

mechanism of acoustic injury for development of effective hearing protection devices. To reach 

the objectives and long-term goal, we have a series of tasks under three specific aims to test our 

general hypothesis: the biomechanical response of the middle ear and inner ear (or cochlea) to 

impulse noise or blast exposure can be characterized in our 3D comprehensive finite element 

model of the human ear.   

2. KEYWORDS

Blast overpressure transmission, ear biomechanics, tympanic membrane rupture, middle ear 

muscle reflex, finite element modeling of human ear, hearing protection devices 

3. ACCOMPLISHMENTS

● What were the major goals of the project?

The project has three specific aims with 7 tasks as listed below. 

Aim 1: To quantify middle ear injury in relation to blast overpressure (BOP) level and impulse 

wave direction using human cadaver ears or temporal bones. 

Task 1-1. To identify blast-induced damage of the tympanic membrane and middle ear ossicles 

when the ear is exposed to different blast overpressure levels at several incident wave directions. 

Task 1-2. To characterize the transfer functions of the ear canal and middle ear in response to 

impulse sound or blast overpressure applied at the ear canal entrance. 

Aim 2: To identify middle ear protection mechanisms using the chinchilla model and the dynamic 

properties of ear tissues. 

Task 2-1. To detect the middle ear muscle reflex in awake chinchillas during the blast exposure.  

Task 2-2. To identify changes of mechanical properties of middle ear tissues after high impulse 

noise/blast exposure in human temporal bones. 

Aim 3: To continue the development of our 3-dimensional (3D) finite element (FE) model of the 

human ear with militarily relevant applications. 

Task 3-1. To improve the current 3D FE model of the human ear by including middle ear 

nonlinearities.  

Task 3-2. To develop the active FE model of the ear associated with middle ear muscle functions. 
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Task 3-3. To provide prevention mechanisms of acoustic injury for personal hearing protection 

devices (HPDs, passive and active) by using our 3D FE model of the human ear. 

● What was accomplished under these goals?

(1) Major activities:

Aim 1: 

1) Developing the “head block” mounted with human cadaveric ear or temporal bone (TB) to

measure blast pressure transmission from the ear canal into the middle ear and cochlea;

2) Conducting blast tests at three incident wave directions with respect to the head block: from

the top of the head - the vertical setup, from lateral to the ear – horizontal setup, and from

the front of the face - the front setup;

3) Performing the impulse pressure energy spectra analysis of the waveforms at the ear canal

entrance (P0), near the tympanic membrane in the canal (P1), and inside the middle ear

cavity (P2) recorded from blast tests at three blast wave directions;

4) Conducting the front tests of HPDs: the military earplugs (Combat Arms and battle

earplugs), standard foam earplug, and Lyric hearing aid/earplug in human cadaver ears;

5) Performing multiple blast tests in human TBs to identify the changes of tympanic

membrane (TM) surface vibration behavior and TM microstructure and to prepare ear

tissues for mechanical testing in Aim 2;

6) Developing new methodology with two laser Doppler vibrometers (LDVs) to measure the

movement of the TM and earplug (e.g. Lyric earplug) during blast exposure;

7) Extending new methodology with dual LDVs to measure the movement of stapes footplate

in human cadaver ears with and without earplug during blast exposure;

8) Performing blast tests in 3D printed TB to verify the printed TB can be used for

standardized testing of HPDs to blast exposure;

9) Conducting data analyses of the completed experiments in human TBs and preparing

journal manuscripts.

Aim 2: 

1) Developing surgical procedure to access the stapedius muscle, insert the electrode into the

muscle, and design the animal holder used in blast testing chamber;

2) Conducting electromyography (EMG) measurements in chinchillas during acoustic

stimulation and blast exposure and determining the threshold and latency of the recorded

EMG signals of the stapedius muscle;

3) Detecting the effect of high intensity noise exposure on middle ear muscle reflex (MEMR)

in chinchillas;

4) Determining the TM rupture threshold under the open and shielded conditions or different

waveforms in chinchillas;

5) Identifying the hearing damage (auditory brainstem response (ABR) threshold and

distortion product otoacoustic emission (DPOAE) level changes) and central auditory

system damage (immunohistochemistry study) in chinchillas after repetitive blast exposure

at the mild BOP or mild traumatic brain injury (mTBI), named as G2 level, and observed

over the time course;

6) Identifying the hearing damage (ABR threshold and DPOAE level changes) and the central

auditory injury (middle latency response (MLR)) in chinchillas after repetitive blast
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exposure at the low BOP (below mTBI), named as G1 level, and observed over the time 

course; 

7) Conducting scanning electron microscopy (SEM) imaging of the chinchilla and human

TMs and SEM imaging of chinchilla hair cells or stereocilia before and after blast exposure;

8) Measuring mechanical properties of human and chinchilla TM samples after blast exposure

using a series of dynamic and quasi-static mechanical testing methodologies: the acoustic

loading with LDV measurement over the frequency domain, the split Hopkinson tension

bar (SHTB) for measurement at high strain rate, the micro-fringe protection technique, and

surface 3D digital image correlation (DIC) technique;

9) Conducting a novel study in chinchillas using 3D printed chinchilla “helmet” as a head

protection device associated with the HPDs (e.g. earplugs) to investigate the blast-induced

damage in the peripheral auditory system (PAS) and central auditory system (CAS) and

the protective functions of the HPD and helmet;

10) Conducting data analyses of the animal experiments and mechanical property tests of ear

tissues and preparing journal manuscripts.

Aim 3: 

1) Developing the 3D FE model of the human ear including the external ear, TM, middle ear,

middle ear cavity, and cochlear load within the ANSYS Workbench and conducting the FE

analyses on blast pressure transmission through the ear using two strongly coupled Fluid-

Structure Interactions (FSIs) as calculated by Fluent and ANSYS Mechanical;

2) Validating the FE model by comparing the model derived P1 and P2 waveforms with the

experimentally recorded waveforms in human cadaver ears or TBs during blast tests;

3) Utilizing the FE model to predict the mechanism of TM rupture in relation to blast wave

direction with respect to the head;

4) Simulating the earplugs in human FE model to predict their protective function to the blast

overpressure;

5) Including the uncoiled cochlea to the FE model of the human ear to simulate the BOP

transmission from the ear canal to the cochlea – the first FE model of entire human ear for

computing blast wave transduction;

6) Improving the FE model of the entire human ear with the simulation of middle ear muscle

active function (stapedius muscle);

7) Developing the comprehensive FE model of the entire ear by including the spiral cochlea

– the final goal for FE modeling of human ear biomechanics in response to blast exposure

8) Developing the 3D FE model of the chinchilla ear, including the ear canal, middle ear,

bulla, and spiral cochlea, which can serve as a tool for correlating animal hearing test

results to the humans;

9) Utilizing the 3D printing system (Object350, Stratasys) to provide the 3D printed human

ear model or TB for standardized testing of HPDs to blast exposure;

10) Participating in the DoD BIPSR Process of Candidate Standard Champion for our FE

model on the “Biomechanical Modeling and Measurement of Blast Injury” and preparing

journal manuscripts.

(2) Specific objectives:

Aim 1: 
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• Investigate the BOP wave transduction from the environment through the ear canal into the

middle ear and cochlea and quantify the TM or middle ear injury in relation to BOP level

and blast wave direction;

• Evaluate the HPDs (e.g. earplugs) in human cadaveric ears by determining the attenuation

of blast pressure reaching the TM and the reduction of middle ear ossicular chain (e.g.

stapes) movement;

• Develop new technologies to measure blast-induced movements of the TM and middle ear

ossicles, particularly the stapes footplate, the primary source causing the hair cells’ damage

or sensorineural hearing loss.

Aim 2: 

• Complete the EMG measurement of middle ear muscle reflex induced by acoustic

stimulation and blast overpressure in chinchillas and investigate the effect of pre-noise

exposure (130 dB) on EMG signals of the stapedius muscle reflex;

• Determine hearing damage in relation to the number of blast exposures and the intensity of

BOP over the recovery time course with the assessment of the PAS and CAS injuries;

• Evaluate the protective function of HPDs (e.g. earplugs) for repeated exposures at low BOP

or mild TBI level;

• Conduct a novel study on prevention of blast-induced auditory injury using the helmet and

earplugs in animal model of chinchilla;

• Determine blast-induced microstructure and mechanical property changes of the TM and

middle ear tissues and develop new techniques for measuring dynamic properties of ear

tissues.

Aim 3: 

• Develop the 3D FE model of the human ear with cochlear load which can be used for

predicting the middle ear injuries to BOP waves and evaluating the design and protective

function for HPDs;

• Develop the 3D FE model of the human ear with uncoiled cochlea for simulating BOP

wave transmission from the ear canal through the middle ear to the cochlea and predicting

the cochlear function changes and middle ear muscle contraction;

• Improve the 3D FE model of the entire human ear with spiral cochlea of three fluid

chambers separated by the basilar membrane (BM) and Reissner’s membrane (RM);

• Improve the 3D FE model of chinchilla ear or bulla with spiral cochlea for simulating blast

wave transmission from the ear canal to cochlea and blast-induced hearing damage in the

PAS;

• Develop the 3D printed physical model of the human ear or temporal bone for assessing

HPDs’ design and protection mechanisms to blast waves.

(3) Significant results or key outcomes:

Aim 1: 

(1-1) Development of new methodologies to measure blast overpressure transmission 

through the human ear from the entrance of the ear canal (P0) to near the TM in the 

canal (P1) and inside the middle ear cavity (P2) under three blast wave directions 

with respect to the head 
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A “head block” attached with human cadaver ear or temporal bone and mounted with two 

pressure sensors, one near the TM in the ear canal and one inside the middle ear cavity, was 

developed in our lab to measure the transfer functions of the ear canal and middle ear in response 

to blast overpressure. In addition to two pressure sensors inside the ear, the third sensor is placed 

at the entrance of the ear canal (Fig. 1A). The three pressure sensors are simultaneously monitoring 

the blast pressure at the entrance of the ear canal (P0), near the TM in the canal (P1), and behind 

the TM in the middle ear (P2) as shown in Fig. 1B. A compressed nitrogen-driven blast apparatus 

was utilized to produce blast overpressure by rupturing a polycarbonate film.   

(A)  (B) 
Figure 1. (A) Picture of experimental setup with the head block along the vertical blast wave direction inside the test chamber (Gan 

et al., 2019B); (B) Schematic of simultaneously measuring blast overpressure transduction through the ear with three pressure 

sensors (Gan et al., 2018A). 

The “head block” was exposed to open-field blast inside an anechoic test chamber along three 

directions: the vertical, horizontal, and front with respect to the head as shown in Fig. 2. Blast 

overpressure waveforms were recorded at the ear canal entrance (P0), near the TM (P1), and inside 

the middle ear (P2).  Thirteen to fourteen human cadaver ears were tested in each wave direction 

and the TM rupture thresholds were identified. Results were published in Military Medicine, Vol. 

183 (Gan et al., 2018A) and are reported here in Figs. 3-5. 

Figure 2. Schematic of three blast wave directions with respect to the head and the pictures of experimental setup with the head 

block along the vertical, horizontal, and front wave directions inside the test chamber. The blue arrow in each picture shows blast 

wave origination for the vertical, horizontal, and front setup test, respectively (Gan et al. 2018A).  
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Figure 3. Overpressure waveforms of P0 (black), P1 (red), and P2 (green) recorded from three cadaver ears or temporal bones 

under the vertical (V, left), horizontal (H, medium), and front (F, right) tests. TB15-13L, TB15-21L, and TB15-36R represent the 

TB samples.    

Figure 4. Otoscopic pictures of human TMs ruptured after blast exposure. (A) Vertical test, left ear, TM ruptured in the superior-

posterior region; (B) horizontal tests, left ear, TM ruptured in the inferior side; (C) front test, right ear, TM ruptured in the superior-

posterior region. 

(A)  (B) 

Figure 5. Comparison of normalized energy flux over 10 octave bands from below 125 Hz to above 16 kHz between the waveforms 

recorded in vertical, horizontal, and front tests. (A) Mean and standard deviation (SD) of energy flux for P0 waveforms; (B) mean 

and SD of energy flux for P1 waveforms.  

Results indicated that blast wave direction affected the peak P1/P0 ratio, TM rupture threshold, 

and energy flux distribution over frequencies. The front wave resulted in lowest TM rupture 
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threshold and the horizontal wave resulted in highest P1/P0 ratio. To investigate the mechanisms 

of TM injury in relation to blast wave direction, we have employed the 3D FE model of the human 

ear to simulate the BOP transmission through the ear which are reported under Aim 3.    

(1-2) Evaluation of various HPDs (military earplugs and other earplugs) in human cadaver 

ears to determine HPDs’ protective function against blast exposure 

Hearing damage induced by blast exposure is a common injury in military personnel involved 

in most operation activities. Personal hearing protection devices such as earplugs come as a 

standard issue for Service members; however, it is not clear how to accurately evaluate the 

protection mechanisms of different HPDs for BOP. We have used the head block to characterize 

earplugs (EPs) protective function to BOP as the attenuation of P1, the blast pressure reaching to 

the eardrum or TM. Different earplugs including two types of military EPs: Combat Arms earplug 

(CAE) and Battle Plug, the standard foam EP, and the Lyric hearing aid or EP were inserted into 

the cadaver ear and then assembled to the head block inside the blast chamber as shown in Fig. 6. 

This study resulted in a journal article published in Military Medicine, Vol. 184 (Gan et al., 2019B). 

Figure 6. Pictures of the experimental setup with earplug in human cadaver ear attached to the head block in front setup (blast wave 

from the front of the face). (A) Combat Arms, (B) Battle Plug, (C) Foam, (D) Lyric earplug, (E) entire head block attached with 

the human ear inside the blast chamber. Note that the yellow taped pole was the P0 pressure sensor and the reflective tape pointed 

on the Lyric earplug was used for laser measurement of Lyric’s movement under blast exposure, which is not included in this paper 

(Gan et al., 2019B).   
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Figure 7A displays the P1 waveforms recorded from ears without earplugs and ears with 

different earplugs or attenuation settings, including the Battle plugs, CAE, foam, and Lyric. The 

waveform variation indicates the different effects of earplugs on the pressure wave reaching to the 

TM in the canal. Figures 7B and 7C illustrate the comparison of impulse energy fluxes of P1 waves 

over 10 octave frequency bands obtained from seven ear cases in bar curves and in line curves, 

respectively. The P1 energy distribution over octave bands was altered when the earplug was 

placed in the ear canal. Table 1 lists the mean and standard deviation of experimental data obtained 

from human cadaver ears with 6 earplug cases, including the peak values of P0, P1, and P0-P1 in 

ears with earplug, the peak P1 and the ratio of P1/P0 in ears without earplug, and the P1 reduction 

induced by the earplug. This is the first time of using cadaver ears to evaluate HPDs’ function 

indicating that different earplugs showed variations in pressure waveforms transmitted to the 

eardrum, which determine the protection level of earplugs.  

Figure 7. (A) Comparison of P1 waveforms measured from the ear without earplug and the ears with earplugs: Battle plug at max 

and min settings, Combat Arms at max and min settings, foam earplug, and Lyric earplug.  (B) Normalized P1 wave energy flux 

distribution over 10 octave bands from below 125 Hz to above 16 kHz in bar curves. (C) Normalized P1 wave energy flux 

distribution over 10 octave bands from below 125 Hz to above 16 kHz in line curves (Gan et al., 2019B) 
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we have also employed the 3D FE model of the human ear to simulate the earplugs inside the 

ear canal to predict the EP protective function to the BOP, which are reported under Aim 3.    

(1-3) 3D printed human ear or temporal bone for standardized testing of HPDs to blast 

exposure 

Due to the technology’s versatility and relatively inexpensive manufacturing cost, 3D printing 

technology provides an intriguing tool for customized solutions for otolaryngology applications. 

We have utilized 3D printing’s versatility to create a human TB model that reproduces the 

responses observed in blast testing of human TBs with and without HPDs. The 3D printed TB 

model was created based on our published human ear FE model (Fig. 8a) consisting of the ear 

canal, TM, middle ear, and cochlea load. Figure 8b displays a sectional view of the CAD model 

of 3D printed TB showing how the human ear model was encased in the outer TB structure. A 

Stratasys Objet350 3D printer supported by the DURIP award from the US Army Research Office 

was used to print the ear’s soft and hard tissues with flexible and rigid polymers, respectively.  

Figure 8. (a) FE model of the human ear with the ear canal, middle ear, and cochlear load (Gan et al., 2004). (b) Sectional view of 

the assembled CAD model showing the enclosed ear canal and middle ear tissues (Brown et al., 2020A). 

An assembled CAD model of the 3D printed TB is shown in Fig. 9. The outer ear portion 

contained most of the ear canal and was designed to attach to the “head block” used in blast 

exposure tests (Fig. 9a), and the middle ear portion contained the TM, ossicular chain with joints 
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and suspensory ligaments, as well as ports for measuring the air pressure near the TM (P1) and in 

the middle ear cavity (P2) and allowing access to the stapes footplate (Fig. 9b). The 3D printed TB 

was printed as two main sections: outer and middle ear (Fig. 9c), and the cavity seals (Figs. 9b and 

9c) were initially printed separately from the middle ear portion to facilitate cleaning of the support 

material within the middle ear cavity then fastened to the middle ear portion to enclose the middle 

ear cavity. 

Figure 9. (a) Lateral view of the CAD model of the 3D printed TB highlighting the ear canal entrance. The model’s shape was 

designed to mount into the head block for blast exposure tests. (b) Medial view of the CAD model of the 3D printed TB. The 

pressure ports to the ear canal near the TM (P1) and middle ear cavity (P2) are shown where pressure sensors are threaded for 

measurements. A port for access to the stapes footplate for future studies is also shown. (c) Exploded view of the 3D printed TB’s 

CAD model showing the parts to be printed separately: outer ear, middle ear, and cavity seals. 

Blast exposure tests in 3D printed TB were performed similar to the HPD characterization in 

human TBs tests performed by Gan et al. (2019B). The 3D printed TB was exposed to blast while 

fixed to the “head block” in an anechoic chamber with a blast apparatus designed for open-field 

blasts (Figs. 10a and 10b) at the BOP level of 6 – 8 psi. Figure 10c illustrates where pressures were 

monitored: P0, at the entrance of the ear canal, and P1, in the ear canal near the TM. Either a 3M 

foam earplug (3M Co., St. Paul, MN) or Lyric hearing aid (Phonak, LLC, Warrenville, IL) was 

used to as HPDs during BOP exposure as shown in Fig. 10d left and Fig. 10d right, respectively).  

Figure 11 displays the measured pressures during BOP exposure for the human and 3D printed 

TBs with earplugs equipped.  The P0 and P1 pressures recorded while the 3D printed TB had either 

the foam or Lyric earplug inserted into the ear canal can be seen in 11a, and 11b plots the similar 

data for that in a human TB sample. Results indicated that in the 3D printed TB, the attenuated 

peak pressures at P1 induced by HPDs ranged from 0.92 – 1.06 psi (170 – 171 dB) with blast peak 

pressures of 5.62 – 6.54 psi (186 – 187 dB) at P0 which were well within the mean and standard 

deviation of published data from tests in human TBs. The developed 3D printed TB model 

accurately evaluated HPDs’ protective function during blast and potentially performed as a TB 

model for research in ear biomechanics for acoustic transmission. Details of 3D printed human ear 

model or TB for standardized testing of HPDs to blast exposure has been presented in several 

conferences and included in Marcus Brown’s Ph.D. dissertation at the University of Oklahoma, 

May 2021. 
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Figure 10. (a) Image of the blast test setup within an anechoic chamber where the “head block” sits below the blast aperture. A 

human cadaveric TB is mounted to the head block and the pressure sensor P0 is mounted outside of the ear canal entrance. (b) 

Image of the 3D printed TB mounted to the head block. (c) The FE model highlighting where the pressures were monitored during 

blast exposure: at the entrance of the ear canal, P0, and in the ear canal near the TM, P1. (d) Images of the foam earplug (left) and 

Lyric earplug with a stick holder (right) used in blast exposure tests. 

Figure 11. Plots of the P0 and P1 pressures measured in blast tests of the 3D printed TB (a) and human cadaveric TBs (b) protected 

with a foam earplug (blue line for P0 and black line for P1) or Lyric earplug (red line for P0 and green line for P1). 
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(1-4) Innovative techniques of using dual laser Doppler vibrometers to measure the 

movements of the TM and stapes footplate in real time domain during blast exposure 

New methodologies to measure the TM and ossicular chain movements during blast exposure 

have be recently developed in our lab by using two laser Doppler vibrometers. At first, a novel 

dual-laser setup was first ever established based on a blast chamber and two LDVs to make the 

real-time measurement on the movement of TM under blast exposure. By measuring vibrations of 

the TM and “head block” simultaneously using two LDVs under blast, the head block vibration 

can be eliminated from the movement of the TM. Figure 12 is a schematic diagram of the 

experimental setup. The “head block” attached with human TB and mounted with two pressure 

sensors for measuring the response of the middle ear to the blast overpressure. The shaded square 

represents the location of the TB whose inner structure is shown in the block on the right. LDV1 

(single beam laser) aimed at the target placed on the head block to measure the movement of the 

entire TB specimen while LDV2 (scanning LDV) aimed at the TM at the umbo to measure the 

movement of the TM which includes both the TM and head block movements. Figure 13 illustrates 

the pictures of dual laser experiment to measure TM movement during blast exposure. This 

innovative study has been published in Hearing Research, Vol. 378 (Jiang et al., 2019).    

Figure 14 shows the results obtained from one TB including the pressure data of P0 and P1 

(Fig. 14a), velocity data measure by LDV1 and LDV2 (Fig. 14b), TM velocity after subtracting 

head block velocity (Fig. 14c), and the converted TM displacement (Fig. 14d). Results from 5 

fresh human TBs indicated that the maximum TM velocity was 12.62 ± 3.63 m/s (mean ± SD) and 

the displacement was 0.78 ± 0.26 mm. The peak-to-peak displacement normalized by the P0 

pressure (35 kPa or 5 psi) was 22.9 ± 6.6 μm/kPa. The frequency domain analysis indicated that 

the spectrum peaks were located at frequencies below 3 kHz. 

Figure 12. Schematic of the experimental setup showing the blast chamber and LDVs. The inside structure of the TB specimen and 

the location of the pressure sensors are shown in the dashed square. 
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Figure 13. Experimental setup: upper panel shows the zoomed-in view of the “head block” showing two lasers aiming at their 

targets; lower panel shows the blast chamber and two LDVs viewed from the outside of the blast room. 

Figure 14. Typical results from TB #5: (a) Pressure curves obtained from P0 and P1 sensor; (b) raw velocity data obtained from 

LDV1 and LDV2; (c) TM velocity after the subtracting head block velocity from the TM velocity; (d) TM displacement curves. 
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Following the success of TM measurement with dual lasers, we have extended the techniques 

to measure the movement of stapes footplate, the end part of the ossicular chain, which directly 

contacts the cochlear fluid. This is a significant development toward to quantitatively characterize 

the response of the middle ear and the energy entering the cochlea during blast exposure. A journal 

paper submitted to Hearing Research is currently under the 2nd review (Jiang et al., 2020).  

Figure 15 shows the schematic of experimental setup which is similar to the TM measurement 

of Fig. 12 except that the LDV2 was aimed at the states footplate (SFP) and LDV1 aimed at the 

TB as a reference. To expose the SFP, the facial recess surgical approach was performed (Fig. 16a) 

and a reflective tape was placed at the footplate as the laser’s target (Fig. 16b). Pictures in Fig. 17 

show the experimental setup. Eight TBs were used in this study for open ear tests (without earplug) 

and 5 TBs were tested with foam earplug (3M, Inc.).    

Figure 15. Schematic diagram of the experimental setup showing the blast chamber, head block, LDVs, and the data acquisition 

system. The zoomed-in view (dashed square) shows the inside structure of the TB specimen and locations of the pressure sensors. 

The LDV2 reached the SFP through the facial recess surgical approach.   

Figure 16. Facial recess surgical approach to reach SFP. (a) Deep opening of middle ear to expose the SFP; (b) placing the reflective 

tape on the center of the SFP. Note that the two pictures were obtained from different specimens. The stapes piston direction and 

the long process of incus were used as references to demonstrate anatomic directions. The visible edges of stapes cruses and SFP 

were highlighted by black broken lines. 



16 

Figure 17. Experimental setup: (a) The zoomed-in view of the head block during the experiment showing two lasers aiming at their 

targets; (b) the blast apparatus inside the test chamber and two LDVs viewed from the outside of the blast room. The blast was 

generated by the apparatus. 

The waveforms over 5-ms duration measured from 3 TBs with open ear are displayed in Fig. 

18. Column 1 in Fig. 18 represents the P0 and P1 pressure waveforms; Column 2 represents the

velocity of stapes footplate and TB measured from two LDVs; Column 3 shows the velocity of the

footplate by subtracting the TB (reference) velocity; and Column 4 shows the displacement of the

footplate converted from the velocity data. The peak-to-peak SFP displacement of 68.7 ± 31.6 μm

(mean ± SD) measured from all eight TBs without HPDs.

Figure 18. Typical time-domain results measured from three TBs exposed to blasts at a P0 level of 5-8 psi (34-55 kPa). The four 

columns from left to right present the pressures, velocities of the SFP and TB, SFP velocities after subtraction, and SFP 

displacement.  
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Figure 19 shows the waveforms recorded in 3 plugged or protected ears. As shown in this 

figure, the pressure reaching the TM in the ear canal (P1) was reduced very much due to the earplug 

and the velocity or displacement of the footplate showed huge reduction compared to the open 

ears. In five of the TBs, the insertion of the foam earplug reduced the SFP displacement from 48.3 

± 6.3 μm to 21.8 ± 10.4 μm. In conclusion, the reduced footplate displacement with earplug 

indicates that the earplug significantly reduced the energy entering the cochlea by reducing the P1, 

which further reduce the vibration of the stapes footplate. This is a technology innovation on 

biomechanical measurement of blast-induced auditory injury and a significant step toward 

simultaneously measuring the TM and stapes footplate movements during blast exposure.  

Figure 19. Typical time-domain results measured from three TBs with the protection of HPDs under a P0 level of 5-8 psi (34-55 

kPa). The four columns from left to right present the pressures, velocities of the SPF and TB, SFP velocities after subtraction, and 

SFP displacement. 

(1-5) Measurement of TM surface motion changes damaged by blast waves 

Measurement of the entire TM surface motion has been used to explore the relationships 

between the structure and acoustic function of the middle ear in animals and human cadaveric 

temporal bones. However, the impact of biomechanical changes of the TM after blast exposure on 

TM’s movement for sound transmission has not been investigated until our study that the full-field 

surface motion of the human TM was measured using the scanning LDV (SLDV) in 4 human TBs 

under normal and post-blast conditions. Figure 20A is the schematic diagram showing the 

experimental setup for measuring the TM surface motion and Fig. 20B shows a typical view of a 

TM sample captured by the SLDV and the scanning grids of 400-500 measurement points were 

distributed evenly over the entire surface of the TM. Note that the scanning LDV (PSV-500, 

Polytec, Inc.) was supported by the DURIP award from the Office of Naval Research. This study 

resulted in a journal article published in J. Biomechanical Engineering, Vol. 141 (Gan and Jiang, 

2019A) which was selected as one of the JBME Editors' Choice papers for 2019. 
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(A) (B) 
Figure 20. (A) Schematic diagram of the experimental setup showing the SLDV and a human temporal bone. (B) Left panel: One 

exposed TM sample image (left ear) captured by the SLDV; Right panel: the typical scanning points defined on the TM surface 

with a laser spot shown. 

Figure 21 shows the full-field surface motion of specimen TB-60 (right ear) at five frequencies 

before and after four repeated blasts at the level of 53 kPa. The color bars on the right side of 

images represent the displacement amplitude normalized by the input sound pressure in nm/Pa.  

Figure 21. Deflection shapes of TM surface motion measured by SLDV on specimen TB-60 (right ear) at five frequencies of 1, 2, 

3, 4, and 8 kHz before and after four repeated blasts. The orientation of the right ear TM is shown in the upper left-hand corner. 
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The deflection shapes of 4 TMs from all TBs at 3 kHz are presented in Fig. 22. The left column 

of this figure displays the shapes of TM deflection before blast exposure, and the right column 

shows the TM deflection shapes after blast exposure. Results indicated that the TM displacement 

after blast exposure increased in the posterior region of the membrane between 3 and 4 kHz in all 

tested TBs. An FE model of human TM with multilayer microstructure and orthogonal fiber 

network was created to simulate the TM damaged by blast waves which will be reported in Aim 

3. The consistency between the experimental data and the model-derived TM surface motion

suggests that the tissue injuries were resulted from a combination of mechanical property change

and regional discontinuity of collagen fibers. This study provides the evidences of surface motion

changes of the TM damaged by blast waves and possible fiber damage locations.

Figure 22. Deflection shapes of TM surface motion measured by SLDV on all TBs at 3 kHz. 
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Aim 2: 

(2-1) Measurement of middle ear muscle reflex or electromyography in chinchillas during 

the blast exposure 

The stapedius muscle and tensor tympany muscle are two muscles in the middle ear as shown 

in Fig. 23. Stapedius muscle is activated in the middle ear muscle reflex (MEMR) as a protective 

function in response to high intensity sound exposure. When a sound is of enough amplitude to 

elicit the MEMR, the reflex damps the stapes’s motion and mitigates the high ossicular motion 

transmitted from the stapes to the cochlea. The measurement of MEMR commonly used in the 

clinics using tympanometry is an indirect method to test MEMR. Electromyography (EMG) is an 

invasive procedure that gives a direct measurement of the behavior of a muscle over the time 

domain. In this project, we successfully developed the EMG technique in chinchilla blast model 

to study the MEMR for the first time, particularly for a stimulus of blast exposure no EMG 

stapedius data exist in any animal model. Results were presented in several conference papers by 

Yokell et al. and the Ph.D. Dissertation by Zachary Yokell at University of Oklahoma, May 2019. 

Figure 24 shows the surgical opening in a chinchilla (A) and the insertion of a bipolar electrode 

fabricated in our lab into the stapedius muscle (B). Figure 25 displays the recorded EMG amplitude 

signals from four chinchillas exposed to different blast pressure levels. The waveform varied with 

the BOP exposure level and the EMG amplitude almost lineally increased as the blast intensity 

increased.  

Figure 23. Chinchilla ossicles and middle ear muscles. 

(A) (B) 
Figure 24. (A) View of surgical opening of chinchilla stapedius muscle; (B) the electrode inserted into the chinchilla stapedius 

muscle. 
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Figure 25. EMG signals recorded from four chinchillas at different blast overpressure levels. (A) and (B): BOP level at 8.3 psi; 

(C) and (D): BOP level at 2.5 psi.

Figure 26 shows the EMG latency defined as the time difference between the BOP peak and

the first EMG peak. The average latency time from 10 animals between blast overpressure onset 

and muscle activation was determined to be 4.75 ± 3.19 ms. As this is shorter than the time course 

of a blast event, this confirmed that the MEMR activates too slowly in chinchillas to provide a 

mitigative function against blast overpressure waves.    

Figure 26. Blast MEMR latency as the difference between the overpressure peak (black) and the first EMG peak (red). 
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An acute hearing damage model in chinchilla was established to determine the changes of 

MEMR threshold after noise exposure to 130 dB SPL. The MEMR thresholds and hearing levels 

of these chinchillas (n=8) were tested before and after noise exposure to quantify the resultant level 

of hearing damage. Figure 27 shows the thresholds of stimulus levels measured from the EMG 

data (A) and the auditory brainstem response (ABR) (B). Across all frequencies tested, pre-

exposure animals had an average MEMR threshold of 68.8 dB and ABR of 37.2 dB. After one 

hour of exposure these increased to 123.4 dB and 103.6 dB, respectively, and after two hours they 

increased to 124.5 dB and 105.8 dB. While there was not a statistically significant difference 

between the damage caused by the two exposure durations, the one-hour case caused an average 

of 65.1 dB shift in the animals’ hearing levels and 54.7 dB shift in MEMR activation levels. Figure 

28 displays the shift in MEMR and hearing level threshold after exposure. Across all frequencies, 

the average MEMR threshold shift was 54.7 dB for one hour and 55.9 dB for two hours. For ABR, 

the shift was 65.1 dB for one hour and 67.3 dB for two hours. In conclusion, this acute hearing 

damage model can be used to assess protective interventions in a single day of experimentation.  

 

 

Figure 27. (A) EMG-determined MEMR threshold levels before and after noise exposure. (B) Hearing or ABR threshold levels 

before and after noise exposure.  

Figure 28. (A) EMG threshold shift after noise exposure. (B) Hearing or ABR threshold shift after noise exposure. 

A B

A B
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(2-2) Blast-induced peripheral and central auditory injuries measured in chinchillas 

including mechanical damage of the TM and middle ear and the changes of hearing 

threshold, cochlear function, and immunofluorescence images  

Mechanical damage to middle ear components in blast exposure directly causes hearing loss, 

and the rupture of the TM is the most frequent injury of the ear. We used chinchilla model to 

investigate that the severity of injury graded by different patterns of TM rupture is related to the 

BOP waveforms created by two conditions: open field and shielded a stainless-steel cup covering 

the animal head. Figure 29A shows the overpressure waveforms recorded in a chinchilla exposed 

to open field tests and Fig. 29B shows the waveform recorded from an animal in shielded testing. 

The sound pressure signal in the open field is a shock wave-like impulse and the pressure signal 

in the shielded case is a complex wave-like waveform as observed in our experiments. The impulse 

wave is completely changed under the shield.  The results from this study were published in 

Hearing Research, Vol. 340 (Gan et al., 2016). 

Table 1 lists the measured TM rupture thresholds (positive-peak in both psi and dB SPL) for 

animals tested in open field. The mean value of the TM rupture threshold measured from 9 animals 

in open field was 9.1 psi or 190 dB SPL or 62.7 kPa with a standard deviation (S.D.) of ±1.7 psi 

(N=9). Table 2 lists the measured TM rupture thresholds for animals tested with the shielded. The 

mean value of the TM rupture thresholds measured from 9 animals with the shield was 3.4 ±0.7 

psi (N=9) or 181 dB SPL. Comparing the results listed in Tables 1 and 2, a significant difference 

in the TM rupture thresholds between the open and shielded cases was revealed. With the shield, 

the TM rupture occurred at a much lower impulse pressure than that in the open field. This 

difference shows the biphasic nature of the shielded impulse.  

Figure 29. (A) The overpressure waveform recorded in one chinchilla (chin12-1-17) in open field testing and (B) the pressure 

waveform recorded from another chinchilla (chin12-3-12) in shielded testing.  

A B
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Figure 30 displays the distribution of energy flux (normalized) over 10 frequency bands. Under 

the open field condition, most of the energy flux is presented at lower frequencies below 500 Hz. 

However, under shielded condition, the energy flux is mainly involved at 500 and 1000 Hz. The 

impulse pressure energy spectra analysis of waveforms demonstrates that the shielded waveforms 

include greater energy at high frequencies than that of the open field waves. In addition to animal 

experiments, a 3D FE model of the chinchilla ear was developed and used to compute the 

distributions of stress in the TM and the TM displacement with impulse pressure waves. The FE 

model-derived change of stress in response to pressure loading in the shielded case was 

substantially faster than that in the open case. This finding provides the biomechanical mechanisms 

for blast induced TM damage in relation to overpressure waveforms. Details will be reported in 

Aim 3 for chinchilla FE model of the ear. 

Figure 30. Comparison of normalized energy flux over 10 frequency bands from below 125 Hz to above 16 kHz between the 

waveforms recorded in the open and shielded groups of chinchillas. 

We have investigated hearing damage induced by blast overpressure in open field at relatively 

mild TBI level (103-138 kPa or 15-20 psi) including the extent of hearing loss in relation to blast 

number and time course of post-blast. Figure 31 is an overview of the experimental procedures for 

the two experimental groups of chinchillas (n=7 each): to expose 2 blasts and 3 blasts on Day 1, 

respectively, and named as 2-Blast group and 3-Blast group, accordingly. Figure 32A is a 

schematic of animal experimental setup inside blast test chamber in our lab. The animal was fixed 

in an animal holder with the body up straight toward the blast source and a pressure sensor was 

placed at the ear canal entrance. Note that both ears of the animal involved in this study were 

inserted the standard foam earplugs to protect damage in the TM caused by blast pressure.  Figure 

32B shows the waveform of BOP measured at the entrance of the ear canal. This study has resulted 

in a journal article published in Military Medicine, Vol. 185 (Smith et al., 2020).  
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Figure 31. Diagram showing the time course and experimental procedure. (A) 2-Blast animals over 7-day experiment; (B) 3-Blast 

animals over 14-day experiment.   

Figure 32. (A) Schematic of animal experimental setup with blast apparatus. (B) A recorded BOP waveform from an animal test 

in 3-Blast group with a peak pressure of 15 psi.  

Results obtained from hearing function tests including the ABR threshold shift (increase) and 

DPOAE level (reduction) from two groups of animals are displayed in Fig. 33. The top two panels 

present the ABR threshold shifts and the bottom two panels present the DPOAE level shift. Results 

indicate that the ABR threshold and DPOAE level shifts in 2-blast animals were recovered after 7 

days. In 3-blast animals, the ABR and DPOAE shifts remained at 26 and 23 dB, respectively after 

14 days. Figure 34 shows in immunofluorescence staining of PI3K and DAPI images in auditory 

cortex (AC). In conclusion, two blasts were not sufficient to cause permanent hearing damage in 

ears protected with earplugs and three blasts caused permanent hearing damage reflected in ABR 

and DPOAE measurements and the damage in the AC. The results indicate that the foam earplug 

tested in this study could not provide adequate protection against permanent hearing damage when 

exposed to 3 blasts at the mTBI level. 

A 
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Figure 33. Top (A): ABR threshold shifts (mean ± SD) measured from 2-Blast group; and (B): ABR threshold shifts from 3-Blast 

group. Bottom (A): DPOAE level shifts (mean ± SD) measured from 2-Blast group; and (B): DPOAE level shifts from 3-Blast 

group. For each group, n=10 ears. 

Figure 34. The immunofluorescence staining of PI3K in chinchilla auditory cortex (AC) in control, 2-Blast, and 3-Blast animals. 

The top three figures were from the AC in control animals; the middle three figures from the AC in 2-Blast animals on Day 7; the 

bottom three figures from the AC in 3-Blast animals on Day 14. Images were taken at a magnification of 400×. Arrows marked the 

p85α expression in the auditory cortex. The nuclear counter stain was DAPI (blue). 
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(2-3) Effect of the number of blast exposures at the low BOP intensity level on hearing 

damage in chinchillas over the recovery time course 

We have utilized the chinchilla blast model to conduct studies on repetitive exposures at low 

blast overpressure of 3-5 psi or 21-35 kPa, named as G1 BOP level, below mild TBI pressure level. 

The goal is to determine hearing damage in relation to the number of blast exposures in acute and 

progressive injuries and the HPDs’ protective mechanisms.  

The first study included two groups of chinchillas (N=7 each): Group 1 was for an acute study 

with 2 blasts and Group 2 for progressive study with 3 blasts on Day 1 and observed for 7 days. 

Animals in both groups were exposed to G1 BOP level at which the eardrum was usually not 

ruptured. One ear was left open while another ear was protected with an earplug. Figure 35 shows 

the typical waveforms of BOPs measured at the entrance of the ear canal (P0) from two groups. 

The results were published in Hearing Research, Vol. 378 (Chen et al., 2019).  

Figure 35. (A) A recorded BOP waveform at the entrance of the ear canal from an animal test in Group 1 with a peak pressure of 

4.7 psi. (B) A recorded BOP waveform from an animal test in Group 2 with a peak pressure of 5.2 psi. 

ABR thresholds, DPOAEs, and middle latency responses (MLRs) were measured after each 

blast series in the acute group and on Days 1, 4, and 7 in the progressive group. The acute results 

from Group 1 with 2 blasts are shown in Fig. 36. The ABR threshold shifts (elevations) obtained 

from seven animals before and after each blast exposure in open and plugged ears are presented in 

Fig. 36A and the DPOAE level shifts (reductions) are shown in Fig. 36B. Results indicated that 

the acute hearing damage immediately following blast exposures was characterized in relation to 

the number of blast exposures in both open and protected ears. The shifts in open ears were greater 

than that in plugged ears over the entire frequency range. The damage to cochlear outer hair cells 

became more severe from blast 1 to blast 2 as shown in Fig. 36B. With the protection of earplugs, 

the dysfunction of cochlear outer hair cells induced by blast exposure was reduced but still 

observed from the DPOAE results. 

 Figure 37 shows the ABR threshold shifts (elevations) measured from animals in Group 2 

with 3 blasts over a 7-day period after blast exposures: (A) in ears with earplugs, (B) open ears, 

and (C) comparison of ABR threshold shift (elevation) on Days 1, 4, and 7 in both open and 

protected ears. Results indicated that 3 blasts were able to induce permanent hearing damage in 

open ears while only temporary damage occurred in protected ears.  
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Figure 36. (A) ABR threshold shifts (mean ± SD, n=7) measured after each blast in open and plugged ears of the Group 1 animals. 

(B) DPOAE level shifts (mean ± SD, n=7) measured after each blast in open and plugged ears of the Group 1 animals.

Figure 37. (A) ABR threshold shifts (mean ± SD, n=7) measured in plugged ears after 3 blasts on Day 1, Day 4, and Day 7 of the 

Group 2 animals. (B) ABR threshold shifts (mean ± SD, n=7) measured in open ears on Days 1, 4, and 7 of the Group 2 animals. 

(C) Comparison of ABR threshold shifts in plugged and open ears on Days 1, 4, and 7.

In conclusion, hearing damage was observed in both the peripheral and central auditory 

systems as reflected by the ABR, DPOAE and MLR results. Using this chinchilla blast model, 

acute and progressive hearing damages were quantified in both open and protected ears under 

repeated low-intensity blast exposures. 

The 2nd study to determine hearing damage in relation to the number of blast exposures and 

the intensity of BOP level over the recovery time course and to evaluate the protective mechanism 

of HPDs (e.g. earplugs) for multiple exposures at low BOP level was conducted in 28 chinchillas. 

The animals were divided into two groups (14 for each group) under two conditions: open ear 

without earplug and protected ear with earplug over the course of 14 days. Animals were blasted 

6 times on Day 1 with 10-minute interval between blasts at the G1 BOP level of 3-5 psi (21-35 

kPa) monitored by a pressure sensor (P0) at the entrance of the ear canal. Function tests including 

ABR, DPOAE, and MLR level were conducted prior to blast, immediately post blast on Day 1, 

and Days 4, 7, and 14. The results from this study have been reported in Paige Welch’s MS thesis 

published in May, 2020 and submitted to Hearing Research.  
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Figure 38 displays the ABR threshold shift for both protected and open ears. The results show 

that hearing damage of ABR threshold shift (elevation) was observed in both open and protected 

ears after blast exposure on Day 1. After 4 days, the protected ears regained most of their hearing 

function, shown in the decrease of ABR shift to 20-25 dB, and on Day 14 the threshold shift was 

further decreased to 8-12 dB. However, after 14 days in the open ears, the ABR threshold was still 

elevated by 15-31 dB from 1 to 8 kHz, which indicated the possible permanent hearing damage.  

Figure 39 displays the comparison of ABR threshold shifts measured from the open ears (solid 

lines) and the protected ears (broken lines) on Days 1, 4, and 14. There was no significant 

difference between open and protected ears on D1, but the significant difference was observed on 

D4 and D14 at frequencies 4-8 kHz. The results demonstrated that the earplug provided a 

protective function during blast, facilitating hearing recovery.  

 

 

 

 

 

Figure 38. (A) ABR threshold shifts (mean ± SEM, n = 14) measured in plugged ears after 6 blasts on Days 1, 4, and 14. (B) ABR 

threshold shifts (mean ± SEM, n = 14) measured in open ears after 6 blasts on Days 1, 4, and 14. 

Figure 39. Comparison of ABR threshold shifts in protected and open ears on Days 1, 4, and 14. 

The ABR wave I amplitudes measured from chinchillas with and without earplugs on D1 (pre 

and post-blast), D4, and D14 at frequencies 2 and 8 kHz are shown in Fig. 40. The wave I 
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amplitudes were plotted against the acoustic stimulus from 60 to 100 dB SPL measured in the ear 

canal. The results from protected ears show little difference between pre-blast and post-blast values 

and no difference between D4 and D14 values. This suggests that earplugs prevented acute and 

progressive damage to the auditory pathway. In contrast, the results from open ears show a 

substantial reduction in wave I amplitude immediately post-blast. Furthermore, the pre-blast 

amplitude is higher than those measured on D4 and D14, indicating possible permanent damage. 

Figure 40. ABR wave I amplitude (mean ± SEM, n = 14) in response to stimulus level from 60 to 100 dB SPL measured from 

protected ears (top row) and open ears (bottom row). Measurements were taken at frequencies of 2 and 8 kHz. 

The DPOAE results obtained in protected ears are summarized in Fig. 41. As shown in this 

figure there was a huge DPOAE shift (reduction) on Day 1, representing the acute cochlear 

damage. After 14 days, the protected ears regained most of their hearing function and the DPOAE 

level shifts had decreased to about 5 dB. In conclusion, the earplug likely prevented the permanent 

loss of outer hair cells, contributing to hearing recovery shown in both the DPOAE and ABR shifts. 

The MLR signal is generated by the thalamus and primary cortical structures in brain. 

Representative curves of MLRs in open ears are shown in Fig. 42. MLR traces were recorded 100 

ms after the acoustic stimulus at a level of 80 dB SPL and a frequency of 0.5 kHz. The latencies 

and amplitudes of the first Pa (positive) and Na (negative) peaks reflect the neural conduction 

velocity from the peripheral auditory nerve to the central auditory nervous system. In general, 

increased latency and reduced Na-Pa amplitude reflect that possible damage occurred at locations 

along the ascending auditory pathway. Figure 43 shows the peak-to-peak amplitude (mean ± SEM) 

measured from Na to Pa, Na latency, and Pa latency plotted against the time point of measurement 

for the protected and open ears. The shifts of MLRs’ amplitude and latency were observed in both 

protected and open ears on Day 1 after repeated blast exposures, indicating the damage in auditory 
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thalamocortical pathway occurred post-blast in both plugged and open ears, but the MLR latencies 

appeared to have recovered by Day 14. However, the Na and Pa amplitudes need more studies.    

Figure 41. DPOAE level shifts (mean ± SEM, n = 14) measured from protected ears on Days 1 and 14. 

Figure 42. Representative MLR traces over 100 ms recorded at stimulus of 80 dB SPL from an open ear. (A) Pre-blast on Day 1, 

(B) post-blast on Day 1, and (C) Day 14. The Na peak and Pa peak are indicated by arrows.
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Figure 43. MLR amplitude (peak-to-peak) from Na to Pa and the latency of Na and Pa obtained at 500 Hz with 80 dB SPL stimulus 

in open ears (mean ± SEM, n=6) and protected ears (mean ± SEM, n=4) over the time point of measurement. (A) Peak-to-peak 

amplitudes, (B) Na latencies, and (C) Pa latencies. 

(2-4) TM microstructure change and cochlear chair cell or stereocilia damage after blast 

exposure (SEM images)   

TM is a complex tri-laminar membrane. Its middle layer, the lamina propia has a composite 

structure consisting of radially and circumferentially oriented collagen fibers embedded in the 

ground substance. To evaluate the microstructural changes of the TM after exposure to blast, the 

SEM images were obtained for both pre- and post-blast human and chinchilla TMs and examined 

with electron microscopes in the Samuel Roberts Noble Microscopy Laboratory at the University 

of Oklahoma. 

Figure 44 shows the SEM image obtained from a post-blast human TM (left panel) and a 

normal TM (right panel) as reported by Engles et al. in Annals of Biomedical Engineering, Vol. 

45, 2017. The images were viewed from the lateral side and focused on areas where the epithelial 

layer separated from the TM during SEM preparation. The effect of blast waves on the fiber 

bundles can be observed from Fig. 44 as shown by the radial orientation of the post-blast TM tears, 

which was a result of the circumferential fibers fractures. The normal TM shows a generally 

smoother appearance, reflecting the normal state of the TM. The SEM images suggested that the 

human TM damage along the radial direction may be more severe than that along the 

circumferential direction after blast exposure.  

Figure 45 shows the SEM images of chinchilla TMs in the control case and post-blast case 

reported by Liang et al. in Hearing Research, Vol. 354, 2017. The surface layers of post-blast TM 

are much rougher than the control counterpart. While the blast was not severe enough to perforate 

the entire TM structure, it clearly induced damage in the surface of the TM as well as induced 

micro-cracks in the fiber layers. Damaged epidermis is also clearly observed all over the post-blast 

TM surface.  The SEM images showed the damage formation in the post-blast TM indicating that 

the TM damage along the radial direction was more severe than that along the circumferential 

direction after blast exposure.  
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Figure 44. SEM images of the human TM surface. The left image shows the damage of the post-blast TM. The right panel shows 

the SEM image of the normal TM surface.  

Figure 45. Typical SEM images for post-blast (left panel) and control (right panel) chinchilla TMs. 

Exposure to blast overpressure causes hearing loss by applying intense sound pressure to the 

ear, which can damage the TM microstructure or rupture the TM and disrupt or reduce the number 

of viable cochlear hair cells. We have utilized SEM methods to observe the damage to the 

chinchilla’s hair cell stereocilia after the animal was exposed to multiple blasts at a G2 BOP level 

that causes mild TBI. Figure 46 shows the SEM images of a control sample (17-2-8L) at the basal 

turn. As shown, most of the hair cells’ stereocilia remain undisturbed. Some of the stereocilia 

experience a curling effect, mainly on the outer row of the outer hair cells.  

Figures 47 and 48 show some sample SEM images of the damaged hair cells or stereocilia 

which were presented at the ARO 41st Annual Midwinter Meeting in 2018 (Brown et al., 2018). 

The loss of hair cells and formation of scars in the Organ of Corti occurred more often in the 3-

blast group (Fig. 48) than in the 2-blast group (Fig. 47). The difference was far more prevailing in 

the middle turn closer to the basal turn (~2 – 8 kHz regions). In conclusion, multiple blast 

exposures at the level ranging from 15-20 psi damaged hair cells and caused the stereocilia to be 

disrupted even after 14 days of post-exposure. The damage was more prevalent and longer lasting 

in the animals that were exposed to 3 blasts when compared to the animals exposed to two. 
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Figure 46. SEM images of the hair cells' stereocilia from the basal turn of a chinchilla from the control group (17-2-8L).  Bottom 

left image is a close view of the inner hair cells (IHCs) and the bottom right is a close view of the outer hair cells (OHCs). 

Figure 47. SEM images of outer and inner hair cells 7 days after being exposed to 2 blasts. (A) Apical turn (~0.5 kHz), (B) 

middle turn (~4 kHz), and (C) basal turn (~6 kHz). (#17-5-6R) 

Figure 48. SEM images of outer and inner hair cells 14 days after being exposed to 3 blasts. (A) Apical turn (~0.5 kHz), (B) 

middle turn (~4 kHz), and (C) basal turn (~6 kHz). (#17-5-21R) 
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(2-5) Mechanical property changes of middle ear tissues after blast exposure identified 

with advanced techniques in both experimental measurement and modeling 

approaches 

We have developed a series of techniques for measuring mechanical properties of ear tissues: 

(1) Dynamic properties over the frequency domain using the dynamic mechanical analyzer with

the frequency-temperature superposition principle – human incudostapedial joint

(2) Dynamic properties over the frequency domain using acoustic loading and LDV measurement

with the inverse-problem solving method – human TM

(3) Quasi-static measurement using pressure load and micro-fringe protection with the inverse-

problem solving method – human and chinchilla TMs and human round window membrane

(4) Dynamic properties at high strain rate or over the time domain using the split Hopkinson

tension bar – human TM and Incudostapedial joint

Incudostapedial joint (ISJ) is a synovial joint connecting the incus and stapes in the middle ear. 

Mechanical properties of the ISJ directly affect sound transmission from the TM to the cochlea. 

To measure the mechanical properties of human ISJ in the auditable frequencies, we used a 

dynamic mechanical analyzer (DMA) with frequency-temperature superposition (FTS) principle 

in eight human ISJ samples. The FTS principle is an empirical method which relates the effect of 

temperature change on dynamic properties of some materials (e.g. polymers) to that of frequency 

change. ISJ samples were measured in the frequency range of 1-80 Hz at three different 

temperatures (5, 25 and 37°C). The FTS principle was used to extrapolate the results to 8 kHz. The 

average complex modulus of the joints was obtained directly from the experiments. Results from 

this study was published in Medical Engineering and Physics, Vol. 54, 2018 (Jiang and Gan, 2018). 

Figure 49 is a schematic diagram of the experimental setup. The ISJ specimen was fixed onto 

a sample holder and the load cell of the DMA (ElectroForce 3200, Bose, Eden Prairie, MN) was 

placed between the sample holder and the X-Y translational stage.    

Figure 49.  (A) Schematic diagram of the experiment setup. (B) ISJ specimen mounted on the machine observed under a 

microscope. 
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As a synovial joint, ISJ has a complex inner structure. The relationship between the measured 

mechanical properties of the joint as an isotropic body and the mechanical properties of the 

components inside the joint requires further investigation. We created a 3D FE model of the ISJ to 

identify the properties of the joint component as shown in Fig. 50. Figure 51 shows the master 

curves of the complex modulus of all eight ISJ samples. Results indicated that the complex 

modulus of ISJ was measured with a mean storage modulus of 1.14 MPa at 1 Hz that increased to 

3.01 MPa at 8 kHz, and a loss modulus that increased from 0.07 to 0.47 MPa. FE modeling results 

showed that mechanical properties of the joint capsule and synovial fluid affected the dynamic 

behavior of the joint. The results from this study provide useful data for improving the accuracy 

of FE models of the human middle ear and contribute to a better understanding of the structure-

function relationship of the ISJ.         

Figure 50. Axial cross section (X-Z plane) of the 3D FE model of the ISJ with boundary conditions. 
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Figure 51. The master curves of the components of complex modulus at 37 °C from 8 ISJ samples and the mean master curves of 

the storage and loss modulus with SD. 
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Mechanical properties of human TM after exposure to blast waves were measured in our lab 

using acoustic loading and LDV measurement and the results were published by Engles et al. in 

Annals of Biomedical Engineering, Vol. 45, 2017. The TM specimens were prepared from human 

TBs following exposures to the TM rupture threshold ranged from 7.6 to 9.0 psi (52.4-62.1 kPa). 

Figure 52 is a schematic diagram of the experimental setup with LDV. The TM specimen for 

mechanical test was the rectangular strip (6 x 2 mm) cut from either the posterior or anterior site 

of the pars tensa with the tympanic annulus attached. The specimen was then mounted to the 

material testing system (MTS). The deformation or vibration of the sample induced by acoustic 

force applied to the TM was measured by LDV over the frequency range. Then, the material 

properties of the TM were determined by the inverse problem-solving method with FE modeling 

of dynamic experiment on the TM samples as shown in Fig. 53. FE models were generated to 

simulate the experiments of all TM samples. As an example, Fig. 54 shows the experimental results 

of the amplitude-frequency curve from two TM samples 47L and 41L (solid lines), compared with 

the FE model-derived curves (dashed lines).  

Figure 52. The schematic of the experimental setup for dynamic testing of TM specimens. 

Figure 53. The FE model of dynamic experiment on the TM specimen. (a) Plane view of the FE model with fixed boundary 

condition (triangles) at both ends of the TM specimen and the acoustic pressure applied at the central area of the specimen. (b) 

Lateral view of the FE model including the TM specimen, sound delivery tube, and surrounding acoustic elements.  
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Figure 54. The FE fitting results obtained from two typical specimens in comparison with the corresponding experimental curves. 

To determine the effect of blast waves on mechanical properties of the TM, the complex 

modulus for post-blast TMs was plotted against normal TMs published by Zhang and Gan (IJECB. 

Vol. 1, 2010) using acoustic stimulation and LDV in Fig. 55. Results indicated that the blast 

exposure caused the storage modulus and loss modulus of TM to become significantly reduced 

across the frequency range. These data reveal that the blast overpressure causes a frequency-

dependent stiffness reduction of the TM.  

Figure 55. Comparison of complex modulus between blast-exposed and normal TMs over the frequency range of 100 – 8000 Hz. 

(a) Storage modulus, (b) loss modulus, and (c) loss factor.
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Quasi-static properties of the chinchilla and human TMs and the human round window 

membrane (RWM) were measured using pressure loading on the entire TM and the micro-fringe 

projection with the inverse-problem solving method. This methodology was developed in our lab 

and used to measure mechanical properties of the TM with a series of publications. At first, the 

quasi-static mechanical properties of normal chinchilla TM (N=10) was reported in 2016 by Liang 

et al. in Hearing Research, Vol. 339. Then, the effect of blast overpressure on mechanical 

properties of chinchilla TM (N=8) was published in Hearing Research, Vol. 354 (Liang et al., 

2017). Recently, the effect of BOP on human TM mechanical properties (N=16) using the micro-

fringe protection with inverse-problem solving method was published in J. Mechanical Behavior 

of Biomedical Materials, Vol. 100 (Liang et al., 2019) and mechanical properties of human RWM 

was published in Otology & Neurotology by Liang et al., 2020 (In Press).     

Figure 56 shows the experimental setup in a schematic diagram (a) and actual setup (b). The 

chinchilla bulla specimen was positioned on a gimbal sample holder. A self-developed projection 

system was used to project the parallel line pattern of a grating with a pitch of 20 cycles/mm to 

form micro-fringes onto the TM surface. The image of distorted fringes on the TM surface 

containing the topography information of the TM was captured by a digital camera. The acquired 

images were analyzed for 3D reconstruction of the TM surface using a five phase-shifting 

algorithm. 

Figure 56. The experimental setup of the micro-fringe projection system and the pressure loading and monitoring system. (a) 

Schematic diagram; (b) Actual setup. The components include: manometer (MA), camera (CA), surgical microscope (SM), sample 

holder (SH), XYZ-translation stage (TS), objective lens (OL), Ronchi rulings (RR), condenser lenses (CL), fiber optics illuminator 

(FO) and pressure control (PC). (Liang et al., 2016) 
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Figure 57(a) shows the normal TM image under projected micro-fringes. The four sections of 

TM, namely superior, posterior, inferior, anterior, and umbo are shown and marked as S, P, I, A 

and U, respectively. Figure 57(b) shows a typical surface height color contours of TM under the 

zero-pressure from the reconstruction and Figs. 57(c) and (d) show the corresponding z-

displacement, U3 contours under -1.0 kPa and 1.0 kPa pressures.  

Figure 57. Projected micro-fringes and measured surface topography for chinchilla TM. (a). Micro-projected fringes on a chinchilla 

TM; (b). Height profile z(x, y) under zero pressure; (c). Z-displacement U3 under -1.0 kPa pressure (TM’s medial side pressure is 

higher than lateral side pressure); (d). Z-displacement U3 under 1.0 kPa pressure (lateral side pressure is higher than medial side 

pressure). (Liang et al., 2016) 

To determine the mechanical properties of the TM, the inverse solving method was employed 

by creating the FE model of the chinchilla TM based on the surface typography of a TM at zero-

pressure state. Figure 58(a) shows the pressure as a function of the volume displacement, plotted 

in terms of the curves from the experimental results of ten normal chinchilla TMs and Fig. 58(b) 

shows a curve-fitting of the average pressure-volume displacement curve between FE modeling 

results and experimental data for ten TMs.   
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Figure 58. Pressure-volume displacement relationships for ten chinchilla TMs measured with the micro-fringe projection system. 

(a). Experimental results for 10 specimens; (b). A comparison between FE simulation results and experimental data. The error bar 

represents the standard deviation from the experiments. Both best and worst fitting results are given in (b). (Liang et al., 2016) 

Following the same methods for the normal TMs, eight ears from chinchillas after multiple 

exposures to BOP level at 21-48 kPa were tested in lab and the results were published in Hearing 

Research, Vol. 354 (Liang et al., 2017). The pressure-volume displacement relationships of eight 

post-blast chinchilla TMs were calculated from the topographies reconstructed with micro-fringe 

projection. The applied pressures were plotted against the volume displacements as shown in Fig. 

59. The volume displacements were calculated from the TM surface profiles during the pressure

ramping-up phase. The strong nonlinearity exhibited in the pressure-volume displacement curves

is similar to the results obtained in normal chinchilla TMs (Fig. 58).

Figure 59. Pressure-volume displacement relationships for eight post-blast chinchilla TMs. The makers show the experimental 

results during of ramping up of the pressure and the smooth curves show the FE simulation results. Data were plotted in two figures 

for the convenience of reading.  
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A comparison between the mechanical properties of normal/control and post-blast chinchilla 

TMs was given in Fig. 60. To investigate the effect of the blast on the chinchilla TM, the average 

value of pressure-volume displacement relationships, stress-strain relationships and tangential 

modulus of TMs of two groups of animals (control and post-blast chinchilla) are shown in Figs. 

60-62 respectively. The results are based on the average values for eight post-blast TMs and ten

control samples respectively. When comparing the pressure-volume displacement relationship

between the post-blast and the control TM (Fig. 60), an independent two sample t-test at each

pressure level shows that there is a significant difference between these two groups of data (p<0.05)

except at the pressure of 1.0 kPa (p=0.123). The notable rise of volume displacement of the post-

blast TMs at the low-pressure level indicates the decrease of the stiffness of the structure.

Figure 60. Pressure-volume displacement relationships for post-blast and control chinchilla TMs (n=10 for the control group and 

n=8 for the post-blast group). The error bar in the figure shows the standard deviation.  

Figure 61. Uniaxial tensile stress-strain relationships for post-blast and control chinchilla TMs (n=10 for the control group and 

n=8 for the post-blast group. The error bar in the figure shows the standard deviation.) 
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A comparison of the stress-strain curves of post-blast and control TMs determined from the 

inverse method is shown in Fig. 61 which indicates the TM becomes softer after experiencing 

multiple blasts because the stress is lower in post-blast samples when compared to the control 

samples at the same strain. The difference in stresses between normal and post-blast TMs at strain 

levels above 20% is generally identical. Figure 62 shows that the tangent modulus has a 

pronounced decrease after the TM has experienced multiple blasts especially below 20% strain. 

Above 20% strain, the difference in modulus gradually decreases, which also agrees with the 

pattern of the difference in volume displacement between control and post-blast TMs. Note that 

the decrease of the stiffness of the structure and the weakening of the TM are believed to be related 

to the microscopic damages that were caused by the multiple blasts. Figure 45 shows the SEM 

images of the chinchilla TMs in the control case and post-blast case.  

Figure 62. Tangential modulus for post-blast and control chinchilla TMs (n=10 for the control group and n=8 for the post-blast 

group. The error bar in the figure shows the standard deviation.) 

We have applied the micro-fringe projection technique on human TMs to evaluate the change 

of the mechanical properties of the human TM after its exposure to the blast overpressure. This 

approach eliminates the effect of preparation using strip specimens. A total of 16 fresh human TBs 

were included in this study after exposed to 3 times of blast with an average peak pressure of 50 

kPa below the rupture threshold (~70 kPa) of the human TM. Five TBs were used as controls 

without blast exposure. We measured the mechanical properties of TMs in-situ with their normal 

bony support. Results from this study were published in J. Mechanical Behavior of Biomedical 

Materials, Vol. 100 (Liang et al., 2019).  

The volume displacements are plotted against the pressure for both control and post-blast TMs 

as shown in Fig. 63. It is noted that, for soft tissues such as TM, the volume displacement depends 

highly on the state of the loading or unloading. The curves shown in Fig. 63 are in general 

asymmetric with respect to the point at zero-pressure and zero-volume displacement. For the 

control TMs, the average volume displacement under positive pressure is about 40% higher than 

the corresponding value under negative pressure with the same magnitude. For post-blast TMs, 

the average volume displacement under a positive pressure is also higher, about 25% higher than 

the corresponding values under a negative pressure of the same magnitude. This asymmetry of the 

deformation of the TM is due to its nearly conical geometry. 
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Figure 64 shows the tangent modulus plotted against the uniaxial strain. The nonlinearity of 

the tangent modulus is easier to observe: as the strain increases, the tangent modulus decreases at 

strains below 20%, and it then gradually increases at strains above 20%. From Figs. 63 and 64, it 

is seen that the mechanical properties of the human TM changed after the TM is exposed to the 

blast overpressure. The reduction of the stiffness in the intact TM experiment is smaller than what 

is reported by Engles et al. (2017) on post-blast human TM strips. In that study, the storage 

modulus of the post-blast human TMs exhibits a reduction of more than 50% in comparison with 

that of control TMs. One possible reason for such a large magnitude in the change of storage 

modulus is that the small transverse vibration loading is applied to the TM strip. Such a loading 

condition is different from what is used in the intact TM. 

Figure 63. Pressure-volume displacement relationships for control (n=5) shown in (a) and post-blast human (n=16) TM shown in 

(b). Comparison between the two groups of TMs is also plotted with standard deviation as error bar shown in (c).  

Figure 64. Comparison of tangential modulus data for control (n=5) and post-blast groups (n=16). The error bars show the standard 

deviation. 
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One of the important tasks for characterizing mechanical properties of ear soft tissues in 

response to blast exposure is to measure the mechanical behavior of tissues at high strain rate.  We 

have used a highly sensitive miniature split Hopkinson tension bar (SHTB) to measure the 

mechanical properties of human TM after exposure to blasts at high strain rates. Two control TMs 

and 9 blast-exposed TMs were involved in this study and the results were published in J. Dynamic 

Behavior of Materials, Vol. 2 (Luo et al., 2016).   

The TM strip specimens were prepared either along the radial or circumferential direction and 

tested in the SHTB to determine the Young’s modulus at high strain rates. Figure 65 shows the 

TM strip-specimen orientations for ruptured TMs after four times of exposure at BOP level of 66.5 

kPa (9.5 psi) and Fig. 66 shows the specimen orientations for un-ruptured TMs after four times of 

exposure at BOP level of 33 kPa (4.8 psi). A schematic diagram for the SHTB setup is shown in 

Fig. 67 including the incident bar, the transmission bar, two semiconductor strain gauges, and a 

striker bar or momentum trap bar to make impact to the incident bar. Figure 68 shows typical 

broken TM strip specimens after tensile experiments on SHTB: failure patterns for control TMs in 

the circumferential direction (a), control TMs in the radial direction (b), blast-exposed TMs in the 

circumferential direction (c), and blast-exposed TM in the radial direction (d). The control TMs 

show ductile fracture pattern in both the radial and the circumferential directions. However, blast-

exposed strip TM specimens with length in the radial direction still show ductile failure mode (Fig. 

68c) with the fracture surface in a 45 degree inclined with respect to the loading direction, but the 

blast-exposed TM strip specimens with length along the circumferential direction show a brittle 

failure pattern (Fig. 68d). 

Figure 65. Blast-exposed TMs (ruptured) that would be cut into strip specimens as marked. (a) TB15-4R; (b). TB 15-5L; (c) TB15-

6R; (d) TB 15-15L. Note, the TMs ruptured due to exposure to the blast waves. 

Figure 66. Blast-exposed TMs (non-ruptured) which would be cut into strip specimens as marked. (a). TB15-7L; (b). TB 15-8R; 

(c) TB15-18R; (d) TB 15-19L; (e) TB15-20R. Note, the TMs were damaged during the harvesting procedures, rather than due to

the blast waves.
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Figure 67. Schematic diagram of a miniature split Hopkinson tension bar setup. 

Figure 68. Typical failed TM strip specimens after SHTB test. (a). A control TM in the circumferential direction; (b). A control 

TM in the radial direction (c). TM (TB15-18R-7T) in the circumferential direction after blast wave; (d). TM (TB15-16L-3R) in the 

radial direction after blast wave. 

The experimentally measured data were processed to determine the stress-strain relationships 

and the typical stress-strain curves are shown in Fig. 69 for blast-exposed TM specimens in the 

radial and circumferential directions at high strain rates. The curves are mostly linear until fracture. 

Note that TM specimens did not necessarily break at these strain rates. The maximum strain 

experienced in each experiment was limited by the loading duration time of the miniature SHTB. 

The results obtained for blast-exposed TMs indicate that the Young’s modulus values of these 

TMs depend on the strain rate within high strain rate range. Since data for the Young’s modulus 

have been obtained within three ranges of high strain rates (300-2000 s-1), the mechanical behavior 

of the TM was described as a standard linear solid with three undetermined parameters: spring 

constants E, E1, and a dashpot with viscosity .  Figure 70A shows the best-fit Young’s modulus 

plotted as a function of strain rate (102~2×104 s-1) for TM in either radial or circumferential 

direction. The Young’s relaxation modulus was obtained for TM strip specimens in both the radial 

and the circumferential directions as shown in Fig. 70B. In conclusion, the blast waves have 

different effects on the mechanical properties in the radial and circumferential directions. After 

exposure to the BOP waves, the mechanical behavior in the radial direction in general becomes 

stiffened, while it is weakened in the circumferential direction. Note that the STB techniques were 

also employed to measure human IS joint mechanical properties at high strain rates and reported 

by Shangyuan Jiang in his Ph.D. Dissertation at the University of Oklahoma, May 2018.   
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Figure 69. Typical stress-strain curves of blast-exposed TM strip specimens in the radial and circumferential directions at high 

strain rates. Note that the TM specimens did not break at strain rates less than 500 s-1. The strain rates of 246 s-1, 841 s-1, 1580 s-1, 

312 s-1, 746 s-1 and 1226 s-1 were used for testing TM specimens TB15-20R-3R, TB15-7L-2R, TB15-15L-1R, TB15-18R-2T, 

TB15-18R-3T, and TB15-6R-5T, respectively. 

Figure 70. (A) Summary of fitted curves for the Young’s modulus of control and blast-exposed TMs as a function of strain rate. 

(B) Comparison of Young’s relaxation modulus between control and blast-exposed TMs in the time domain.

(2-6) Initiative chinchilla helmet study associated with HPDs to separate the hearing 

damage in peripheral auditory system and central auditory system 

Repeated blast exposures result in structural damage to the peripheral auditory system (PAS) 

and the central auditory system (CAS). However, it is difficult to differentiate injuries between 

two distinct pathways: the mechanical damage in the PAS caused by blast pressure waves 

transmitted through the ear and the damage in the CAS caused by blast wave impacts on the head 

or TBI. We have initiated a novel study by using a 3D printed chinchilla “helmet” as a head 

A B
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protection device associated with the hearing protection devices (HPDs, e.g. earplugs) to isolate 

the CAS damage from the PAS injuries under repeated blast exposures. This study was reported 

in several conferences and a journal paper was accepted to publish in Military Medicine, Vol. 186 

(Jiang et al., 2020). 

An FE model of the chinchilla helmet was created based on micro-computed tomography 

(micro-CT) images of a chinchilla skull and inputted into ANSYS for FE analysis on the helmet’s 

protection against BOP.  Figure 71A shows a cross-sectional view of FE model with chinchilla 

skull (grey), brain (blue), and intracranial tissue (red). The brain model was comprised of 1,055 

tetrahedral elements and assumed as a viscoelastic solid due to the tissue response behavior to an 

applied pressure load. The helmet dimensions were designed from the skull FE model to fit and 

cover the skull but leave the ears exposed. The helmet was made in three sections as shown in Fig. 

71B: the front, middle, and back covers with two side panels. The middle cover protects the 

majority of the chinchilla’s head from the forehead to the ears. The whole helmet covers 75 – 80% 

of the chinchilla’s head.  

Figure 71. (A) Cross-sectional view of FE model simulation in ANSYS with chinchilla skull (grey), brain (blue), and intracranial 

tissue (red). (B) FE model of the chinchilla skull with helmet. The grey elements are the mesh of the skull. The green elements are 

the mesh of the foam and the yellow elements are the mesh of the helmet. The helmet was printed in our 3D system (Objet350 

Connex3, Stratasys). 

A

B
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The Von Mises stresses on the top surface of the brain obtained from the FE model simulation 

are shown in Fig. 72A with the blue line representing without helmet and the red line representing 

with helmet. Figure 72B displays the measured BOP applied on the chinchilla skull or helmet 

model. As shown in Fig. 72A, the ratio of the peak pressure within the brain for the “with helmet” 

with respect to that of “without helmet” is 31.2%, a significant reduction in intracranial stress with 

the helmet. The modeling results suggested that the protective function of the helmet on the CAS 

was significant which provided the theoretical basis for the animal study. 

 

Figure 72. (A) Von Mises stress in the intracranial tissue over time calculated from the finite element model with and without 

helmet covered the chinchilla skull. (B) Measured blast pressure applied on the chinchilla skull and helmet model. 

Thirty-two chinchillas were included in this study and equally divided into 4 groups or cases 

with 8 animals for each case. Standard foam earplugs were inserted into the chinchilla ear canals 

to protect their PAS, and the 3D printed helmet was fixed on the chinchilla head to protect the 

CAS against BOP exposures. Figure 73 illustrates the experimental design: Case 1 - ears open 

without earplug and helmet; Case 2 - ears protected with earplug, but without helmet; Case 3 - 

ears protected with earplugs and with helmet; Case 4 - ears open and with helmet.  

Figure 73. Illustration of 4 cases of chinchilla experiments attempting to isolate the traumatic brain injury damage to the central 

auditory system (CAS) from the injuries in peripheral auditory system (PAS). (BOP = blast over pressure).  
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The BOP level measured at the ear canal entrance was around 103-138 kPa or 15-20 psi. Each 

chinchilla was exposed to 3 blasts with a time interval of approximately 5 minutes between 

consecutive blasts on Day 1 and observed for 7 days. Figure 74 summarizes the ABR threshold 

shifts measured on Day 1 post-blast, Day 4, and Day 7 and were colored in red, green and blue, 

respectively. 

Figure 74. Mean and standard error of the ABR threshold shift results measured on post-blast of Day 1 (red), Day 4 (green), and 

Day 7 (blue) from animals in 4 Cases: (A) Case 1 (N=14 ears), without helmet protection and HPD (e.g. earplug) protection; (B) 

Case 2 (N=16 ears), with HPD protection only; (C) Case 3 (N=16 ears), with helmet protection and HPD protection. (D) Case 4 

(N=16 ears), with helmet protection only.  

Results in Fig. 74 suggested that chinchillas in Case 4 showed better post-blast hearing than in 

Case 1, and the Case 3 showed even better hearing than Case 2. Those data indicated that the 

chinchilla helmet invented in this study did protect the auditory function against the BOP 

exposures either with or without the assistant of HPDs (earplugs). Particularly, Fig. 74C or Case 

3 indicated that the combination of earplug and helmet can completely eliminate the permanent 

hearing damage which was not observed in chinchilla ears protected by the earplugs only under 

the BOP exposure. In conclusion, the biomechanical modeling and animal experiments 

demonstrated that this 4-case study in chinchillas with helmet and HPDs provides a novel 

methodology to investigate the blast-induced damage in the PAS and CAS.   
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Aim 3: 

(3-1) First 3D FE model of the human ear for simulation of blast overpressure transmission 

through the ear and the model applications 

The first FE model of the human ear including the external ear, TM, middle ear, and middle 

ear cavity with cochlear load was developed within the ANSYS Workbench and conducting the 

FE analyses on BOP transmission through the ear using two strongly coupled Fluid-Structure 

Interactions (FSIs) as calculated by Fluent and ANSYS Mechanical. The model consists of the ear 

canal, TM (pars flaccida and pars tensa), TM annulus (TMA), manubrium, ossicles and associated 

suspensory ligaments, incudo-malleolar joint (IMJ), incudostapedial joint (ISJ), and stapedial 

annular ligament (SAL). The cochlea was not included in this model, but the cochlear load was 

modeled by a mass block-dashpot system to reflect the cochlear input impedance. This model was 

published in Military Medicine, Vol. 183 (Leckness et al., 2018) and Kegan Leckness’ MS thesis 

at the University of Oklahoma, August 2016. The model was used to predict human TM injury in 

relation to blast wave direction (Gan et al., 2018), protection mechanisms of HPDs (Gan et al., 

2019), and the TM motion under blast exposure (Jiang et al., 2019). Figure 75 shows the first FE 

model for computing the transmission of BOP (P0) at the ear canal entrance through the canal to 

the TM (P1) and inside the middle ear cavity (P2).  

Figure 75. (A) FE model of the human ear comprised of the ear canal, TM, middle ear ossicles, and middle ear cavity. The locations 

for pressure monitoring points are designated as P0, P1, and P2. (B) Structural mesh of the model, showing the TM, TMA, middle 

ear ossicles, IMJ, ISJ, suspensory ligaments/muscle tendons (all Cs and SAL), and cochlear load.  

A

B
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The FE model was validated with the experimental results measured in human TBs. The P0 

waveform recorded from blast tests along the incident wave directions of vertical, horizontal, and 

front was applied at the entrance of the ear canal in the model, respectively. The FE model-derived 

P1 waveform was compared with the measured P1 waveform along the vertical, horizontal, and 

front tests, respectively. Figure 76 shows the results: (A) experimental data; (B) model-derived 

data; (C) P1 waveform comparison between the model and experiments; (D) P2 waveform 

comparison between the model and experiments.   

Figure 76. a) Experimental recordings of the P0, P1, and P2 waveforms from vertical, horizontal, and front blast exposures. b) 

Predicted P1 and P2 waveforms induced by experimental P0 waveforms from each blast direction. c) Comparison of experimental 

and model-predicted P1 waveforms from each blast direction. d) Comparison of experimental and model-predicted P2 waveforms 

from each blast direction. (Leckness et al., 2018) 
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Three metrics of the P1 waveforms in the time domain were considered for comparison: peak 

pressure level, A-duration, and Kurtosis. Results indicated that the model-derived P1 waveforms 

were in an agreement with the experimentally recorded waveforms with statistic Kurtosis analysis. 

Figure 77 displays the displacement (a) and stress distributions (b) plotted onto the TM at the 

time maximum displacement or maximum stress occurred, for the vertical exposure.  The 

maximum TM deformation of 1.4 mm occurs approximately 2 mm inferior and anterior to the 

umbo.  The stress contours indicate maximum stresses at three locations on the TM (the anterior 

TMA, inferior to the umbo, and posterior to the manubrium) and may indicate possible locations 

prone to TM rupture.   

Figure 77. a) TM displacement distribution at time of maximum displacement for vertical exposure. TM is fixed to the bony wall 

along its annulus and experiences a maximum displacement of 1.4 mm approximately 2 mm inferior and anterior to the umbo. b) 

TM stress distribution at time of maximum stress. Displays three stress concentrations indicating possible locations for TM rupture. 

(Leckness et al., 2018) 

The validated FE model was used for predicting human TM injury in relation to blast wave 

direction reported by Gan et al. (2018) in Military Medicine, Vol. 183. To investigate the 

mechanisms of TM injury in relation to blast wave direction, the recorded P1 waveforms were 

applied onto the surface of the TM in the 3D FE model of the human ear and distributions of the 

stress in TM were calculated.  

Modeling results indicated that the average maximum stresses induced by the P1 rupture 

threshold waveforms were 16.2 ± 3.0 MPa, 16.3 ± 2.4 MPa, and 14.3 ± 2.5 MPa for the vertical, 

horizontal, and front wave directions, respectively. The average maximum stresses induced by the 

P1 waveforms that caused visible TM damage were 20.3 ± 1.2 MPa, 18.8 ± 2.0 MPa, and 15.5 ± 

3.5 MPa for the vertical, horizontal, and front directions, respectively.  

An example of TM stress distribution at the time of maximum stress due to an applied P1 

waveform of 134 kPa maximum pressure is displayed in Figure 78. As shown in this figure, the 

maximum stress reached 16 MPa and the regions of highest stress were along the anterior portion 

of the TMA, the posterior to the center of the manubrium, and the inferior to the bottom of the 

manubrium. These locations may indicate potential sites for TM rupture. Modeling results 

indicated that the sensitivity of TM stress change with respect to P1 pressure (d/dP1) may 

characterize mechanical damage of the TM in relation to blast waves.  
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Figure 78. FE model-derived distribution of the equivalent (von Mises) stress in the TM when the maximum stress was reached 

under the vertical wave direction. 

The validated FE model of the human ear was further developed to include the ear canal skin 

in order to simulate blast overpressure transduction through the ear canal with the earplug inserted. 

As shown in Fig. 79, two types of earplugs (EPs) were simulated in the FE model of the human 

ear: the classic foam EP and the Combat Arms earplug (CAE) or trip-dome occlusion which 

featured a variable orifice and silicon triple-dome structure. The FE model was used to predict the 

P1 and P2 pressures in ears with earplugs. This modeling study was published with the evaluation 

of various earplugs on human TBs in Military Medicine, Vol. 184 (Gan et al., 2019).   

(A)                   (B) 

Figure 79. FE modeling of earplugs in the ear canal. (A) The foam earplug simulated in the ear canal. (B) Combat Arms earplug 

named as “Triple-Dome” simulated in the ear canal. The ear canal, canal skin, earplug (EP), EP orifice, TM, middle ear ossicular 

chain, middle ear (M.E.) cavity, and cochlear load are displayed in the figure.   

The model-predicted results were compared with the experimental data obtained from human 

cadaver ears in Fig. 80. Column (A) in Fig. 80 displays the results from the foam earplug in TB 

experiment (top panel) and human ear model (HEM, bottom panel). The P0 pressure wave used 

for the model was the same as that recorded from the experiments (15 kPa). Columns (B) and (C) 

show the results from experiments and HEM with the CAE at two P0 pressure levels: 14 kPa and 



55 

46 kPa, respectively. Both experiments and FE modeling resulted in the P1 reduction which 

represents the effective protection function of the earplug. Different earplugs showed variations in 

pressure waveforms transmitted to the eardrum, which determine the protection level of earplugs. 

The comparisons of model-derived P1 and P2 waveforms and the peak P1 pressure reduction 

(insertion loss) induced by the foam and CAE are promising for FE model’s future applications. It 

is expected that the material properties, structural designs, and insertion depths can be evaluated 

in the FE model.  

Figure 80. Waveform/Attenuation comparison between FE model and experimental data. Column (A) shows the results with 

foam earplug and columns (B) and (C) show the results with the Combat Arms or Triple-Dome earplug at two different input 

overpressure P0 levels: (B) 14 kPa and (C) 46 kPa. The top panels display the experimentally recorded waveforms of P0, P1 and 

P2 from TB15-35L (foam earplug) and TB15-36R (Combat Arms). The bottom panels display the human ear model (HEM)-

derived waveforms.    

Finally, as an example of the possible utility of the FE model to aid in nonlinear earplug design, 

Fig. 81 shows the velocity streamlines through the orifice of the CAE or triple-dome and into the 

ear canal and middle ear. Snapshots of the streamlines are taken at times 0.02, 0.08, 0.24, and 0.96 

ms simulation time. As the flow develops, a swirling effect manifests in the ear canal, especially 

near the bottom of the canal near the TM. Although the current FE model does not include the hard 

plastic core of the CAE, it is possible that such information regarding the flow pattern throughout 

the EP and ear canal may be utilized to design orifice geometries capable of efficiently dissipating 

impulse energy, saving the ear from overpressure magnitudes that are currently deemed dangerous. 

Figure 81 was published in Kegan Leckness’ MS thesis at University of Oklahoma, August 2016 

and reported by Gan et al. at the Military Health System Research Symposium (MHSRS), August 

2017.   

A B C
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Figure 81. Time history of velocity streamlines through the ear with Combat Arms earplug or Triple-Dome earplug. 

(3-2) 3D FE model of the entire human ear including the ear canal, middle ear, middle ear 

cavity, and cochlea for simulation of blast wave transmission from the ear canal to 

cochlea  

To develop the 3D FE model of the entire human ear for modeling the transmission of BOP 

from the ear canal through the middle ear and into the cochlea, we have two steps to reach the goal: 

Step 1.  Create an uncoiled two-chambered cochlea model to replace the cochlear load with 

connections to middle ear at the stapes footplate (SFP) and round window membrane.  

Step 2. Develop a spiral cochlea model of three cochlear chambers separated by the basilar 

membrane (BM) and Reissner’s membrane (RM). We have completed Step 1 with several 

conference papers and a journal article published in Annals of Biomedical Engineering (2020) by 

Brown et al. Step 2 will be reported in Section (3-5).     

The FE model of the entire human ear was created based on the models reported in above 

Section 3-1. Figure 82A illustrates the entire ear model consisting of the ear canal, middle ear, and 

cochlea. The middle ear model (Fig. 82B) consists of the ossicles and their suspensory ligaments 

and muscle tendons, pars flaccida and pars tensa of the TM, TM annulus, manubrium, 

incudomallear and incudostapedial joints (IMJ and ISJ respectively), stapedial annular ligament 

(SAL), and middle ear cavity. The two-chambered cochlea model shown in Figs. 82A and C 

includes the cochlear fluid in the scala vestibuli (SV) above the BM and the scala tympani (ST) 

below the BM connected by a helicotrema at the apex of the cochlea. The BM was supported with 

two supports (spiral lamina and spiral ligament) and a bony ledge at the helicotrema or apex 

separating the SV and ST fluid chambers (Fig. 82C).  
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Figure 82. (A) FE model of the human ear with the ear canal, middle ear, and two-chambered cochlea. (B) Structural mesh of the 

middle ear with the TM, TMA, middle ear ossicles, SAL, round window membrane, and suspensory ligaments and muscle 

tendons. (C) The cochlea’s BM mesh surrounded by two supports and the cochlea’s bony apex. 

The pressure waveforms, collected from human TB blast tests, were used as the input BOP 

waveform at the entrance of the ear canal (P0). Figure 83A shows the first 2 ms of the 

experimentally measured P0 pressure waveform used as input for the FE model with a peak 

pressure of 30.7 kPa (4.45 psi). Various locations throughout the model were calculated for 

pressure to track the blast wave transmission in the ear as shown in Fig. 83B.  

The P1 pressure waveforms derived from the model were compared with that recorded from 

the experiments to validate the FE model as shown in Fig. 84: (a) the pressure waveforms recorded 

in a TB blast test; (b) P1 and P2 pressures calculated from the FE model; (c) comparison of P1 

between FE model and experiment. Both model and experimental P1 pressure waveforms 

exhibited similar peak pressures and A-durations as shown in Fig. 84c.  

The TM movement from the model (blue line) was compared with the experimental (red line) 

from Jiang et al. (2019) in Fig. 85. The P0 pressure waveform with peak pressure of 30.2 kPa or 

4.4 psi (black line) from Jiang et al. was used as input to the model. These results indicated that 

the FE model was validated with experimentally measured blast pressure transduction in human 

TBs and the blast-induced TM movement.  
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Figure 83. (A) Experimentally measured BOP used as input for the FE model at P0. (B) Input location for BOP at entrance of ear 

canal, P0, and locations in FE model monitored for pressure during simulations: P1, P2, PSV1 - PSV4, and PST1 - PST4. 

Figure 84. (A) Experimental measures of P0 and P1 during BOP. (B) The FE model’s simulated pressures for P1 and P2 with P0 

as input. (C) Comparison between FE model and experimental pressures of P1. 

Figure 86 shows the cochlear pressures derived from the model in the SV and ST at 4 locations 

from the base to apex: 0.25, 7.5, 20.0, and 28.75 mm. The pressures in ST were all lower than the 

corresponding pressure at the SV, but the pressures in the SV and ST trended closer together as 

the pressure waves transmitted to the apex.  
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Figure 85. Comparison of the TM movement between the FE model (blue) and Jiang et al.'s (2019) experimental data (red). The 

simulation used the BOP waveform from the published data as the input pressure at P0 (black). 

Figure 86. Pressures along the cochlea from base to apex during blast exposure. Pressures monitored in the scala vestibuli (PSV) 

and scala tympani (PST) at 0.25, 7.5, 20.0, and 28.75 mm from the base of the cochlea (A, B, C, and D, respectively). 

The model-derived displacement of the BM over time at various points: 4.3 to 29.3 mm from 

the base of the cochlea is shown in Fig. 87A. The BOP at the ear canal entrance resulted in an 

initial traveling wave in the BM that began displacing into the ST (negatively) and grew as the 

wave traveled toward the apex. Figure 87B shows the maximum upward displacement (towards 

the SV) over the BM from the base to the apex. The upward movement of the BM, or Organ of 
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Corti, is considered to cause greater damage to the cochlea’s hair cells since the extreme 

displacements of the BM injure the stereocilia of the hair cells as they collide with the tectorial 

membrane above the Organ of Corti. From Fig. 87B, it can be seen that the middle to apex region 

of the cochlea experiences the greatest displacement during blast exposure. 

Figure 87. (A) Model-derived displacements of the BM at 4.3, 10.5, 16.8, 23.0, and 29.3 mm from the base of the cochlea. (B) 

Maximum displacement of the calculated BM along its length. Only the displacement upwards into the scala vestibuli normal to 

the plane of the BM is included in (B). 

Compared with other models for predicting high intensity noise or blast induced hearing injury, 

such as the AHAAH model, a numerical method to perform the function of sound transmission 

through the ear of animal models, the 3D FE model of the human ear developed in this project has 

the capability to predict the biomechanical changes of ear components from BOP exposure which 

directly relates to dysfunction of the middle ear and cochlea resulting in hearing damage. We have 

proposed to use auditory risk units (ARUs) to predict if an exposure to a BOP waveform will 

incur inner ear or cochlea injury. ARU is a summation of the squared upward displacement over 

time at various points along the length of the BM during blast exposure. For each location along 

the basilar membrane, the number of ARUs can be presented as: 

ARU=∑𝑑𝑖
2,   [μm2]        (1) 

where di is the displacement of the BM at the ith location. Table 1 in Brown et al.’s paper (2020) 

lists the ARUs for the first 5 ms of our FE model’s simulation at 23 points along the BM when the 

BOP waveform shown in Fig. 83A was applied at the entrance of the ear canal. With the maximum 

ARU of 13,452 occurring at 29.25 mm from the base (~0.52 kHz region of cochlea), the ARU 

values follow the same trend from Fig. 87B where highest values occur from the middle to near 

the apex of the cochlea. One contribution of this project is to extend the human ear FE model’s 

predictive power to determine the resulting hearing impairment from blast-induced damage in the 

cochlea. 
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(3-3) Simulation of middle ear muscle active function in the FE model of the human ear 

Two muscles in the human middle ear: the stapedius muscle and tensor tympani muscle are 

included in our 3D FE model and denoted as C5 and C7, respectively (see Fig. 82B). The 

movement of the ossicles is stiffened by the muscle contraction in response to high intensity sound 

so that the sound energy transmitted into the cochlea would be reduced. 

In the FE model, the middle ear reflex was implemented by increasing the stiffness of the 

muscle (e.g. stapedius muscle C5). We first created the middle ear impedance change as a function 

of muscle stiffness change. Then, using the function of impedance change vs sound intensity 

published by A. R. MØller (1962), we created a function of stiffness change of the muscle vs sound 

intensity. The middle ear reflex is indirectly implemented by associating the stiffness change of 

the muscle with sound intensity.  

As an example, Fig. 88 shows the FE model-derived the middle ear impedance change with 

respect to the stapedius muscle stiffness change or the relationship between the stapedius stiffness 

and middle ear impedance. E/E0 is the ratio of active C5 stiffness to normal (passive) C5 stiffness. 

Figure 89 displays the comparison of stapes footplate displacement in warned or with active C5 

muscle and the unwarned with passive or normal C5 muscle. Figure 90 displays the warned vs 

unwarned stapes movement caused by stapedius muscle C5 contraction. With an unwarned 

response (e.g. low stiffness), the maximum stapes displacement was about 140 microns with a 

blast of 5 psi. A warned response, however, reduces this maximum displacement by an order of 

magnitude.  

Figure 88. FE model-derived the middle ear impedance change with respect to the stapedius muscle (C5) stiffness. E/E0 is the ratio 

of active C5 stiffness to normal (passive) C5 stiffness.

https://en.wikipedia.org/wiki/Stapedius
https://en.wikipedia.org/wiki/Tensor_tympani
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Figure 89. Stapes displacement calculated from the model with stapedius muscle contraction: warned vs. unwarned. 

Figure 90. (A) Stapes displacement derived from the FE model in warned case with stapedius muscle contraction. (B) Stapes 

displacement from the model in unwarned case. 

To further simulate the effect of MEMC on the TM and stapes footplate movement which 

reflect the energy transmitted into the cochlea, we changed the stiffness of the stapedius muscle 

C5 and tensor tympany muscle C7 and calculated the TM movement at the umbo and the stapes 

footplate movement when the BOP (P0) of 7 psi (or 50 kPa) was applied at the ear canal entrance 

in the FE model shown in Fig. 82. Figure 91A shows the TM displacement induced by BOP at 

three cases: normal ear, both C5 and C7 stiffness increased by 10 times, and C5 stiffness increased 

by 10 times over the time of 2 ms. Figure 91B displays the displacement of the stapes footplate 

induced by BOP at the same three cases: normal ear, both C5 and C7 stiffness increased by 10 

times, and C5 stiffness increased by 10 times. Note that the displacement data shown in the figures 

are the value along piston direction of the stapes. 
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(A) (B) 

Figure 91. Model-derived displacement of the TM at the umbo (A) and the stapes footplate (B) in normal and MEMC cases. 

These modeling results suggest that: 1) the C5 or stapedius muscle contraction may not affect 

the TM motion much but affect the stapes motion obviously; 2) the contraction of both C5 and C7 

muscles may have more effects on the TM and stapes footplate movement than the single C5 

muscle active function. It is also realized that the ratio of active C5 stiffness to normal C5 stiffness 

at 10 causes 5% middle ear impedance change, which may not be large enough to induce the 

changes of TM and stapes movement. Future studies are needed to quantify the C5 and C7 muscle 

active functions in relation to the motion changes of the TM and stapes under blast exposure.      

(3-4) Multi-layer FE model of human TM to investigate microstructural damage of the TM 

after blast exposure 

To simulate the TM damaged by blast waves as measured the TM surface motion in human 

TBs reported by Gan and Jiang (2019), an FE model of human TM with multilayer microstructure 

and orthogonal fiber network was created. The TM model was based on the entire ear model 

published by Zhang and Gan (2011). Figure 92a shows the ear model which consists of the ear 

canal, TM, middle ear ossicles, middle ear suspensory ligaments and muscle tendons, middle ear 

cavity, and the spiral cochlea with two and half turns. The TM in this published human ear model 

is a single layer of membrane with thickness of 75 μm. In the current project, the pars tensa part 

of the TM was modeled as a membrane consisting of five layers: epidermal layer, radial layer, 

middle layer, circumferential layer and the mucosal layer from the lateral to the medial side as 

shown in Fig. 92b, a schematic diagram illustrates the cross-section of the TM along the 

circumferential direction. The fiber orientations in radial and middle layers were following the 

directions of two major types of collagen fibers observed from experiments: the radial fibers 

originated from the manubrium and ended at the annulus; the circumferential fibers started and 

ended at the manubrium, parallel to the TM annulus and orthogonal to the radial fibers as shown 

in Fig. 92c. The pars flaccida was modeled as a non-fiber matrix.   
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Figure 92. (a) 3D FE model of the entire ear reported by Zhang and Gan (2011) including the ear canal, middle ear, middle ear 

cavity, and spiral cochlea. The TM in this published model was replaced by the multilayer FE model of the TM with fibrous 

structure in this study. (b) Schematic of the cross-section of the TM model along the circumferential direction, showing the location 

where the fibers are inserted between the respective layers. (c) Alignment of radial and circumferential fiber elements in the pars 

tensa of the TM. 

To investigate the relationship between the changes of the microstructure and mechanical 

properties of the TM and its surface motion, the blast-induced damage was simulated in the FE 

model of the TM using three approaches: 1) uniformly reduce the elastic modulus of fibers to 

simulate the mechanical properties of the fibers being altered by blast waves; 2) reduce the volume 

fraction of fibers to simulate the loss of fibers; 3) remove part of fibers in certain quadrant of the 

TM to simulate the regional loss of fibers. Following these three approaches, a damaged TM model 

to mimic the blast-induced changes in TM microstructure and mechanical properties was created 

as shown in Fig. 93. The deflection shapes of damaged TMs derived from FE model with reduced 

elastic modulus of the fibers, reduced fiber volume fraction, and partially removed local fibers 

generally followed the same trend of the experimental data with some minor discrepancies in Fig. 

94.
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Figure 93. Fibrous structure of the TM model simulating the partial loss of fibers in the high-mobility region induced by blast 

exposure. The high-mobility region on TM was observed in the posterior-anterior region where the major displacement peak 

appeared at frequencies below 4 kHz. 

Figure 94. Deflection shapes of TM surface motion derived from 3D FE model of the human ear with the normal TM or damaged TM at five 

selected frequencies (1, 2, 3, 4, and 8 kHz). From the left to right, the 1st column shows normal TM; the 2nd column shows the TM with reduced 

elastic modulus; the 3rd column shows the TM with reduced volume fraction of fibers; and the 4th column shows TMs with partially removed fibers. 
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In conclusion, the full-field surface motion of human TM before and after blast exposures was 

measured by SLDV (see Section (1-5)) over a frequency range from 1-8 kHz. An FE model of 

human TM with multilayer fiber network was created to simulate the normal and blast-damaged 

TMs. The model-derived data successfully characterized the features of the TM surface motion 

measured from the normal and damaged ears. Results suggested that the blast-induced TM damage 

might be a combination of global and regional loss or mechanical property changes of the fibers. 

The technology developed in this study can detect and simulate the blast-induced microstructural 

damage in the TM and improve our understanding of post-blast injuries in the auditory system. 

The multilayer TM model created in this study provides a practical tool for microstructural 

biomechanical analysis of TM damage.   

(3-5) 3D FE model of entire human ear with spiral cochlea 

To reach the final goal of this project for FE modeling of the entire ear, we have replaced the 

straight cochlear model by a spiral cochlea for simulation of the blast overpressure or high intensity 

sound transmission through the ear as shown in Figs. 95 and 96.  

As shown in Fig. 95, the spiral cochlea of two and a half turns is connected to the middle ear 

at the stapes footplate and the round window membrane (RWM). The scala tympani (ST) and scala 

vestibuli (SV), connected at the helicotrema, comprises of the perilymph fluid. This fluid is 

separated by the scala media (SM), or endolymph, with the basilar membrane (BM) and Reissner’s 

membrane (RM) as the bottom and top barriers, respectively (Fig. 96). The length of the BM or 

RM was approximately 34 mm. The width of the BM varied from 116 µm at the base to 497 µm 

at the apex. The thickness of the BM varied from 7.8 µm at the base to 2.5 µm at the apex, while 

the thickness of the RM varied from 8.5 µm at the base to 4.5 µm at the apex.  

The middle ear and ear canal model are the same as those of the uncoiled two-chambered 

cochlea model shown in Fig. 82, consisting of the ear canal, TM, TMA, manubrium, ossicles and 

associated suspensory ligaments, IMJ, ISJ, and SAL.  

Figure 95. 3D FE model of the human ear with spiral cochlea (posterior view). 
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Figure 96. (A) FE model of spiral cochlea with BM (SV, SM and RM are transparent here). (B) Cross section of the cochlea model 

displaying the three chambers (SV, SM, and ST) and two membranes (RM and BM). (C) Image of the three chambers’ connection 

at the base.  

For simulating blast wave transmission through this three-chambered spiral cochlear model, 

we have faced challenges in running the FSI coupling between the fluid and structure using Fluent 

and Mechanical in ANSYS. Figure 97 displays the meshed cochlear fluids: perilymph and 

endolymph (A) and structural mesh of entire ear model (B). The spiral cochlea model was uploaded 

to Fluent (fluid) and Mechanical (structure) through the ANSYS Workbench, and the parameters 

and material properties of the cochlea were set to similar values as those used in the straight 

cochlea model for the initial simulations. The conditions for the middle ear portion of the model 

were set identical to the published ear model with uncoiled cochlea. Simulations are currently 

ongoing to evaluate the initial performance of the model. It is expected that the spiral cochlea 

model with 3 chambers will allow us to investigate the more advanced fluid mechanics from the 

addition of the SM chamber and Reissner’s membrane.  

Figure 97. (A) Meshed fluid volumes of the cochlea showing the perilymph (dark green) and endolymph (light green). (B) Structural 

mesh of the ear canal, middle ear, and cochlea to be uploaded to ANSYS. 

In addition to the 3-chambered spiral cochlea model, we have created the 2-chambered spiral 

cochlea model based on the uncoiled or straight cochlear model of Fig. 82. Figure 98A displays 

the cochlear structure consisting of SV and ST separated by BM and Fig. 98B shows cross-

sectional view of the spiral cochlea near the apex. This model will allow us to analyze how the 

cochlea’s anatomy affects the blast transmission within the cochlea.     

A B C

A B 
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Figure 98. (A) FE model of spiral cochlea with BM (SV, ST, Vestibule, and Helicotrema are transparent here). (B) Cross-section 

of the spiral cochlea near the apex. Shows the two chambers (SV and ST), support structures, and BM. 

(3-6) 3D FE model of chinchilla entire ear for simulation of acoustic or blast overpressure 

transmission through the ear 

The 3D FE model of the human ear and the experimental measurements in cadaver ears provide 

important biomechanical date about the ear response to blast overpressure. However, there is a gap 

to connect those results to actual hearing damage because of the study limitation for human 

subjects. Therefore, the animal model becomes a necessary and very important research 

component for investigating the hearing damage and protection mechanisms.  

To correlate the animal hearing test results with the human hearing damage, we have created 

a 3D FE model of the chinchilla ear or bulla based on X-ray (µCT) images of an adult chinchilla 

bulla. The model is consisted of the external ear canal and middle ear and published in 

Biomechanics and Modeling in Mechanobiology, Vol. 15 by Wang and Gan (2016). Figure 99A 

displays the medial view of the chinchilla left bulla reconstructed on a total of 519 µCT images 

that contained the entire middle ear cavity and cochlea in Amira software with the surface 

triangulation meshes. Figure 99B shows the FE model of chinchilla ear consisting of the bony ear 

canal, TM, ossicular chain, middle ear ligaments and tendons, septa, and middle ear cavity from 

medial view. At the first step, we did not include the cochlea in the model as shown in Fig. 99B 

and focused on chinchilla middle ear function in response to acoustic stimulation.  

The air chambers and boundary conditions of the middle ear cavity in chinchilla may contribute 

fundamental features to the acoustic coupling of the ear and it is a challenge to accurately identify 

and simulate the acoustic boundary conditions of the middle ear cavity for chinchilla. In this study, 

we created two boundary conditions, or two types of fluid-structure interactions, defined in the 

acoustic elements of the ear canal and middle ear: Acoustic Boundary Condition 1 (BC1) 

representing the natural or sealed middle ear cavity wall as a rigid structure and BC2 representing 

the middle ear cavity wall as a partially flexible structure.   
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Figure 99. (A) The 3D geometrical model of a chinchilla left ear (medial view) reconstructed from µCT images. (B) FE model of 

the chinchilla ear with the external ear canal and middle ear inside the bulla from medial view of the model. The middle ear cavity 

was rendered transparently, and the septa were displayed as 3D solid. 

Figure 100. Comparison of the FE model-derived TM displacement with BC2 boundary condition (left panel A) and the stapes 

footplate displacement (right panel B) with the published experimental data measured in chinchillas. 
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The acoustic-mechanical coupled analysis was conducted with these two BCs to characterize 

the middle ear function. Figure 100 shows the frequency response curve of the TM displacement 

at umbo (Panel A, left)) and the stapes footplate displacement (Panel B, right) derived from the FE 

model with BC2 boundary condition (solid lines) in comparison with the published measurements 

in chinchillas: (a) magnitude and (b) phase. This study provides the first 3D FE model of the 

chinchilla ear for characterizing the middle ear functions through the acoustic-mechanical coupled 

FE analysis. 

At the second step to develop the FE model of chinchilla ear, we have added the cochlear 

model to the middle ear as shown in Fig. 101. The basilar membrane is approximately 16 mm in 

length and has an elastic modulus that is 30 MPa at the base and 5 MPa at the apex. The damping 

coefficient is assumed as 0 s at the base and 7.5 x 10-4 s at the apex. Figure 102 displays the 

cochlear model with the scala vestibule and scala tympani (A), the basilar membrane structure and 

associated bony supports of the chinchilla cochlear model (B), and basilar membrane and 

associated bony supports surrounded by cochlear fluid (transparent) (C). Note that the basilar 

membrane separates the scala tympani and scala vestibuli. This FE model of entire chinchilla ear 

and the results for acoustic and blast wave transmissions were published in Paige Welch’s MS 

thesis at University of Oklahoma, May 2020.    

Figure 103. (A) Posterior view of the 3D FE model of the chinchilla ear including the external ear canal. Note that the bulla is 

rendered transparent for ease of viewing. (B) Posterior view of the middle ear structures and cochlea. The connection between the 

TM and cochlea through the ossicular chain is prominently displayed. All Cs are suspensory ligaments.  



71 

Figure 102. (A) FE model the chinchilla cochlea with middle ear components (stapes, stapedial annular ligament, and round window 

membrane) to illustrate connection points to the middle ear model. (B) Basilar membrane structure and associated bony supports 

of the FE model of the chinchilla cochlea. The basilar membrane was approximately 16 mm in length. (C) Basilar membrane and 

associated bony supports surrounded by cochlear fluid (transparent). Note that the basilar membrane separates the scala tympani 

and scala vestibuli. These two fluids filled chambers connect at the helicotrema.  

The FE model of the entire chinchilla ear was validated for normal sound transmission (e.g., 

90 dB SPL) from the ear canal to cochlea first. Figure 103 shows the FE model-derived magnitude 

of the TM and stapes footplate (FP) displacement in the direction normal to the FP per unit sound 

pressure (normalized by the input sound pressure 90 dB or 0.632 Pa) in comparison with published 

experimental data measured in chinchillas. The displacement of the basilar membrane from the 

base to the apex over frequencies ranging from 200 Hz to 15 kHz was derived (dBM) and 

normalized by the stapes FP displacement (dFP) across the frequency range as shown in Fig. 104. 

The BM data was compared to the frequency versus position map created from published 

chinchilla experimental data by Eldredge et al. (1981) in Greenwood (1990) in Fig. 105. 

Figure 103. FE model-derived displacements of the (A) TM at the umbo and (B) stapes FP in comparison to published experimental 

data in chinchilla.  
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Figure 104. BM displacement normalized with respect to the footplate displacement (dBM / dFP) at frequencies of 200 Hz – 15 kHz 

from the base to apex.  

Figure 105. FE model-derived frequency versus position map in comparison to published chinchilla experimental data. The black 

line represents the line of best fit to data points (Eldredge et al., 1981). 

The 3D FE model of the chinchilla bulla with the entire ear was further employed for analysis 

of blast wave transmission from the ear canal to the cochlea. As shown in Fig. 106, a recorded 

blast overpressure waveform P0 from a chinchilla test was applied as an input at the entrance of 

the ear canal. The pressure at the ear canal entrance (P0), pressure near the TM in the ear canal 

(P1), pressure behind the TM in the middle ear cavity (P2), and cochlear pressures PSV and PST at 

three locations along its spiral length from the base to apex within the scala vestibule (SV) and 

scala tympani (ST) were derived from the model. The locations of those pressures, P0, P1, P2, and 

cochlear pressures, are shown in Fig. 107. The SV-1 was located approximately 0.6 mm below the 

stapes FP, while SV-2 and SV-3 were located about 5 mm and 13 mm from the base, respectively. 

ST-1 was located roughly 0.9 mm below the RWM, while ST-2 and ST-3 were located 

approximately 6 mm and 13 mm from the base, respectively. 
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Figure 108 shows the results of model-predicted cochlear pressures at 3 locations from base to 

apex within the scala vestibule (SV-1, SV-2, and SV-3) and scala tympani (ST-1, ST-2, and ST-

3). The pressure closest to the stapes (SV-1) was the greatest, with a maximum peak pressure of 

approximately 1,500 Pa. As the location moved closer to the helicotrema, the pressure in the SV 

decreased. SV-2 and SV-3 had maximum peak pressures of 3.7 Pa and 0.04 Pa, respectively. In 

the scala tympani, the model-predicted pressure was greatest near the RWM (ST-1), with a 

maximum peak pressure of about 113 Pa, much lower than the pressure at SV-1. Similar to the 

trend observed in the scala vestibuli, as the location moved closer to the helicotrema the pressure 

in the ST decreased. ST-2 and ST-3 had peak pressures of 3.4 Pa and 0.06 Pa. These results 

indicated that the pressure wave in the cochlea did not distribute to the apex but had decreased 

substantially less than halfway down the cochlea.  

Figure 106. (A) Recorded BOP waveform P0 at the entrance of the ear canal. (B) The 3D FE model of the chinchilla ear with the 

middle ear cavity removed for a better view, showing the location of P0 input, middle ear ossicles, and cochlea. 

     (A)  (B) 

Figure 107. (A) Locations of the P1 and P2 pressures calculated from the model with the input pressure P0 applied at the chinchilla 

ear canal entrance. (B) Three locations of cochlear pressure calculated along the SV and ST from the base to apex, respectively.  
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The FE model-predicted displacements of the basilar membrane (BM) at 17 points from the 

base to the apex are shown in Fig. 109. The displacements were calculated in the direction normal 

to the BM. Positive displacement was the movement into the scala tympani, while negative 

displacement reflected the movement into the scala vestibuli. As seen in these figures, the greatest 

BM displacement occurred 2.17 mm from the base with a maximum positive displacement of 53 

nm. The BM displayed an oscillating pattern of movement along the first 5.84 mm of length and 

the displacement decreased from base to apex. After the first 5.84 mm, the BM movement showed 

displacement only in the negative direction or in the direction into the scala vestibuli.  

Figure 108. FE model-derived cochlear pressure distribution from the base to apex. The top row shows the pressure in the SV and 

the bottom row shows the pressure in the ST.  

Figure 109. FE model-derived BM displacement from base to apex in response to BOP in the time domain. (A) Displacements of 

the basilar membrane up to 5.84 mm from the base. (B) Displacements of the BM from 6.71 mm to 10.20 mm from the base. (C) 

Displacements of the BM from 11.07 mm to 15.59 mm from the base. 



75 

(3-7) Improvement of 3D printed human temporal bone or human ear for applications 

The 3D printing system (Object350, Stratasys) with multiple materials was used to print human 

TB or human ear consisting of the ear canal, TM, middle ear ossicular chain, and middle ear cavity 

based on an FE model of the human ear as shown in Figs. 8 and 9. The cochlear load was added 

to the stapes footplate through liquid pressure. A finished print of the 3D printed TB’s unassembled 

middle ear can be seen in Figs. 110a-d where rigid materials were printed in either white or yellow 

(hard tissues) and flexible materials were printed in shades of gray or black (soft tissues). The 

lateral surface of the TM can be seen through the ear canal in Fig. 110a while Fig. 110b shows the 

medial-inferior side of the TM within the middle ear cavity. The ossicular chain was freely 

suspended after removal of the support material. The top and back seals (Fig. 110c) were affixed 

to the middle ear portion to form the middle ear cavity. For clarity, the TM, ossicular chain and 

their attached ligaments and tendons were 3D printed separately and are shown in Fig. 110d. The 

ossicular chain was printed at a 1:1 scale from the human ear or FE model and retained its shape 

throughout the 3D printed TB’s fabrication. Figures 110e and 110f shows the fully assembled 3D 

printed TB. This study has been included in Marcus Brown’s Ph.D. dissertation at the university 

of Oklahoma, May 2021. 

Figure 110. Images of a finished print of the 3D printed TB’s unassembled middle ear portion. (a) Lateral view of the middle ear 

portion showing the ear canal and TM within. (b) Medial view of the middle ear portion of the 3D printed TB showing the opening 

used for cleaning. (c) Posterior view of the 3D printed TB’s middle portion with the seals. (d) A 3D print of the ossicles, TM, and 

ligaments and tendons from within the middle ear cavity of the 3D printed TB. The ossicles were imaged without the surrounding 

material and with a scale to highlight the detail and size of the middle ear tissues. (e) Lateral view of the assembled 3D printed TB 

with a Lyric earplug inserted into the ear canal. A silicone mold of the pinna was adhered to the 3D printed TB to simulate the 

outer ear. (f) Medial view of the assembled 3D printed TB showing the ports to measure the pressures at the TM and in the middle 

ear cavity and to access the stapes footplate. 
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To validate the function capability of the 3D printed TB for sound transmission through the 

ear, the movement of the TM was measured using laser Doppler vibrometry under acoustic 

stimulation, and the data were compared with published human TM’s displacement in the literature 

as shown in Fig. 111A. The LDV measurements performed in the 3D printed TB were similar to 

those measured in human cadaver TBs by Gan and Wang; however, only the TM velocity was 

recorded. The pressures measured during BOP exposure for the 3D printed TB and human TB are 

shown in Fig. 111B. Specifically, the plot compares the pressures recorded at P0 (entrance of the 

ear canal) and P1 (in ear canal near TM) for the printed TB and a human ear. 

Figure 111. (A) Plot of the peak-to-peak displacement of the TM over the frequency range of 200 – 10,000 Hz for the 3D printed 

TB’s TM (red line) and seven human TB samples (solid black lines) from Gan and Wang (2007). The average of the seven samples 

is plotted in the black dotted line. (B) Plot of the P0 (ear canal entrance) and P1 (in the ear canal near the TM) pressures measured 

in blast tests of the 3D printed TB (red line for P0 and green line for P1) and a human cadaveric TB (blue line for P0 and black line 

for P1) without hearing protection. 

In conclusion, a 3D printed TB was created for the purpose of providing standardized testing 

of HPDs to blast exposure. Two HPDs (standard foam earplug and Lyric hearing aid) were 

included for testing the protective function with the 3D printed TB during blast (see Section (1-

3)). Results show that the pressure measurements in the 3D printed TB were well within the mean 

and standard deviation of the published data from tests performed in human cadaveric TBs 

demonstrating that our 3D printed TB is a valid model for testing HPD designs. The 3D printed 

TB developed in this study provides an accurate and cost-effective evaluation for HPDs’ protective 

function against BOP exposure with the potential to perform as a TB model for research in ear 

biomechanics for acoustic transmission. 

● What opportunities for training and professional development has the project provided?

Nothing to Report 

● How were the results disseminated to communities of interest?

Nothing to Report 
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● What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report 

4. IMPACT

● What was the impact on the development of the principal discipline(s) of the project?

The accomplishments of this project for biomechanical modeling and measurement of blast injury 

have great impacts to understanding the hearing damage induced by blast exposure at various 

aspects in relation to the blast overpressure and the protection mechanisms of HPDs to blast-

induced hearing injury.  The major impacts are listed below:  

1) The relationships between the ear injury and the intensity or direction of blast waves, the

transfer functions of the ear canal and middle ear to blast overpressure, the middle ear muscle

reflex to blast exposure, and the changes of ear tissues’ mechanical properties caused by blast

have been identified through the experiments in human ears and the animal model of chinchilla.

2) It is the first time that the movements of the TM and stapes footplate under blast exposure are

measured by the dual-laser setup. The stapes footplate movement data can be directly used to

determine the blast energy entering the cochlea, a significant step toward quantifying the

cochlear hair cell damage or PAS injury in relation to blast exposure. The TM and stapes

footplate movement data are also critical for validating the FE model of the human ear and

understanding the middle ear damage induced by blast.

3) The 4-Case study in chinchillas is a novel investigation to separate the blast-induced damage

in the PAS and CAS with the corresponding protective device to the PAS and CAS,

respectively. Comparison between Case 2 and Case 3 reflects the CAS damage or the helmet

protection; comparison between Case 3 and Case 4 indicates the PAS damage or the earplug

protection on hearing threshold.

4) Hearing damage in relation to the number of blast exposures at an equivalent level to the mild

TBI and the hearing damage after repetitive exposure to the low BOP level measured in

chinchillas provide important information about permanent hearing damage in relation to the

intensity of BOP, number of blast exposures, and time course after exposure. Our results

demonstrate that HPDs can mitigate the hearing damage and help the recovery, but the

effectiveness depends on the BOP intensity or TBI severity and the number of blast exposures.

5) The 3D FE model or 3D Biomechanical model of the entire human ear has been developed and

validated. The model can predict the blast overpressure transmission from the ear canal to the

middle ear and cochlea. The distributions of stress and strain or deformation of the TM and

middle ear ossicular chain, the TM rupture in relation to blast waveform, the cochlear pressure

distribution from the base to apex, and the cochlear basilar membrane movement can be

derived from the model under blast exposure condition. It has also been demonstrated that the

3D FE model can be used for assisting the HPD design and function evaluation.



78 

6) Characterization of HPDs’ protective function to blast exposure through experiments in human

cadaver ears, animal ears, and the 3D printed human ear or temporal bone, and the simulation

in FE model is a major outcome from this research project. The standard criteria for HPDs

design and evaluation based on nonlinear FE model of the human ear and biomechanics of

tissue injury after blast exposure can be delivered.

● What was the impact on other disciplines?

Nothing to Report 

● What was the impact on technology transfer?

The animal blast model (chinchilla) has resulted in the patent application entitled: “Uses of 

glucagon-like peptide-1 receptor agonists for treating trauma-induced hearing loss”. The Final 

DD882, "Report of Inventions and Subcontracts”, has been submitted.    

● What was the impact on society beyond science and technology?

Nothing to Report 

5. CHANGES/PROBLEMS

● Changes in approach and reasons for change

No significant changes in approach. 

● Actual or anticipated problems or delays and actions or plans to resolve them

No significant problems and delays. 

● Changes that had a significant impact on expenditures

No changes in expenditures. 

● Significant changes in use or care of human subjects, vertebrate animals, biohazards,

and/or select agents

Animal study protocol R17-015 at OU was renewed on March 4, 2020 as protocol R20-006. This new 

protocol R20-006 was submitted to USAMRMC ACURO on March 4, 2020 and approved by 

ACURO on April 23, 2020.      
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6. PRODUCTS

• publications, conference papers, and presentations;

• website(s) or other Internet site(s);

• technologies or techniques;

• inventions, patent applications, and/or licenses; and

• other products.

● Publications, conference papers, and presentations

A. Peer-Reviewed Journal Papers (Acknowledgement of Federal/DoD Grant Support – Yes

for all) 

1. Brown, M., Jiang, S. and Gan, R. Z. A 3D printed human ear model for standardized testing

of hearing protection devices to blast exposure (In Submission)

2. Jiang, S., Dai, C. and Gan, R. Z. Dual-laser measurement of human stapes footplate motion

under blast exposure. Hearing Research, 2020A (Under 2nd Review)

3. Jiang, S. Welch, P., Smith, K., and Gan, R. Z. Auditory dysfunction induced by repeated low

intensity blast exposures in a chinchilla model. Hearing Research, 2020B (In Resubmission)

4. Shao, N., Jiang, S., Younger, D., Chen, T., Brown, M., Rama Rao, K. V., Skotak, M., Gan,

R. Z., and Chandra, N. Central and Peripheral Auditory Abnormalities in Chinchilla Animal

Model of Blast-Injury. Hearing Research, 2020 (Under Review)

5. Brown, M., Ji, X. D. and Gan, R. Z. 3D finite element modeling of blast wave transmission

from the external ear to cochlea. Annals of Biomedical Engineering, 2020 (In Press) DOI:

10.1007/s10439-020-02612-y

6. Jiang, S., Gannon, A., Smith, K., Liang, J., Brown, M., and Gan, R. Z. Prevention of blast-

induced auditory injury using 3D printed helmet and hearing protection device – A

preliminary study on biomechanical modeling and animal. Military Medicine, 2020C (In

Press)

7. Liang, J., Nakmali, D., Gan, R. Z., Lu, H., and Dai, C. Investigating the geometry and

mechanical properties of human round window membranes using micro-fringe projection.

Otology & Neurotology, 2020 (In Press)

8. Smith, K., Chen, T., and Gan, R. Z. Hearing damage induced by blast overpressure at the

mild TBI level in a chinchilla model. Military Medicine, Vol. 185: 248-255, 2020.

https://doi.org/10.1093/milmed/usz309

9. Liang, J., Smith, K., Gan, R. Z., and Lu, H. Effect of blast overpressure on mechanical

properties of human tympanic membrane. J. Mech. Behavior Biomed Materials, Vol. 100

(103368): pp. 1-9, 2019.

https://doi.org/10.1093/milmed/usz309
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10. Gan, R. Z. and Jiang, S. Surface motion change of tympanic membrane damaged by blast

waves. J. Biomechanical Engineering, Vol. 141: 091009-1 to -11, 2019A.

11. Luo, H., Wang, F., Cheng, C., Nakmali, D., Dai, C., Wei, L., Gan, R. Z., and Lu, H.

Measurement of the through-thickness Young’s modulus of a human tympanic membrane by

nanoindentation. Hearing Research, Vol. 378: 75-91, 2019.

12. Chen, T., Smith, K., Jiang, S., Zhang, T., and Gan, R. Z. Progressive hearing damage after

repeated exposure to low level of blast overpressure in chinchillas. Hearing Research, Vol.

378: 33-42, 2019.

13. Jiang, S., Smith, K., and Gan, R. Z. Dual-laser measurement and finite element modeling of

human tympanic membrane motion under blast exposure. Hearing Research, Vol. 378: 43-

52, 2019.

14. Gan, R. Z., Leckness, K., Smith, K., and Ji, X. D. Characterization of protection

mechanisms to blast overpressure for personal hearing protection devices – Biomechanical

measurement and computational modeling. Military Medicine, Vol. 184, 3/4: 251-260,

2019B.

15. Jiang S., and Gan, R. Z. Dynamic properties of human incudostapedial joint measured with

frequency-temperature superposition. Medical Engineering & Physics, Vol. 54: 14-21, 2018.

16. Gan, R. Z., Leckness, K., Nakmali, D., and Ji, X. D. Biomechanical measurement and

modeling of human eardrum injury in relation to blast wave direction. Military Medicine,

Vol. 183, 3/4: 245-251, 2018A.

17. Leckness, K., Nakmali, D., and Gan, R. Z. Computational modeling of blast wave

transmission through human ear. Military Medicine, Vol. 183, 3/4: 262-268, 2018.

18. Gan, R. Z. Biomechanical changes of tympanic membrane to blast waves. In: Molecular,

Cellular and Tissue Engineering of the Vascular System. Bingmei Fu and Neil Wright (Eds).

Springer, pp. 321-334, 2018B. 

19. Liang, J., Yokell, Z., Nakmali, D., Gan, R. Z., and Lu, H. The effect of blast overpressure on

the mechanical properties of a chinchilla tympanic membrane. Hearing Research, Vol. 354:

48-55, 2017.

20. Engles, W. G., Wang, X., and Gan, R. Z. Dynamic properties of human tympanic membrane

after exposure to blast waves. Annals of Biomedical Engineering, Vol. 45 (10): 2383–2394,

2017.

21. Hu, X., Xu, T., Luo, H., Gan, R. Z., and Lu, H. Measurement of thickness and profile of a

transparent material using fluorescent stereo microscopy. Optics Express, Vol. 24 (26):

29822-29829, 2016.
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22. Gan, R. Z., Nakmali, D., Ji, X. D., Leckness, K., and Yokell, Z. Mechanical damage of

tympanic membrane in relation to impulse pressure waveform – A study in chinchillas.

Hearing Research, Vol. 340: 25-34, 2016.

23. Liang, J., Luo, H., Yokell, Z., Nakmali, D., Gan, R. Z., and Lu, H. Characterization of the

nonlinear elastic behavior of chinchilla tympanic membrane using micro-fringe projection and

finite element simulation. Hearing Research, Vol. 339: 1-11, 2016.

24. Wang, X. and Gan, R. Z. 3D finite element model of the chinchilla ear for characterizing

middle ear functions. Biomechanics and Modeling in Mechanobiology, Vol. 15 (5): 1263-

1277, 2016.

25. Luo, H., Jiang, S., Nakmali, D., Gan, R. Z., and Lu, H. Mechanical properties of a human

eardrum at high strain rates after exposure to blast waves. J. Dynamic Behavior of Materials,

Vol. 2: 59-73, 2016.

26. Hawa, T. and Gan, R. Z. Pressure distribution in a simplified human ear model for the high

intensity sound transmission. ASME J. Fluids Engineering, Vol. 136: 111108-1 to -6, 2014.

B. Dissertations/Theses (Acknowledgement of Federal/DoD Grant Support – Yes for all)

Ph.D. Dissertations and M.S. Theses: 

1. Marcus Brow: 3D Computational Modeling of Blast Wave Transmission through the Ear

and Protection Mechanism. Ph.D. Dissertation at University of Oklahoma, May 2021.

2. Zachary Yokell: Electromyographic Measurement of the Chinchilla Middle Ear Muscle

Reflex Elicited by Acoustic or Blast Stimuli. Ph.D. Dissertation at University of Oklahoma,

May 2019.

3. Shangyuan Jiang: Mechanical Properties of Human Incudostapedial Joint and Tympanic

Membrane in Normal and Blast-damaged Ears. Ph.D. Dissertation at University of

Oklahoma, May 2018.

4. Paige Welch: Measurement and 3D Finite Element Modeling of Blast Wave Transmission

through Chinchilla Ear. M.S. Thesis at University of Oklahoma, May 2020.

5. Warren Engles: Changes of Mechanical Properties of Tympanic Membrane after Blast

Exposure. M.S. Thesis at University of Oklahoma, May 2017.

6. Leckness Kegan:  Novel finite element method to predict blast wave transmission through

human ear. M.S. Thesis at University of Oklahoma, August 2016.
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C. Conference Papers (National and International Conferences) (Acknowledgement of

Federal/DoD Grant Support – Yes for all) 

1. Gan, R. Z., Sanders, S., Welch, P., and Jiang, S. Mitigation of hearing damage after blast

exposure in animal model of chinchilla. Association for Research in Otolaryngology (ARO)

- Midwinter Meeting (Virtual), February 20-24, 2021.

2. Jiang, S., Welch, P., Sanders, S., Smith, K., and Gan, R. Z. Liraglutide, a glucagon-like

peptide-1 receptor agonist, mitigates the blast-induced hearing damage in chinchillas.

Association for Research in Otolaryngology (ARO) - Midwinter Meeting (Virtual),

February 20-24, 2021.

3. Brown, M., Bradshaw, J. J., and Gan, R. Z. 3D finite element modeling of blast wave

transmission from the external ear to a spiral cochlea. Association for Research in

Otolaryngology (ARO) - Midwinter Meeting (Virtual), February 20-24, 2021.

4. Gan, R. Z., Welch, P., Sanders, S., and Jiang, S. Therapeutic function of liraglutide for

mitigation of hearing damage after blast exposures in animal model of chinchilla with or

without hearing protection devices. Proceedings of the Biomedical Engineering Society

2020 Annual Meeting, San Diego, CA, October 14-17, 2020. (Virtual Meeting due to

COVID-19 pandemic)

5. Gan, R. Z., Welch, P., Sanders, S., and Jiang, S. Hearing function restoration with

liraglutide treatment after repeated low-intensity blast exposures in an animal model of

chinchilla. DoD 2020 Military Health System Research Symposium (MHSRS), Kissimmee,

FL, August 2020. (Meeting was canceled due to COVID-19, but the abstract was posted

online)

6. Gan, R. Z., Jiang, S., Smith, K., and Dai, C. Dual-laser measurement of stapes footplate

movement in human ears with and without hearing protection device (HPD) under blast

exposure. Association for Research in Otolaryngology (ARO) - Midwinter Meeting, San

Jose, CA, January 25-29, 2020.

7. Jiang, S., Smith, K. Liang, J., Wang, X., Gannon, A., Brown, M., and Gan, R. Z. A novel

chinchilla model of blast-induced auditory injury for hearing damage prediction and

prevention using 3D printed “helmet” and earplug. Association for Research in

Otolaryngology (ARO) - Midwinter Meeting, San Jose, CA, January 25-29, 2020.

8. Gan, R. Z., Jiang, S., Smith, K. and Dai, C. Measurement of middle ear ossicular motion

under blast exposure with laser Doppler vibrometry. Proceedings of the Biomedical

Engineering Society 2019 Annual Meeting, Philadelphia, PA, October 16-19, 2019.

9. Brown, M. and Gan, R. Z. Modeling the auditory nerve response during blast exposure.

Proceedings of the Biomedical Engineering Society 2019 Annual Meeting, Philadelphia,

PA, October 16-19, 2019.

10. Welch, P., Brown, M., Wang, X. and Gan, R. Z. 3D Finite element modeling of blast wave

transmission through chinchilla ear. Proceedings of the Biomedical Engineering Society

2019 Annual Meeting, Philadelphia, PA, October 16-19, 2019.

11. Gan, R. Z., Smith, K., Liang, J., Gannon, A., Brown, M., and Jiang, S. Prediction and

prevention of blast-induced auditory injury using 3D-printed chinchilla “helmet” and

hearing protection devices. DoD 2019 Military Health System Research Symposium

(MHSRS), Kissimmee, FL, August 17-22, 2019.

12. Gan, R. Z., Smith, K., Chen, T., and Jiang, S. Mitigation of auditory damage after blast

exposure with glucagon-like peptide-1 (GLP-1) – A study in chinchilla. Association for
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Research in Otolaryngology (ARO) - Midwinter Meeting, Baltimore, MD, February 9-13, 

2019. 

13. Brown, M., Ji, X., and Gan, R. Z. 3D finite element modeling of blast wave

transmission from the external ear to the cochlea. Association for Research in

Otolaryngology (ARO) - Midwinter Meeting, Baltimore, MD, February 9-13, 2019.

14. Welch, P., Smith, K., Brown, M., and Gan, R. Z. 3-D finite element model of the

chinchilla ear for modeling sound transmission from ear canal to cochlea. Association

for Research in Otolaryngology (ARO) - Midwinter Meeting, Baltimore, MD, February 9-

13, 2019.

15. Gan, R. Z., Chen, T., Smith, K., and Jiang, S. Therapeutic function of glucagon-like

peptide-1 (GLP-1) for hearing restoration after blast exposure. Proceedings of the
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• Quantify middle ear injury in relation to blast pressure level and
wave direction and overpressure transduction through the ear
• Identify middle ear protection mechanisms by detecting middle ear
muscle reflex and measuring mechanical changes of ear tissues
• Develop the FE model of human ear to predict unwarned and
warned responses of the middle ear to blast exposure

Approach

• Identify blast-induced eardrum and middle ear damage and the blast
pressure transmission through the ear with multiple sensors inserted
in cadaver ears
• Detect the acoustic reflex on EMG of middle ear stapedius muscle
• Measure mechanical properties of ear tissues after blast exposure
• Conduct nonlinear FE analysis on 3D FE model of the human ear –
passive and active ear models in CFX/ANSYS
• Simulate the HPDs in FE model to derive prevention mechanisms

Goals/Milestones 

CY15 Goals – Establish measurement and modeling of blast overpressure

 Identify eardrum/middle ear damage thresholds and setup EMG 

measurement and tissue mechanical testing 

 Building passive FE model of the ear for analysis of blast wave

CY16 Goals – Characterization of middle ear function  

 Investigate ear canal/middle ear transfer function and muscle function 

 Continue tissue mechanical testing and validate the passive FE model 

CY17 Goals – Middle ear protection mechanisms and active model

 Complete muscle function test and continue tissue mechanical tests

 Develop active FE model of the model for blast wave analysis 

CY18 Goals – Validate active FE model with applications

 Complete nonlinear active model and ear tissue testing

 Evaluate HPDs in FE model of the ear for hearing protection

Comments/Challenges/Issues/Concerns

• EMG measurement in animals and blast test in cadaver ears began.
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Projected Expenditure: $2,521,486.30
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Task 2-1 (Acoustic reflex-EMG)

Task 2-2 (Tissue mechanics )
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modeling of blast injury)

Accomplishment: 1) Dual-laser measurement of eardrum and stapes footplate motion during 
blast exposure; 2) changes of ear tissues in microstructure and mechanical properties after 
blast exposure; 3) chinchilla blast model for measuring middle ear muscle active function and 
hearing damage in relation to blast number and intensity; 4) protection mechanisms of HPDs 
identified in human ears, chinchillas, and FE models; 5) 3D FE model of the entire ear with 
spiral cochlea for modeling blast wave transduction through the ear and injury prediction.

3D FE model of human ear: ear canal, middle ear, and spiral cochlea 

Cochlea with 3 chambers
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3D Finite Element Modeling of Blast Wave Transmission

from the External Ear to Cochlea

MARCUS A. BROWN,1 XIAO D. JI,1 and RONG Z. GAN
1,2

1School of Aerospace and Mechanical Engineering, University of Oklahoma, Norman, OK, USA; and 2School of Aerospace and
Mechanical Engineering, University of Oklahoma, 865 Asp Avenue, Room 200, Norman, OK 73019, USA

(Received 3 June 2020; accepted 2 September 2020)

Associate Editor Estefanı́a Peña oversaw the review of this article.

Abstract—As an organ that is sensitive to pressure changes,
the ear is often damaged when a person is subjected to blast
exposures resulting in hearing loss due to tissue damage in
the middle ear and cochlea. While observation of middle ear
damage is non-invasive, examining the damage to the cochlea
is difficult to quantify. Previous works have modeled the
cochlear response often when subjected to an acoustic
pressure input, but the inner ear mechanics have rarely been
studied when the ear is exposed to a blast wave. In this study
we aim to develop a finite element (FE) model of the entire
ear, particularly the cochlea, for predicting the blast wave
transmission from the ear canal to cochlea. We utilized a FE
model of the ear, which includes the ear canal, middle ear,
and uncoiled two-chambered cochlea, to simulate the
cochlear response to blast overpressure (BOP) at the entrance
of the ear canal with ANSYS Mechanical and Fluent in a
fluid–structure interface coupled analysis in the time domain.
This model was developed based on previous middle and
inner ear models, and the cochlea was remeshed to improve
BOP simulation performance. The FE model was validated
using experimentally measured blast pressure transduction
from the ear canal to the middle ear and cochlea in human
cadaveric temporal bones. Results from the FE model
showed significant displacements of the tympanic membrane,
middle ear ossicles, and basilar membrane (BM). The stapes
footplate displacement was observed to be as high as 60 lm,
far exceeding the displacement during normal acoustic
stimulation, when the 30 kPa (4.35 psi, 183 dB (SPL), Sound
Pressure Level) of BOP was applied at the ear canal entrance.
The large stapes movement caused pressures in the cochlea to
exceed the physiological pressure level [< 10 Pa, 120 dB
(SPL)] at a peak of 49.9 kPa, and the BM displacement was
on the order of microns with a maximum displacement of
26.4 lm. The FE model of the entire human ear developed in
this study provides a computational tool for prediction of
blast wave transmission from the ear canal to cochlea and the

future applications for assisting the prevention, diagnosis,
and treatment of blast-induced hearing loss.

Keywords—Finite element model, Ear, Blast overpressure,

Cochlear pressure, Basilar membrane.

INTRODUCTION

Blast-induced injuries affect the health and quality
of life for veterans in the US.18,22 Due to its exceptional
sensitivity to air pressure changes, the ear is susceptible
to damage during blast exposure, and consequently, an
increasing number of veterans experience hearing loss
after suffering blasts during deployment to recent
conflicts.1,4,21 Exposure to blast overpressure (BOP)
can cause perforations in the tympanic membrane
(TM) and dislocation of the ossicular chain, which are
simply diagnosed through otoscopic examination.4,9

Being far more difficult to observe, blast damage to the
inner ear results in cochlear synaptopathy and hair cell
loss.1,17

Experimental studies in human cadaveric temporal
bones (TBs) have shown that exposure to BOP results
in complex responses, but fewer experiments have
analyzed the response of the ear during blast.10,13,15

Blast exposure produces high pressures within a very
short period of time in the ear canal and results in large
movements of the TM, middle ear ossicles, and cochlea
basilar membrane (BM) at values exceeding their dis-
placements during normal sound stimulation.12,13,15

Gan et al.9 observed amplifications of blast pressure as
the BOP wave travels through the ear canal to the TM
and analyzed the resulting perforations and stresses in
the TM. Similar results were repeated in a later study

Address correspondence to Rong Z. Gan, School of Aerospace

and Mechanical Engineering, University of Oklahoma, 865 Asp

Avenue, Room 200, Norman, OK 73019, USA. Electronic mail:

rgan@ou.edu

Annals of Biomedical Engineering (� 2020)

https://doi.org/10.1007/s10439-020-02612-y

BIOMEDICAL
ENGINEERING 
SOCIETY

� 2020 Biomedical Engineering Society

Author's personal copy

http://orcid.org/0000-0001-7568-0774
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-020-02612-y&amp;domain=pdf


by Greene et al.13 where they further studied the ele-
vated pressures in the cochlea during blast wave
exposure. Such high pressures applied to the TM
would undoubtedly cause damage to the TM during its
intense movement, and recent research has shown that
the TM does displace substantial more during blast
exposure and its surface motion was altered from the
suffered damage.8,15 While the ossicular chain’s
movement has yet to be reported during blast, elevated
stapes displacement and cochlear pressure have been
reported during exposure to intense low frequency
tones as high as 170 dB SPL.14 Extreme stapes move-
ment and intracochlear pressure would damage the
BM within the cochlea, however neither experimental
results nor measurement methods have been reported
for the BM motion during blast exposure.14 Accurately
detecting BM motion during stimulation requires
sensitive measurements in a well-controlled environ-
ment, and for this reason, observing the BM during
blast exposure is not yet possible and alternative
approaches must be utilized.20

Models of the ear have been utilized to investigate
the response of the ear to sound and more recently, to
analyze blast wave transmission throughout the
ear.2,11,16,19 Leckness et al.16 developed a three-di-
mensional (3D) finite element (FE) model of the
human ear to simulate the transmission of a BOP from
the ear canal to the middle ear based on a previous FE
model for normal sound transmission by Gan et al.7

Using experimentally measured blast waveforms in
human TBs, the results from Leckness et al.’s FE
model reflected the pressures observed throughout the
ear, and the stress distribution within the TM was
calculated from the model and was comparable to blast
damage seen in otoscopic examination of the TM.9,16

Other numerical models of the ear have been devel-
oped to analyze the response of the ear during blast
exposure, such as the Auditory Hazard Assessment
Algorithm for Humans (AHAAH) model by Price,19

that attempts to quantify a threshold for sustained
hearing loss based on an input pressure wave and BM
displacement.2 Despite the recent advancements in
blast modelling of the ear, current models either lack
the ability to model the cochlea and the BM or cannot
analyze the ear’s 3D response to BOPs limiting the
available results and utility.2

In the present article, we report a recent study on
development of a 3D FE model of the entire human
ear to simulate the transmission of BOP from the ear
canal through the middle ear and into the cochlea
overcoming the one-dimensional and knowledge limi-
tations of previous models. This model was based on
the FE model created by Gan et al.,11 consisting of the
external ear, middle ear, and uncoiled two-chambered
cochlea. The middle ear model was extended by

Leckness et al.16 for simulation of blast wave trans-
duction from the ear canal to middle ear with the co-
chlear load applied at the stapes footplate. In the
present study, the cochlea model was added to the
middle ear and FE modeling of the BOP wave trans-
duction through the entire ear, outer ear, middle ear,
and cochlea, was completed.

The FE model was validated with the experimental
data obtained in human TBs which includes the pres-
sure near the TM in the ear canal and the displacement
of the TM when the experimentally measured blast
pressure was applied at the ear canal entrance in the
model. The displacements of the middle ear ossicles
(e.g., stapes footplate) and cochlea BM and the intra-
cochlear pressures were derived from the model. With
this newly developed FE model of the entire human ear
we aim to provide a computational tool for prediction
of blast wave transmission from the ear canal to the
cochlea and for future applications for assisting the
prevention, diagnosis, and treatment of blast-induced
hearing loss.

MATERIALS AND METHODS

FE Model of the Human Ear

The FE model of the entire human ear was created
based on the models reported by Leckness et al.16 and
Gan et al.11 for the middle ear and the cochlea,
respectively. Both middle ear and cochlear models
were originally built from histological cross-sectional
images of a human TB (left ear, 55 year-old, male),7

and the resulting geometries were originally meshed in
Hypermesh 13 (Altair Engineering, Inc., Troy, MI). In
this study, the ear canal and middle ear from Leckness
et al.16 was connected to the cochlea at the stapes
footplate (SFP) and round window membrane (RWM)
from Gan et al.11 The cochlea was remeshed in tetra-
hedral elements with Hypermesh 13 to improve the
performance of the elements for transient, high
deformation analysis in the time domain.

Figure 1a illustrates the entire ear model consisting
of the meshed ear canal, middle ear, and cochlea. The
middle ear model (Fig. 1b) consists of the ossicles and
their suspensory ligaments and tendons, pars flaccida
and pars tensa of the TM, TM annulus (TMA),
manubrium, incudomallear and incudostapedial joints
(IMJ and ISJ respectively), stapedial annular ligament
(SAL), and middle ear cavity. The two-chambered
cochlea model shown in Figs. 1a and 1c includes the
cochlear fluid in the scala vestibuli (SV) above the BM
and the scala tympani (ST) below the BM connected
by a helicotrema at the apex of the cochlea. The BM
was supported with two supports (spiral lamina and
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spiral ligament) and a bony ledge at the helicotrema or
apex separating the SV and ST fluid chambers
(Fig. 1c). The BM was 32 mm in length and separated
into 128 portions with varying material properties. The
resulting meshes for the ear canal, middle ear, and
cochlea contained 16,482, 20,139, and 182,484 ele-
ments, respectively.

Material Properties of Structural Components
and Boundary Conditions

The material properties and boundary conditions
used for the structural components of the ear canal and
middle ear were similar to those stated by Leckness
et al.16 In short, the standard linear viscoelastic model6

in ANSYS (ANSYS Inc., Canonsburg, PA) was as-
signed to the TM, TMA, IMJ, ISJ, SAL, and RWM of
all middle ear soft tissues with the Prony shear relax-
ation modulus:

GðtÞ ¼ G0 aG1 þ aG1 e
�t=s1

h i
; MPa½ �; ð1Þ

where G0 is the shear relaxation modulus at t = 0, aG1
is the relative long-term modulus, aG1 and s1 are the

first-order relative modulus and relaxation time,
respectively. The material properties reported in Ta-
ble 1 of Zhang and Gan23 were used to determine the

values in Eq. (1) by converting the stated Young’s
modulus (E) into shear modulus (G):

E ¼ 2G 1þ mð Þ; ½MPa� ð2Þ

where m is the Poisson’s ratio of the material. The
ossicles, suspensory ligaments and tendons, and man-
ubrium were modeled as isotropic elastic materials as
reported by Gan et al.,11 and the ear canal skin (shown
in Fig. 1a) was modeled as an isotropic elastic material
with a Young’s modulus of 0.42 MPa, density of
1050 kg/m3, and a Poisson’s ratio of 0.43. The skin of
the ear canal, TMA, RWM, SAL, and suspensory
ligaments and tendons that meet the bony wall of the
ear were set to fixed boundary conditions.

Material properties of the structural components of
the cochlea, including the BM, two supports (spiral
lamina and spiral ligament), and a bony support at the
apex (Fig. 1c), and their boundary conditions were
assigned the same values as those reported by Gan
et al.11 With a length of 32 mm, the BM was separated
into 128 sections along its length with the material
properties varying per section. As in Gan et al.,11 the
Young’s modulus changed linearly per section along
the BM’s length from 50 MPa at the base to 15 MPa in
the middle to 3 MPa at the apex with a density and
Poisson’s ratio of 1200 kg/m3 and 0.3, respectively.
The b damping of the BM changed linearly from

FIGURE 1. (a) FE model of the human ear with the ear canal, middle ear, and two-chambered cochlea. (b) Structural mesh of the
middle ear with the TM, TMA, middle ear ossicles, SAL, round window membrane, and suspensory ligaments and muscle tendons.
(c) The cochlea’s BM mesh surrounded by two supports and the cochlea’s bony apex
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2.0 9 1023 s at the base to 1.0 9 1022 s at the apex.
The width and thickness of the BM elements changed
linearly from 100 and 7.5 lm, respectively, at the base
to 500 and 2.5 lm, respectively, at the apex, and the
BM’s mesh included 384 eight-node hexahedral ele-
ments, three elements per section. The spiral lamina
and apex bony supports were assumed to have a
Young’s modulus of 14.1 GPa, density of 1200 kg/m3,
Poisson’s ratio of 0.3, and b damping of 1.0 9 1024 s,
and the spiral ligament was assigned similar properties
except with a Young’s modulus of 5 MPa and a den-
sity of 1000 kg/m3. All the BM support structures were
fixed in place to give the BM a fixed boundary condi-
tion along its edges.

Fluid Properties and Boundary Conditions

The fluid properties and boundary conditions of the
fluid domains in the human FE model were similar to
the assigned properties in Leckness et al.16 and Gan
et al.11; however, the cochlea fluid domain was mod-
eled in the ANSYS Fluent rather than ANSYS
Mechanical APDL as in Gan et al.11 The air fluid
domains of the model (ear canal and middle ear cavity)
were assigned as a compressible, ideal gas at sea level,
and the ambient air pressure was set to that of sea level
(101,325 Pa). The perilymphatic fluid inside the co-
chlea was assigned an initial density of 998.2 kg/m3

and a viscosity of 1.003 9 1023 kg/m-s. Fluid–struc-

ture interfaces (FSIs) were designated to the inner
surface of the ear canal, medial and lateral surfaces of
the TM, SFP, cochlea and middle ear cavity facing
surfaces of the RWM, and SV and ST facing surfaces
of the BM. All remaining walls were assigned as sta-
tionary, rigid walls. All walls of the fluid domains were
defined with a no-slip boundary condition.

FE Analysis

The FE analysis for the model was setup within
ANSYS Workbench v19.1 where ANSYS Mechanical
and Fluent calculated the structural and fluid dynam-
ics, respectively, and transferred the forces and dis-
placements of the FSIs through a coupled analysis.
The blast simulation was performed as a nonlinear,
transient simulation with a time step size of 1 ls at a
total signal length of 20 ms. Both ANSYS Mechanical
and Fluent were set to calculate the large deformations
of the FSIs that occur during blast exposure. Fur-
thermore, the deforming fluid domains implemented a
remeshing and smoothing function to ensure high
mesh quality during simulations.

Experimental pressure waveforms, collected from
cadaveric TB blast tests,15 were used as the input BOP
waveform at the entrance of the ear canal (P0).
Figure 2a shows the first 2 ms of the experimentally
measured P0 pressure waveform used as input for the
FE model with a peak pressure of 30.7 kPa (4.45 psi),

FIGURE 2. (a) Experimentally measured BOP used as input for the FE model at P0. (b) Input location for BOP at entrance of ear
canal, P0, and locations in FE model monitored for pressure during simulations: P1, P2, PSV1–PSV4, and PST1–PST4
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and Fig. 2b illustrates the location of P0 where the
model’s input was applied and the locations of other
pressures being experimentally measured or calculated
from the model. Various locations throughout the
model were calculated for pressure to track the blast
wave transmission in the ear. As shown in Fig. 2b,
these locations were near the TM in the ear canal P1,
behind the TM in the middle ear cavity P2, and four
points in both the SV and ST along the BM from the
base to the apex labeled as PSV1–PSV4 and PST1–PST4,
respectively. Additional model derived results include
the displacements of the TM, SFP and BM.

Experimental Blast Test with Cadaveric Temporal
Bones

The methods used for collecting experimental pres-
sure waveforms in this study were extensively described
by Jiang et al.15 and Leckness et al.16 In short, fresh
human cadaver TB with no observable ear damage had
a pressure sensor (Model 105C002, PCB Piezotronics,
Depew, NY) surgically inserted into the ear canal near
the TM (P1). The TB was mounted to a ‘‘head block’’
and placed under the blast apparatus designed for
open-field blasts within an anechoic chamber. The P0
pressure sensor (Model 102B16, PCB Piezotronics,
Depew, NY) was mounted 1 cm lateral to the entrance
of the ear canal. The BOP was generated by bursting a
polycarbonate film (McMaster-Carr, Atlanta, GA)
with compressed nitrogen gas. Diagram and detailed
description of the experimental setup can be viewed in
Jiang et al.15 The pressure sensor measurements were
recorded and synchronized by a data acquisition sys-
tem using a cDAQ 7194, A/D converter 9215 (Na-
tional Instruments Inc., Austin, TX), and LabVIEW
Signal Express software (National Instruments Inc.,
Austin, TX).

Model Validation with Experimental Results

The P1 pressure waveforms derived from the model
were compared with that recorded from the experi-
ments to validate the FE model. Similar to Leckness
et al.,16 the peak pressure level, P1:P0 peak pressure
ratio, and A-duration were used to analyze and com-
pare the P1 waveform’s intensity and peak wave shape.
The A-duration is defined as the measure of time (in
ms) the positive portion of the peak pressure is sus-
tained, and the B-duration is the time interval between
the BOP peak pressure and the last value within 20 dB
of the peak. The percent error was used to compare the
P1:P0 ratio and P1 A-duration between the experiment
and model data. Following an FFT analysis of the
monitored pressures, the power density spectra nor-
malized to the sampling frequency of 1 MHz and

pressure gain (referenced to P0) of the experimental
and model-derived pressure waveforms were calculated
to observe their frequency behavior. A pressure
waveform duration of 20 ms, sampled at 1 MHz, was
used for these calculations. The model’s TM move-
ment was compared to experimental data recorded by
Jiang et al.15 during blast, and other results were
compared to published data where available.

We propose to use auditory risk units (ARUs) to
predict if an exposure to a BOP waveform will incur
inner ear or cochlea injury. ARU is a summation of the
squared upward displacement over time at various
points along the length of the BM during blast expo-
sure. For each location along the basilar membrane,
the number of ARUs can be presented as:

ARU ¼
X

d2i ; lm2
� �

; ð3Þ

where di is the displacement of the BM at the ith
location.

RESULTS

Figures 3a and 3b present the pressure waveforms
recorded in a TB blast test and calculated from the FE
model, respectively. The P0 waveform had an A-du-
ration of 0.307 ms and a B-duration of 9.792 ms. With
a peak pressure of 30.7 kPa for P0, the peak pressures
for P1 were 59.0 and 58.6 kPa for the model and TB
blast test, respectively, resulting in very close peak
pressure ratios, P1:P0, of 1.92 from the model and 1.91
from the experiment with an extremely low percent
error of 0.7%. Both model and experimental P1 pres-
sure waveforms exhibited similar A-durations of 0.16
and 0.175 ms (8.6% error), respectively as shown in
Fig. 3c. It should be noted that P0 was measured at
1 cm from the ear canal entrance, while the FE model
applied the P0 input pressure on the inlet face of the
ear canal. While sound pressure travels at the speed of
sound, the air velocity and pressure generated from
blasts delay with increased distance.3 Our blast
chamber is designed for open-field blast tests which is
subject to this phenomenon. This gave the model a
faster time of arrival for the peak pressure at P1 than
that shown in experimental blast tests. Despite the
different time of arrival, the model-predicted P1
waveform agrees well with the experimental waveform.
P2 (in the middle ear cavity) was not measured during
the blast tests as conducted in Jiang et al.15 so only the
model-derived P2 pressure is shown in Fig. 3b. The
model derived P2 waveform in Fig. 3b exhibits a
reduction of peak pressure and has a peak pressure of
9.7 kPa much lower than P1 peak pressure of
59.0 kPa. Furthermore, the addition of the cochlea in
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FIGURE 3. (a) Experimental measures of P0 and P1 during BOP. (b) The FE model’s simulated pressures for P1 and P2 with P0 as
input. (c) Comparison between FE model and experimental pressures of P1

FIGURE 4. Pressures along the cochlea from base to apex during blast exposure. Pressures monitored in the scala vestibuli (PSV)
and scala tympani (PST) at 0.25, 7.5, 20.0, and 28.75 mm from the base of the cochlea (a, b, c, and d, respectively)
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the current model did not exhibit an obvious change to
middle ear pressure when compared to previous
models.10,16

The cochlear pressures derived from the model in
the SV and ST at 4 locations from the base to apex:
0.25, 7.5, 20.0, and 28.75 mm, are shown in Fig. 4. A

maximum peak pressure of PSV1, PSV2, PSV3, and PSV4

were observed to be 49.5, 49.9, 34.4, and 40.1 kPa from
the base to apex (black lines), respectively. In the ST
(red lines), there was an increase in the maximum
pressures from PST1 to PST2, a decrease at PST3, and an
increase at PST4 with values of 16.6, 26.0, 19.4, and

FIGURE 5. Comparison of the TM movement between the FE model (blue) and Jiang et al.’s15 experimental data (red). The
simulation used the BOP waveform from the published data as the input pressure at P0 (black)

FIGURE 6. (a) Model-derived stapes displacement in the piston, superior/inferior, and anterior/posterior directions from BOP
exposure. (b) Model-derived stapes displacement in the superior/inferior, and anterior/posterior directions, emphasizing the
difference in magnitude between the stapes’ piston and rocking movements
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35.0 kPa, respectively, which were all lower than the
corresponding pressure at the SV. The highest positive
pressure in the cochlea of 49.9 kPa was observed at
PSV2 (Fig. 4b) at 0.436 ms after the peak pressure oc-
curred at P1 (0.101 ms). The greatest negative pressure
occurred at the base (PSV1) with a value of 2 49.2 kPa
at time point 0.374 ms (Fig. 4a, PSV1), 0.273 ms after
P1 peak pressure. It was also observed that the pres-
sures in the SV and ST trended closer together as the
pressure waves transmitted to the apex where the SV
and ST pressures differed as much as 50.1 kPa closer
to the base (Fig. 4b) then exhibited an insignificant
pressure difference at the apex (Fig. 4d).

The TM movement from the FE model over 2 ms is
shown in Fig. 5 (blue line) with the experimental data
of the TM movement during blast from Jiang et al.15

(red line). The P0 pressure waveform with peak pres-
sure of 30.2 kPa or 4.4 psi (black line) from Jiang et al.
was used as input to the model. From Fig. 5, the TM
peak-to-peak displacement predicted from the model
was 0.79 mm and the experimental data measured
from a TB was 0.84 mm. The FE model stayed within
10% of the measured peak-to-peak displacement. With
P0 peak pressure occurring at 0.11 ms, the mod-
el-derived and experimental TM peak displacements
happened at 0.26 and 0.37 ms, respectively, resulting in

a difference of 0.11 ms between the model and exper-
imental TM displacement delays after the P0 peak
pressure. This was expected since the model’s time of
arrival for the peak pressure at P1 consistently occurs
before the experimental P1 peak pressure.

Figure 6 displays the model-derived displacement of
the SFP over 2 ms along three directions: the piston,
anterior, and superior directions. The piston direction
is defined as perpendicular to the footplate plane. As
shown in Fig. 6a, the SFP movement in the piston
direction dominated the motion with the minimum
displacement of 2 27.5 lm and a maximum displace-
ment of 61.3 lm, representing the movement directed
into and out of the cochlea at the oval window with
displacement into the cochlea being negative. The
displacements along the superior and anterior direc-
tions were extremely small which relate to the rocking
motion of the SFP in the planes normal to the piston
direction. Despite the second maximum peak dis-
placement having the largest value (Fig. 6a), the first
maximum (55.5 lm) peak displacement had the
greatest influence on the pressure fluctuations in the
cochlea. The second peak occurred at 0.77 ms, but
pressure magnitudes within the cochlea were subse-
quently lower after this time than before it (Fig. 4). As
shown in Fig. 6b, the displacements in the superior and

FIGURE 7. (a) Model-derived displacements of the BM at 4.3, 10.5, 16.8, 23.0, and 29.3 mm from the base of the cochlea. (b)
Maximum displacement of the calculated BM along its length. Only the displacement upwards into the scala vestibuli normal to the
plane of the BM is included in (b)
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anterior directions were at least a magnitude lower
than that in the piston direction, and despite these
displacements being much lower, displacements in all
directions were far greater than the maximum dis-
placement of the SFP under normal conditions [typi-
cally < 0.1 lm at 90 dB (SPL)].12

Figure 7a shows the model-derived displacement of
the BM over time at various points: 4.3 to 29.3 mm
from the base of the cochlea. The BOP at the ear canal
entrance resulted in an initial traveling wave in the BM
that began displacing into the ST (negatively) and grew
as the wave traveled toward the apex. The greatest
displacement into the ST was 20.7 lm at 26.75 mm
from the base (not shown in the figure). Figure 7b
shows the maximum upward displacement (towards
the SV) over the BM from the base to the apex, and the
maximum displacement of the BM was 26.4 lm at
26.75 mm from the base. While the negative displace-
ment of the BM had a significant magnitude, the up-
ward movement of the BM, or Organ of Corti, is

considered to cause greater damage to the cochlea’s
hair cells since the extreme displacements of the BM
injure the hair cells’ stereocilia as they collide with the
tectorial membrane above the Organ of Corti over-
stretching their tip links.19 From Fig. 7b, it can be seen
that the middle to apex region of the cochlea experi-
ences the greatest displacement during blast exposure.

To further illustrate how the BOP at the ear canal
entrance (P0) transmitted to the TM (P1), middle ear
(P2), and cochlea (PSV1 and PST1), all these pressure
waveforms were collected in Fig. 8a over 2 ms and
Fig. 8b over 20 ms. The A-duration and B-duration of
input P0 waveform was marked in Figs. 8a and 8b at
0.307 and 9.792 ms, respectively. The pressure peaks
for P0, P1, and PSV1 occurred at 0.021, 0.101, and
0.154 ms, respectively, showing the rapid transmission
of the BOP through the ear. With such a short B-
duration, P0 quickly dissipated and P1, P2, PSV1, and
PST1 quickly followed that trend after 3 ms as shown in
Fig. 8b. Figure 8c is the power spectral density of P0,

FIGURE 8. (a) The simulated pressures of P0, P1, P2, PSV1, and PST1 over 2 ms. The A-duration of the input pressure, P0, is
marked at time 0.33 ms. (b) The simulated pressures of P0, P1, P2, PSV1, and PST1 over 20 ms. The B-duration of the input pressure,
P0, is marked at time 9.81 ms. (c) The pressure frequency spectra of the P0, P1, P2, PSV1, and PST1 pressure waveforms over 20 ms.
(d) Gain of P1, P2, PSV1, and PST1 over the frequency range with respect to P0
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P1–FEA (P1 from FE analysis), P1–Exp. (P1 from
experiment), PSV1, and PST1 normalized to the sam-
pling frequency (1 MHz) from 0.01 to 22 kHz, and
Fig. 8d plots the gain of P1-FEA, P1–Exp., PSV1, and
PST1 with respect to P0. It was observed that most of
the largest components of the pressure occurred at
frequencies less than 4 kHz for P0, P1-FEA, and P1–
Exp., and conversely, PSV1 and PST1 have a much lower
spectra values at low frequencies (Fig. 8c). A similar
trend was seen for the gain of PSV1 and PST1 where
their gain was lower than those of PSV1 and PST1 at
frequencies less than 2 kHz; however, there were peaks
in the gains of the cochlear pressures at about 3.4 kHz
and 5.4 kHz that were significantly higher than the
gains of the P1 pressures (Fig. 8d).

DISCUSSION

Model Comparison and Application for Predicting
Blast-Induced Auditory Injuries

The ultimate goal of blast models of the human
body is to accurately predict the sustained damage to
the victim in order to better understand the exposure
risk and to develop improved protective measures for
future potential victims.2 With this goal in mind,
models have been developed to attempt a prediction of
the potential hearing damage from BOP expo-
sure.1,2,5,16,19 The more widely known models for pre-
dicting high intensity noise or blast induced hearing
injury, such as the AHAAH model, developed
numerical methods to perform the function of sound
transmission through the ear of animal models,19 cor-
related the hearing loss observed from noise and in-
tense pressure exposure in animal experiments to the
response of the model to the same stimuli, then
extrapolated the results to a human model with con-
version factors.5,19 While said models continue to im-
prove through validation from patient data and field
advancement,19 the intrinsic nature of these models
limit their versatility and the amount of provided
information. The 3D FE model of the human ear

developed in this study has the capability to predict the
biomechanical changes of ear components from BOP
exposure which directly relates to dysfunction of the
middle ear and cochlea resulting in hearing damage.

The inherent properties of FE analysis allowed our
model to simulate various middle ear ailments,23 ana-
lyze the protective function of hearing protection
devices,10 and investigate the blast-induced stress and
deformation responses of the ear.9,16 An example of
this model’s versatility has been shown by Gan et al.10

where earplug structures were added to the human ear
FE model relatively easily and tested under blast
condition. Furthermore, stress distribution in the TM
caused by blast exposure has been reported for this
model which gave insight into potential TM damage
and perforation locations.9,16

One contribution of this study was to extend the
human ear FE model’s predictive power to determine
the resulting hearing impairment from blast-induced
damage in the cochlea. The calculated ARUs describe
the cumulative property of the BM movement at each
location along the BM from the base to the apex in
response to high sound pressure waveforms and rep-
resent the cochlea injury criteria of our biomechanical
model or FE model of the human ear. Table 1 lists
the ARUs for the first 5 ms of our FE model’s sim-
ulation at 23 points along the BM when the BOP
waveform shown in Fig. 2a was applied at the en-
trance of the ear canal. With the maximum ARU of
13,452 occurring at 29.25 mm from the base
(~ 0.52 kHz region of cochlea), the ARU values fol-
low the same trend from Fig. 7b where highest values
occur from the middle to near the apex of the co-
chlea. The ARU values together with blast exposure
conditions and patient data could provide a predictive
measure for sustained hearing damage when exposed
to a certain BOP level.

Limitations and Future Work

There are still limitations to the FE model presented
in this study. For example, the viscoelastic tissues of

TABLE 1. ARU values calculated from the FE model at various distances or frequency regions on basilar membrane from the
base turn to apex of the cochlea

Distance from cochlea base

(mm)

4.25 5.5 6.75 8 9.25 10.5 11.75 13 14.25 15.5 16.75

Frequency (kHz) 11.76 10.06 8.6 7.36 6.29 5.38 4.6 3.94 3.37 2.88 2.46

ARU 219 436 798 1347 2121 3134 4351 5745 7310 9046 10,179

Distance from cochlea base

(mm)

18 19.25 20.5 21.75 23 24.25 25.5 26.75 28 29.25 30.5 31.75

Frequency (kHz) 2.11 1.8 1.54 1.32 1.13 0.97 0.83 0.71 0.6 0.52 0.44 0.38

ARU 10,921 11,450 11,687 12,283 12,509 12,875 13,113 13,109 13,286 13,452 10,804 1262

Bold value indicates the max ARU value along the cochlea.
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the middle ear, such as the TM, need improved
material property models for high strain rate behavior
which may account for the discrepancies between
experimental and simulated data. For instance, Fig. 5
did show similar TM displacement peak values
between the experimental and model data, but the
motion of the TM after the peak pressure significantly
differed thereafter. Improvement of the FE model in-
cludes developing an enhanced material model for the
BM and a three-chamber spiral cochlea model. The
present FE model’s cochlea is a simplified, two-cham-
bered cochlea whose BM material properties closely
follow those used by Gan et al.11 who modulated the
material properties to have the BM function properly
during acoustic stimuli.

The lack of stapes movement data and proven
intracochlear pressure data during blast hinders the
accuracy of the model’s inner ear simulation. These
two parameters are essential for determining the en-
ergy input into the cochlea. As previously mentioned,
the SFP movement during blast has not been pub-
lished; however, preliminary studies are ongoing to
obtain this metric in human cadaveric TB, and the data
will be used to improve the accuracy of the human ear
FE model.

Comparing the FE model’s results with a recent
study by Greene et al.13 shows the potential for val-
idating the model with experimental intracochlear
pressure measurements during blast. Specifically, in
Fig. 8d, the gain of the SV and ST pressures were
consistently lower than the gain of P1 showing a
negative gain between the pressures at the TM and in
the cochlea for frequencies lower than 1.4 kHz. This
effect was observed experimentally by Greene et al.13

as the intracochlear pressure gain diminished and was
often negative as blast peak pressures increased at
levels above 7 kPa; however, the gains of PSV and PST

were much lower in the FE model than those
observed experimentally in the input peak pressure
range of about 30 kPa.13 The discrepancies between
the model and published data could be due to
numerous factors. The researchers used the complete
head of the donor allowing bone conduction of the
blast wave to the cochlea as hypothesized by the
researchers.13 The FE model only considers the blast
energy transmission through the ear canal. Further-
more, the standard deviations of the intracochlear
pressures measured by Greene et al. were quite large13

(6.2 dB and 6.5 dB with respect to free field) for the
SV and ST, respectively) revealing that more pub-
lished data are still needed to further validate the
current model as well as experiments whose setup
resembles the modeling environment of the human
ear FE model.

CONCLUSIONS

In summary, a 3D FE model of the entire human
ear was developed and successfully simulated the BOP
waves from the entrance of the ear canal to the co-
chlea. Results from the FE model showed significant
displacements of the TM, middle ear ossicles, and co-
chlea BM. The stapes footplate displacement was
observed to be as high as 60 lm, far exceeding the
displacement during normal acoustic stimulation. The
large stapes movement caused pressures in the cochlea
to exceed the physiological pressure level (< 10 Pa) at
a peak of 49.9 kPa, and the BM displacement was on
the order of microns with a maximum displacement of
26.4 lm which would suggest substantial damage to
the Organ of Corti during blast exposure. This study
developed a tool for analyzing the pressure and BM
movement within the cochlea which sets the stage for a
model that predicts the potential auditory injury in-
duced by the blast exposed victims.
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Prevention of Blast-induced Auditory Injury Using 3D Printed
Helmet and Hearing Protection Device – A Preliminary Study on

Biomechanical Modeling and Animal
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ABSTRACT
Introduction:
Repeated blast exposures result in structural damage to the peripheral auditory system (PAS) and the central auditory
system (CAS). However, it is difficult to differentiate injuries between two distinct pathways: the mechanical damage
in the PAS caused by blast pressure waves transmitted through the ear and the damage in the CAS caused by blast wave
impacts on the head or traumatic brain injury. This article reports a preliminary study using a 3D printed chinchilla
“helmet” as a head protection device associated with the hearing protection devices (e.g., earplugs) to isolate the CAS
damage from the PAS injuries under repeated blast exposures.

Materials and Methods:
A finite element (FE) model of the chinchilla helmet was created based on micro-computed tomography images of a
chinchilla skull and inputted into ANSYS for FE analysis on the helmet’s protection against blast over pressure. The
helmet was then 3D printed and used for animal experiments. Chinchillas were divided into four cases (ears open, with
earplug only, with both earplug and helmet, and with helmet only) and exposed to three blasts at blast over pressure of
15 to 20 psi. Hearing function tests (e.g., auditory brainstem response) were performed before and after blast on Day 1
and Days 4 and 7 after blasts.

Results:
The FE model simulation showed a significant reduction in intracranial stress with the helmet, and the animal results
indicated that both earplug and helmet reduced the severity of blast-induced auditory injuries by approximately 20 dB
but with different mechanisms.

Conclusions:
The biomechanical modeling and animal experiments demonstrated that this four-case study in chinchillas with helmet
and hearing protection devices provides a novel methodology to investigate the blast-induced damage in the PAS and
CAS.

INTRODUCTION
Hearing loss and tinnitus are the top two types of occupational
disabilities among military personnel which have been proved
to be primarily caused by exposures to blasts during combat
and military training by a series of epidemiologic studies.1,2

Both the peripheral auditory system (PAS) and central audi-
tory system (CAS) are vulnerable to blast injuries, and the
intensities of blast overpressures (BOPs) are at mild traumatic
brain injury (TBI) pressure levels.3 However, blast-induced
damage in the CAS and PAS has not been isolated and studied
separately.1,4 This gap of knowledge affects the development
of hearing protection devices (HPD; e.g., earplugs), which are
designed to attenuate the blast pressure reaching the tympanic
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membrane (TM) and protect the PAS but have questionable
efficacy in protecting the CAS.5–7

Blast overpressure induces acoustic trauma through two
distinct pathways: mechanical damage in the PAS caused by
blast wave transmission through the ear including TM per-
foration, ossicular chain disruption, loss of hair cells, and
tearing of the basilar membrane, and damage in the CAS
caused by blast wave impacts on the head, or TBI, includ-
ing blast-induced abnormally intense shearing and stretching
of the auditory-related areas in the brain, e.g., the inferior col-
liculus in the midbrain and auditory cortex in the temporal
lobe.1,8–11 Clinical and laboratory studies indicate the blast-
induced PAS damage can induce a significant and permanent
increase of the hearing threshold. The CAS damage, how-
ever, tends to induce relatively small and temporary thresh-
old shifts with other lasting auditory and perceptual deficits,
which are new and still not well understood.10–12 Acous-
tic trauma induced through these two pathways contribute
to auditory dysfunction and result in complicated symptoms,
which are difficult to clearly investigate and assess with
clinical observations.8,11,12 Therefore, development of an
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animal model that allows quantitative investigation on the two
damage-formation pathways would greatly facilitate under-
standing of blast-induced auditory injuries and strategies for
prediction and prevention of hearing loss.

Chinchilla is a well-developed animal model for hearing
research on continuous and impulse noise exposures and has
been recently developed for the field of blast-induced hearing
damage with promising output.13,14 Our laboratory has used
electrophysiological measurement to quantify the acute and
progressive effects of repetitive exposure to low BOP levels
(3-5 psi or 21-35 kPa) and the effects of the number of blast
exposures at high BOP levels (15-20 psi or 103-138 kPa),
equivalent to mild TBI, on the hearing function in chin-
chillas.15,16 Hearing protection devices (earplugs) were also
included in those studies to assess the degree of protection
from HPDs when animals were exposed to multiple blasts.

This article reports our recent and novel study that used the
3D printed chinchilla “helmet” as a head protection device to
isolate the CAS damage from the PAS injuries and assessed
the protective functions of the helmet and earplug. The design
and evaluation of the chinchilla helmet using finite element
(FE) modeling and 3D printing were described first. The
protective function of the helmet associated with HPDs was
assessed by studies in the chinchilla animal model. Chin-
chillas were divided into four groups, or cases, (ears open,
with earplug only, with both earplug and helmet, or with
helmet only) to repetitively expose blasts at a BOP level
that causes mild TBI. The hearing sensitivity of the animals
was observed for seven days by measuring the thresholds of
auditory brainstem response (ABR). As a preliminary study,
the biomechanical modeling and animal experiments demon-
strated that the four-case study in chinchillas with helmet
and HPDs provides a novel methodology to investigate the
blast-induced damage in the PAS and CAS.

MATERIALS AND METHODS

3D Finite Element Modeling

• Chinchilla skull model. The 3D structure of the chinchilla
skull was created from a series of micro-CT images of a
chinchilla skull specimen using the reconstruction software
AMIRA (FEI Houston Inc., Hillsboro, OR). The solid model
was then meshed in HyperMesh (HyperWorks, Altair Engi-
neering, Troy, MI). The chinchilla brain’s geometry and
location within the chinchilla skull were obtained through
measurements of a chinchilla brain specimen fixed in 4%
paraformaldehyde in phosphate buffer solution. The 3D FE
model was then established in ANSYS Workbench (ANSYS
Inc., Canonsburg, PA) for FE analysis. Fig. 1A shows a cross-
sectional view of FE model with chinchilla skull (grey), brain
(blue), and intracranial tissue (red). The brain model was
comprised of 1,055 tetrahedral elements and assumed as a
viscoelastic solid because of the tissue response behavior to

an applied pressure load. The Prony shear response material
model with a relaxation time of 1.75 s and a shear modulus of
575 Pa was used for mechanical properties of the brain.17 The
intracranial tissue was modeled as a first-order Ogden hyper-
elastic solid and consisted of 401 tetrahedral elements.18 The
skull consisted of 741 tetrahedral linear elastic solid elements
with a Young’s modulus of 10 GPa and a Poisson’s ratio of
0.3.19

• Chinchilla helmet model. The 3D FE model of the chin-
chilla helmet was then created as a blast wave shield that
could provide two protective barriers to the brain. The hel-
met dimensions were designed from the skull FE model to fit
and cover the skull but leave the ears exposed. The helmet was
made in three sections as shown in Fig. 1B: the front, middle,
and back covers with two side panels. The middle cover pro-
tects the majority of the chinchilla’s head from the forehead
to the ears. The back cover shields the back side of the head
where the brain is located, and the front cover is an extension
of the main body to protect the nasal and incisive bones. The
whole helmet covers 75% to 80% of the chinchilla’s head.

The helmet’s design included two layers: a hard outer shell
and a shock-absorbent inner layer to deflect the blast waves
and reduce the energy transmitted to the brain, respectively
(Fig. 1A). The structure of the helmet was designed in Solid-
works (Solidworks Corp., Waltham, MA) and uploaded into
HyperMesh. The helmet and chinchilla skull were connected
by a foam layer and implemented as the interior helmet foam.
The foam layer was modeled as 2,448 linear elastic tetra-
hedral solid elements with a Young’s modulus of 130 MPa
and a Poisson’s ratio of 0.3.20 The helmet consisted of 3,362
tetrahedral linear elastic elements with a Young’s modulus of
2.5 GPa and Poisson’s ratio of 0.3. The material properties
of the helmet were provided by our datasheet of 3D printing
materials.

• FE analysis. Once the full model was completed, two
model cases of with and without helmet were uploaded into
ANSYS for simulation of blast wave transduction (Fig. 1). A
transient analysis was conducted by step-loading over the 2ms
of blast exposure time. The first test simulated Case 1 where
the helmet was not present, and the second test simulated Case
2 where the helmet was on the skull. The BOP waveform used
for FE simulation was originally measured with a pressure
sensor at the ear canal entrance from an animal experiment
and was applied on the top surface of the helmet or chinchilla
skull (Fig. 1A).15,16 The peak pressure level used in FE sim-
ulation (50 kPa) was lower than the pressure level measured
in the animal experiment (103-138 kPa). The fixed boundary
conditions applied on the base of the snout, bulla, and brain
are illustrated as yellow triangles in Fig. 1A to simulate the
status of the chinchilla head during blast exposure. The out-
put data were presented as the Von Mises stress calculated at
the point on the surface between the top of the brain and the
bottom of the intracranial tissue as shown in Fig. 1A.

2 MILITARY MEDICINE, Vol. 00, 00 2020

Lab Users
Sticky Note
Marked set by Lab Users

Lab Users
Sticky Note
Marked set by Lab Users



PROOF FOR CHECKING PURPOSES ONLY

Prevention of Blast-induced Auditory Injury

FIGURE 1. (A) Cross-sectional view of finite element (FE) model simulation in ANSYS with chinchilla skull (grey), brain (blue), and intracranial tissueAQ8
(red). (B) FE model of the chinchilla skull with helmet. The grey elements are the mesh of the skull. The green elements are the mesh of the foam and the
yellow elements are the mesh of the helmet.

3D Printing of Chinchilla Helmet

The geometric design of the FE model from Solidworks was
used as the model for 3D printing. The geometry was further
optimized for 3D printing in GrabCAD Print (GrabCAD,
Cambridge, MA, USA) and printed in our 3D printing sys-
tem (Objet350 Connex3, Stratasys). Once helmet was printed
and cleaned, a thin layer of liquid foam was sprayed in the
helmet and left to dry. The foam was designed to serve
as the buffer layer between the helmet and the chinchilla
head.

Animal Blast Experiment Protocol

Thirty-two healthy chinchillas (Chinchilla laniger), weigh-
ing between 600 and 800 g were included in this study.
The study protocol was approved by the Institutional Ani-
mal Care and Use Committee of the University of Okla-
homa. Animals were equally divided into four groups or
cases with eight animals for each case. Standard foam
earplugs (3M, Inc. St. Paul, MN) were inserted into the
chinchilla ear canals to protect their PAS, and the 3D
printed helmet was fixed on the chinchilla head using

MILITARY MEDICINE, Vol. 00, 00 2020 3



PROOF FOR CHECKING PURPOSES ONLY

Prevention of Blast-induced Auditory Injury

FIGURE 2. Illustration of four cases of chinchilla experiments attempting to isolate the traumatic brain injury damage to the central auditory system (CAS)
from the injuries in peripheral auditory system (PAS); BOP, blast over pressure.

rubber bands to protect the CAS against BOP exposures.
Fig. 2 illustrates the experimental design: Case 1—ears
open without HPDs and helmet; Case 2—ears protected
with earplug, but without helmet; Case 3—ears protected with
earplugs and with helmet; and Case 4—ears open and with
helmet.

On the day of blast experiment (Day 1), animals were
first anesthetized with 35-mg/mL ketamine and 7-mg/mL
xylazine. Each ear was examined using a surgical endoscope
(Straight Endoscope, Stryker, MI) to ensure that the TM and
middle ear were normal. The blast exposure followed the
same protocol used in our previous studies.15,16 Briefly, the
chinchilla was placed in a specially designed L-shape animal
holder and fixed using strips to maintain the body up straight
towards the blast source after preblast hearing function tests.
A pressure sensor (P0) (Model 102B16, PCB, Depew, NY)
was placed at the entrance of the ear canal to monitor the
blast pressure. The BOP was generated by a well-controlled
compressed nitrogen-driven blast apparatus located inside an
anechoic chamber.21,22 Polycarbonate films (McMaster-Carr,
Atlanta, GA) were ruptured to generate BOPs. In this study,
the BOP level measured from P0 was around 103 to 138 kPa
or 15 to 20 psi. Each chinchilla was exposed to 3 blasts, and
there was a time interval of approximately 5 minutes between
consecutive blasts. The P0 pressure signals were processed by
cDAQ 7194 and A/D converter 9215 (National Instruments
Inc., Austin, TX) with a sampling rate of 100k/s at a length of

10 ms after the trigger. The LabVIEW software package (NI
Inc.) was used for data acquisition and analysis.

Upon the completion of blast exposures, the chinchilla TM
was examined using the endoscope and hearing function tests
were performed. Each chinchilla was observed for 7 days after
the blast exposure.

Hearing Function Measurements

Hearing function measurements were conducted before and
after blasts for animals on Day 1 and on Days 4 and 7 after the
blast. The animals were anesthetized during the test following
the same protocol in the section above. As a preliminary study,
hearing level changes after BOP exposures in chinchillas were
represented by ABR threshold variation in this article as a fun-
damental indicator of hearing function. Blast-induced injuries
in the PAS and CAS both contributed to the change of ABR
threshold.

The ABR was measured using Tucker Davis Technologies
system III (Alachua, FL) following our previous protocol.15,16

Briefly, under anesthesia, stainless steel needle electrodes
were placed subcutaneously at the vertex of the skull, ventro-
lateral surfaces of the ear, and in the muscle rear leg, which
served as the ground. Tone burst stimuli of 1-ms rise/fall time
at frequencies of 0.5, 1, 2, 4, 6, and 8 kHz were delivered to
and monitored by a microphone in the ear canal.16,17,21 The
ABR waveforms were recorded in descending 5-dB sound
pressure level (SPL) intervals from the maximum stimulus
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FIGURE 3. (A) Von Mises stress in the intracranial tissue over time calculated from the finite element model with and without helmet covered the chinchilla
skull. (B) Measured blast pressure applied on the chinchilla skull and helmet model.

of 100-dB SPL until no significant signal could be identi-
fied from the background noise. If an ABR response was not
detected at the maximum acoustic stimulation, the threshold
was set to 100 dB. The ABR threshold shift point was calcu-
lated by subtracting the threshold levels measured from the
preblast test from the levels measured at each following time
point of measurement at each frequency, respectively.

RESULTS

Evaluation of Chinchilla Helmet Using FE Modeling

TheVonMises stresses on the top surface of the brain obtained
from the FE model simulation are shown in Fig. 3A with the
blue line representing without helmet and the red line repre-
senting with helmet. Fig. 3B displays the input BOP over the
2-ms duration.

The presence of the helmet between the two trials was used
to compare the ability of the helmet’s attenuation on the BOP.
Higher shock absorption of the helmet reduced the pressure
in the brain and lowered the magnitude of the pressure wave-
form that would translate through the skull. The blue curve

in Fig. 3A has a larger magnitude but similar waveform shape
to that of the red. The presence of the helmet resulted in a
reduction of stress generated on the brain top surface. The
ratio of the peak pressure within the brain for the “with hel-
met” with respect to that of “without helmet” is 31.2% as
shown in Fig. 3A. These results suggested that the protective
function of the helmet on the CAS was significant as evalu-
ated by the FE model and provided the theoretical basis for
the following animal study.

ABR Threshold Shifts in Four Cases of Animals

The mean and standard error of the mean of the ABR thresh-
old shifts measured from four cases of chinchillas over a 7-day
period after blast exposures at the frequencies of 0.5, 1, 2,
4, 6, and 8 kHz are shown in Fig. 4. The panels A, B, C,
and D represent results measured from Cases 1, 2, 3, and 4,
respectively. Each case includes 16 ears from 8 chinchillas,
whereas Case 1 has 1 less animal because of the unexpected
death before completing the experiment. The preblast thresh-
olds of animals in four cases were measured to provide the
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FIGURE 4.Mean and standard error of the auditory brainstem response (ABR) threshold shift results measured on postblast of Day 1 (red), Day 4 (green), and
Day 7 (blue) from animals in four cases: (A) Case 1 (N= 14 ears), without helmet protection and hearing protection device (HPD; e.g., earplug) protection;
(B) Case 2 (N= 16 ears), with HPD protection only; (C) Case 3 (N= 16 ears), with helmet protection and HPD protection. (D) Case 4 (N= 16 ears), with
helmet protection only.

baseline data, and no significant difference between cases was
observed. This indicated that the baseline of hearing thresh-
old for all animals was similar without prior hearing damage.
The threshold shifts measured on Day 1 postblast, Day 4, and
Day 7 were colored in red, green, and blue, respectively. The
higher threshold shift indicated more severe hearing loss.

Results shown in Fig. 4 demonstrated that the hearing dam-
age was most severe immediately after the blast and gradually
recovered to certain levels over the 7-day period after blast
exposures. The greatest damage recovery was on Day 4 as
reflected by the distances between the curves. All four cases
indicated the damage induced by blasts was more severe at
higher frequencies (>2 kHz) than at the low frequencies, but
the recovery over 7 dayswas approximately 20 dB for all cases
without showing strong dependency on frequencies. In this
study, the ABR threshold shift immediately after the blast (D1
postblast) represented the acute damage induced by the blast
and the D7 results represented the permanent damage.

Figure 4A indicated that chinchillas in Case 1 experi-
enced the most severe hearing loss at all three time points
of measurement. The postblast threshold shift was around 50

dB at frequencies below 2 kHz and increased approximately
10 dB at 8 kHz. The threshold shift decreased about 15 to 20
dB after 7 days of recovery over the frequencies. The postblast
threshold shifts of Case 2 shown in Fig. 4B increased from
30 dB at 0.5 kHz to 50 dB at 8 kHz which was lower than
Case 1 over the entire frequency range. With the protection
of earplugs, Case 2 showed less damage at lower frequen-
cies. Chinchillas in Case 3 show the least damage among
all four cases with the protection of both earplug and hel-
met (Fig. 4C). The threshold shift was between 20 and 40 dB
immediately after the blast. The ABR threshold shift was less
than 5 dB and close to 0 on the Day 7, which indicated the
nonexistence of permanent damage under the combined pro-
tection of the helmet and earplug. Case 4 results shown in
Fig. 4D present the protective function of the helmet when
compared with the Case 1. The helmet by itself reduced the
threshold shift approximately 10 dB both acutely (postblast)
and permanently (D7) over the entire frequency range. The
postblast threshold shift ranged from 30 to 45 dB in Case 4.
ABR threshold shift measured from four cases indicated the
different protective functions of the helmets and earplugs.
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DISCUSSION

Protective Function of the Earplug and Helmet

Helmet and earplug are both widely accepted, traditional
personal protection devices for military personnel. The
protective function of various types of earplugs against blast-
induced hearing damage was reported from measurements in
human subjects, human cadaveric temporal bones, and animal
studies.5–7,15,16 However, helmets were usually used for pro-
tection against concussive TBI rather than the blast-induced
TBI.23 The study on protective function of the helmet to
blast-induced TBI was limited.23–25 During the blast, the hel-
met protects the head by reflecting and absorbing the energy
carried by blast waves, which could create abnormally high
intracranial pressure and damage the brain tissues.24 Since the
CAS includes inferior colliculus in the midbrain and auditory
cortex in the temporal lobe, it is reasonable to hypothesize
that the helmet should protect the CAS against BOP-induced
damage by reducing the pressure directly applied on the brain.
However, our previous study suggested that the helmet may
increase the PAS damage by changing pressure waveforms
reaching the TM.21 Published data also indicated that the
underwash effect caused by the gap between the helmet and
head could impair the protective function of the helmet.26

The unclear intertwined relationship of blast-induced PAS and
CAS damage intrigued the need to correctly assess the hear-
ing protective function of the helmet. Therefore, the first step
of this study is to develop a new methodology to determine
whether the helmet can protect the auditory system against
BOP.

As the first step of this study, we established an FE
model of the chinchilla head covered by the specially
designed helmet. The helmet design focused on creating
a close-fitting helmet to protect the top of the chinchilla
skull and exposing of the pinna to avoid echoing between
the head and the helmet which could increase the sever-
ity of the blast-induced damage.21 The reduced intracra-
nial stress after the involvement of the helmet indicated
that the helmet could reduce the mechanical damage to the
CAS (Fig. 3).

As the second step of this study, we confirmed the pro-
tective function of the helmet in animal experiments. Results
in Fig. 4 suggested that chinchillas in Case 4 showed better
postblast hearing than in Case 1, and the Case 3 showed even
better hearing than Case 2. Those data indicated that the chin-
chilla helmet invented in this study did protect the auditory
function against the BOP exposures either with or without the
assistant of HPDs (earplugs). Particularly, Case 3 (Fig. 4C)
indicated that the combination of earplug and helmet can com-
pletely eliminate the permanent hearing damage which was
not observed in chinchilla ears protected by the earplugs only
under the BOP level.15,16

Animal Model—Chinchilla to Differentiate the CAS
and PAS Damage

Animal models have been playing critical roles in understand-
ing the mechanism of formation, prevention, and postdamage
restoration of blast-induced TBI.13,27–29 However, there is
a limited number of animal studies focusing on repetitive
mild TBI-induced auditory injuries. One major challenge is
how to select the appropriate animal species, blast level, and
techniques of measurement. Unlike the traditional method to
quantify the blast-induced mechanical damage in the ear or
TBI injury such as the TM rupture, hair cell loss, and hem-
orrhage,8,27,30,31 the damage induced by repetitive, low-level
BOPs in the CAS and PAS are subtle and difficult to detect
in either the CAS or PAS. Current methodologies of dam-
age detection include diffusion tensor magnetic resonance
imaging and electrophysiological measurements on auditory
evoked potentials (AEPs) in addition to the behavior and
histopathological examinations.15,16,29,32–34

Current experimental animals for TBI-related research are
mostly rat or mice, except for Hickman et al., who used chin-
chillas to investigate the BOP-induced damage on cochlear
function.14 Therefore, as a preliminary study reported here,
we selected chinchilla as our experimental animal because
of its hearing function similar to human and good behavior
as a noise damage animal model.13 On the technique side,
we choose the ABR, the most typical AEP signal as the pri-
mary damage index. The significant difference among four
cases shown in Fig. 4 of this preliminary study indicates the
great potential of current experimental design to investigate
the damage-formation mechanism in the PAS and CAS. Since
the function of helmet and earplug can be clearly differenti-
ated from the 4-case results, we proposed a hypothesis: the
helmet protects the CAS and the earplugs protect the PAS in
animal model of chinchilla. This hypothesis will be confirmed
in our future studies.

As the continuation of this preliminary study, wewill intro-
duce more sophisticated AEP measurements including ABR
waveform analysis, distortion product otoacoustic emissions,
and middle latency responses to determine the location of
the damage in the CAS or PAS. The histopathological anal-
ysis will be conducted on the PAS and CAS tissues to further
confirm the location of the injury. By confirming the hypoth-
esis that the helmet and earplug protect the CAS and PAS
separately, we attempt to develop a novel methodology and
investigate the blast-induced damage in the PAS and CAS sep-
arately with the corresponding protective device to the PAS
and CAS. With the establishment of this novel methodology,
effects of multiple factors such as the blast-head orientations,
the intensity of the blast, and the number of blasts on the
severity of blast-induced damage will be investigated using
the combination of animal and FEmodel of the chinchilla.22,35

Moreover, the FE model of chinchilla skull will be further
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improved by refining mesh and boundary conditions based on
current conceptual model. It is possible to use FE simulation
for analysis of blast wave transmission through chinchilla ear
with and without earplug to further correlate simulation and
experimental data in chinchillas.

CONCLUSION
This article reports a novel study using the 3D printed chin-
chilla “helmet” as a head protection device against blast-
induced auditory damage. As a preliminary study, the helmet
was prototyped in 3D design software, and the protective
function was assessed by FE modeling first. After confirm-
ing that the helmet can reduce the stress in the brain under
blast exposure, a helmet was produced using 3D printing and
applied to animal experiments. Chinchillas were divided into
four groups or four cases (ears open, with earplug only, with
both earplug and helmet, or with helmet only) and repetitively
exposed to three blasts at BOP level of 15 to 20 psi or caus-
ing mild TBI. The hearing function tests were conducted on
each animal, and the ABR thresholds were measured pre- and
postblast on Day 1 and on Days 4 and 7 after blast exposures.
The ABR threshold shifts were compared among four cases to
determine the protective function of the helmet and earplugs.
Both earplug and helmet reduced the severity of the blast-
induced hearing loss at a value of approximately 20 dB, but
the earplug and helmet altered the hearing function differently
over the frequencies. The preliminary results are encouraging,
and the advanced metrics analyses for the measurement data
will be further conducted in future studies.
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Hearing Damage Induced by Blast Overpressure at Mild TBI Level
in a Chinchilla Model

Kyle D. Smith, MS*; Tao Chen, MD*; Rong Z. Gan, PhD*

ABSTRACT Introduction: The peripheral auditory system and various structures within the central auditory system are
vulnerable to blast injuries, and even blast overpressure is at relatively mild traumatic brain injury (TBI) level. However,
the extent of hearing loss in relation to blast number and time course of post-blast is not well understood. This study
reports the progressive hearing damage measured in chinchillas after multiple blast exposures at mild TBI levels (103–
138 kPa or 15–20 psi). Materials and Methods: Sixteen animals (two controls) were exposed to two blasts and three
blasts, respectively, in two groups with both ears plugged with foam earplugs to prevent the eardrum from rupturing.
Auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) were measured in pre- and
post-blasts. Immunohistochemical study of chinchilla brains were performed at the end of experiment. Results: Results
show that the ABR threshold and DPOAE level shifts in 2-blast animals were recovered after 7 days. In 3-blast animals,
the ABR and DPOAE shifts remained at 26 and 23 dB, respectively after 14 days. Variation of auditory cortex damage
between 2-blast and 3-blast was also observed in immunofluorescence images. Conclusions: This study demonstrates
that the number of blasts causing mild TBI critically affects hearing damage.

INTRODUCTION
Hearing damage is one of the most prevalent injuries in
service members in the battle field. Both the peripheral
auditory system (PAS) and various structures within the
central auditory system (CAS) are vulnerable to blast injuries,
even when blast overpressure (BOP) is at relatively mild
traumatic brain injury (TBI) level. A 63% increased risk of
hearing loss was found for personnel with combat experience
and greater chance of sustaining hearing damage when
exposed to blasts.1 These injuries could cause long-term
hearing disabilities and affect the quality of life of active
service members and veterans.2 However, the extent of
hearing loss in relation to the number of blast exposure and
the time course after blasts, and the protective mechanisms
of hearing protection devices (eg, earplug) are not well
understood.

BOP causes acoustic trauma through different mecha-
nisms. Damage could be sustained in the form of tympanic
membrane (TM) perforation, ossicular disjunction, over-
stimulation to the cochlea, or damage to the round window
membrane, and in the forms of damage, all related to the
PAS.3,4 The hair cell loss in the cochlea and excitotoxicity of
the spiral ganglion neurons further induces the sensorineural
hearing loss.4,5 A potential mechanism of blast-induced CAS
damage similar to the TBI is the shearing and stretching forces
applied on the brain tissue including brainstem and auditory

*School of Aerospace and Mechanical Engineering, University of Okla-
homa, 865 Asp Avenue, Norman, OK 73019

Guarantor: Rong Z. Gan, Ph.D.
Presented in Poster Session I: “Medical Advancements in Operational &

Clinical Hearing Protection & Treatment” at the 2018 Military Health System
Research Symposium (Abstract number: MHSRS-18-0837).

doi:10.1093/milmed/usz309
© Association of Military Surgeons of the United States 2020. All rights

reserved. For permissions, please e-mail: journals.permissions@oup.com.

cortex.6–8 These injuries could cause long-term hearing
disabilities depending on the intensity of the blast.4,9,10

Results from studies on blast-induced TBI in rats indicated
that the pressure levels to induce mild, moderate, and severe
TBI are 90–150, 150–230, and 230–350 kPa, respectively.11

Damage caused by severe and moderate BOP levels had more
attention than that of mild and low BOP levels.12,13 Recently,
Chen et al.14 investigated the acute and progressive effects
of repetitive exposures to low BOP level (21–35 kPa) in
chinchillas at which the TM is usually not ruptured.14 Chen
et al.’s study quantified the effect of repeated low-intensity
blasts with different number of blasts and time course after
blasts on hearing damage. Their results indicated that three
blasts were able to induce permanent hearing damage in open
ears without hearing protection while only temporary damage
occurred in protected ears with earplugs. However, there is
no animal study reported in the literature about whether the
repetitive exposures to a relatively high BOP level (eg, mild
TBI [mTBI]) will result in permanent hearing damage under
the protection of the TM from rupture.

This article reports the current study in chinchillas to
investigate the progressive hearing damage after exposure to
repeated BOPs at the level causing mTBI and the protective
mechanism of the earplug for mTBI. Animals were exposed to
the BOP at 103–138 kPa or 15–20 psi with both ears protected
with earplugs. BOP levels were chosen based on evidence in
literature that mTBIs can be caused at pressures ranging from
103–138 kPa or 15–20 psi.15–17 Auditory brainstem response
(ABR) threshold that provides general hearing sensitivity over
the frequencies and distortion product otoacoustic emission
(DPOAE) signals that reflect the function of the outer hair
cells in the cochlea were measured in pre- and post-blasts as
well as over the time course after blasts.3,18–20 In addition to
hearing function tests, immunohistochemistry or immunoflu-
orescence images of the brain sections before and after blast

248 MILITARY MEDICINE, Vol. 185, January/February Supplement 2020

D
ow

nloaded from
 https://academ

ic.oup.com
/m

ilm
ed/article-abstract/185/Supplem

ent_1/248/5740813 by U
niversity of O

klahom
a user on 20 February 2020



Hearing Damage Induced by Blast

exposures were performed to examine the neural damage
sustained in the auditory cortex (AC) of the chinchilla. The
goal of this study is to determine whether the number of
repeated blast exposures at the mTBI level is the main cause of
progressive hearing damage and how the permanent hearing
damage is related to the number of blast exposures at this
BOP level when ears are protected with hearing protections
devices (eg, earplugs). The results can be used to guide clinical
evaluation, rehabilitation, and future research in blast-induced
auditory dysfunction.

MATERIALS AND METHODS

Animal Protocol

Sixteen healthy chinchillas (Chinchilla lanigera), weighing
between 600 and 800 g, were included in this study. Chin-
chilla is a commonly used animal model for auditory research
because its range of hearing is similar to that of humans.3,21

The study protocol was approved by the Institutional Animal
Care and Use Committee of the University of Oklahoma and
met the guidelines of the National Institutes of Health and the
U.S. Department of Agriculture. All animals were checked to
be clear of disease in the ear.

Animals were divided into two experimental groups (n = 7
each) to expose 2-blasts and 3-blasts on day 1, respectively,
and named as 2-blast group and 3-blast group, accordingly.
Another two animals were used as controls for immunohisto-
chemistry study. Figure 1 is an overview of the experimental
procedures for two groups. Initially, animals received two
blasts at mTBI level, and function tests were conducted before
and after the two blasts, on day 4 and day 7. By day 7,
hearing function levels had returned to normal or near normal
for all animals, and animals were sacrificed to observe any
neurological defects histologically. To determine if increasing
the blast number had an effect on the permanency of hearing
loss over time, the second group of animals was tested at mTBI
level, receiving three consecutive blast exposures. Function
tests were again conducted before and after the blasts, on day 4
and day 7. By day 7, hearing function levels had not returned to
normal or near normal, and hence, animals were observed for
an additional week. On day 14, hearing function was assessed
and animals were sacrificed to observe possible neurological
defects histologically.

Animals were anesthetized with 35 mg/mL ketamine and
7 mg/mL xylazine during the experiment. Each ear was exam-
ined using a surgical endoscope (Straight Endoscope, Stryker,
MI) to ensure nonexistence of the TM and middle ear abnor-
malities. After initial function tests (pre-blast), the animal was
placed in a specially designed L-shape animal holder and was
fixed using straps to maintain the body up straight toward
the blast source (Fig. 2). A pressure sensor (Model 102B16,
PicoCoulomB Piezotronics, Depew, NY) was placed at the
canal entrance and fixed on the animal holder to monitor
the blast pressure at the entrance of the ear canal (P0). A

FIGURE 1. Diagram showing the time course and experimental procedure.
(A) 2-Blast animals over 7-day experiment; (B) 3-Blast animals over 14-day
experiment.

FIGURE 2. Schematic of animal experimental setup with blast apparatus.

standard foam earplug (3M, Inc. St. Paul, MN) was then
inserted into both ears to protect damage in the TM caused
by blast pressure. Once, all the function measurements were
completed (7 days for 2-blast animals and 14 days for 3-
blast animals), the animals were perfused intracardially with
saline solution, followed by fixative (4% paraformaldehyde in
phosphate buffer saline [PBS]) to harvest the brain tissues for
histology study.

Blast Exposure Test

A well-controlled compressed air (nitrogen)-driven blast
apparatus located inside an anechoic chamber in the Biomed-
ical Engineering Laboratory at the University of Oklahoma
(Fig. 2) was used to create BOPs in this study.3,22 Poly-
carbonate films (McMaster-Carr, Atlanta, GA) of varying
thickness (eg, 0.26 and 0.5 mm) were employed to generate
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the various BOP levels. In this study, animals in both groups
were exposed to BOP level around 103–138 kPa or 15–
20 psi. There was a time interval of approximately 10 minutes
between consecutive blasts in both groups of animals.

The pressure sensor signals were collected by cDAQ 7194
and A/D converter 9215 (National Instruments Inc., Austin,
TX) with the sampling rate of 100 k/s (10 ms dwell time).
The LabVIEW software package (NI Inc) was used for data
acquisition. Note that the sampling rate is sufficient for the
waveform recorded in this study. Upon the completion of blast
exposure, the status of the chinchilla TM was examined using
a surgical endoscope, and the auditory function tests were
conducted.

Hearing Function Measurements

The ABR measurements were conducted in both ears using a
Tucker Davis Technologies (TDT) system III (Alachua, FL)
following our previous studies.3 Briefly, under anesthesia,
stainless steel needle electrodes were positioned subcuta-
neously at the vertex of the skull and ventrolateral surfaces
of the ear, with a ground electrode placed in the rear leg.
Tone burst stimuli of 1 ms rise/fall time at frequencies of
0.5, 1, 2, 4, 6, and 8 kHz were generated, which is a widely
accepted frequency range for chinchilla studies.3,23,24 The
ABR waveforms were recorded in descending 5 dB sound
pressure level (SPL) intervals from the maximum amplitude
of 120 dB SPL until no waveform could be visualized. If
an ABR response was not detected at the maximum acoustic
stimulation, the threshold was set to 120 dB.

The DPOAE was measured using the TDT System III as
described by Chen et al.14 Briefly, a probe-tipped microphone
(ER-10B, Etymotic Research) was sealed in the animal’s
external ear canal, and cubic 2f1-f2 DPOAE levels were
recorded using two primary tones, f1 and f2, presented at
primary tone levels of L1 = 70 dB SPL and L2 = 65 dB SPL.
The DPOAE levels were defined as the single/noise ratio of the
2f1–f2 distortion product for the 70 and 65 dB SPL of f1 and
f2 primaries, respectively, and were calculated by subtracting
the 2f1–f2 distortion product from the surrounding noise. The
DPOAE level shifts were derived by subtracting post-exposure
from pre-exposure values.

AC Immunofluorescence Staining and Hoechst
Staining

After intracardial fixation on day 7 or day 14, the chinchilla
brains were excised, and then washed and fixed in 4%
paraformaldehyde in 0.1 M PBS for 48 hours at 4◦C.
Following a standard histology protocol, the brains were
dehydrated in ethanol, decolored in xylene, and embedded
in paraffin.25 Each specimen was sectioned along the central
axis of the brain along the front-posterior direction using
a rotatory microtome (Leitz 1512, Leitz, German) with a
thickness of 8 μm. The sections were dewaxed and hydrated
in xylene and ethanol with gradient concentration. An antigen

retrieval was conducted by immersing the slides in 95–100◦C
0.1 M sodium citrate buffer for 4–5 minutes. The slides were
then processed by 3% H2O2 solution for 15 minutes. The
tissue sections were blocked with 10% goat serum at room
temperature for 1 hour in PBS containing 0.03% Triton X-100.
Tissues were incubated overnight at 4◦C with the PI3K mouse
monoclonal primary antibody (1:100, sc-376112 Santa Cruz
Biotechnology Inc, Dallas, TX) and immunofluorescence was
performed using goat anti-mouse IgG secondary antibody
(1:250, Alexafluor 488, #A32723, Thermo Fisher Scientific,
Rockford, IL). Nuclei was stained by 4′,6-diamidino-2-
phenylindole (DAPI) (D9542, Sigma-Aldrich, Saint Louis,
MO). The immunofluorescence images were collected by
an inverted microscope (IX73, OLYMPUS center Valley,
PA). Fluorescence from two channels were collected for each
section. Blue: 405 nm (DAPI) and green: 488 nm (PI3K).

Statistical Analysis

ABR and DPOAE measurement data were expressed as
mean ± standard deviation (SD) and plotted in GraphPad
Prism with SPSS 16.0 for statistical analysis. The paired
t-tests were used to compare ABR thresholds and DPOAE
levels at preblast and day 7 function tests in both blast groups,
and at day 7 and 14 in the 3-blast group. P values of <0.05,
0.01, and 0.001 were considered statistically significant, very
significant, and extremely significant. The paired t-test was
also used to compare the function test results between the 2-
blast and 3-blast groups at each point of measurement (days 1,
4, and 7). All results were compared at each frequency point
independently.

RESULTS

BOP Waveforms

Figure 3 shows the typical waveforms of BOP in a unit of
psi (1 psi = 6.9 kPa) over a time of 10 ms measured at the
entrance of the ear canal (P0). Figure 3A shows the repre-
sentative BOP waveform of a chinchilla in 2-blast group and
Figure 3B shows the P0 waveform measured from a chinchilla
in 3-blast group. Both waveforms illustrate a single positive
overpressure peak at a level of 13 or 15 psi. After reaching
the sharp positive peak, the pressure quickly decreased to a
level of −2 psi and then leveled out to the baseline with a
duration about 2 ms. The BOP waveforms were repeatable for
each blast test.

ABR Threshold Shifts in 2-Blast and 3-Blast
Animals

The mean and SD of ABR threshold shifts measured from
animals in 2-blast group over 7 days (days 1, 4, and 7)
after blast exposures are shown in Figure 4A. The greatest
threshold shift occurred on day 1 and the shift value decreased
with the time course. On day 1, the ABR threshold shift
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FIGURE 3. (A) A recorded BOP waveform at the entrance of the ear canal
from an animal test in 2-Blast group with a peak pressure of 13 psi. (B) A
recorded BOP waveform from an animal test in 3-Blast group with a peak
pressure of 15 psi.

increased almost linearly at all frequencies from 15 dB at
0.5 kHz to 38 dB at 8 kHz. On day 4, the shift decreased
to 7 dB at 0.5 kHz and 16 dB at 8 kHz or about 8–22 dB
decreasing over the frequencies. By day 7, the ABR threshold
shift at all frequencies decreased to original levels at all
frequencies, which indicates that the hearing damage was
recovered to the pre-blast level after 7 days in the ears with
earplugs (P > 0.05).

The mean and SD of the ABR threshold shifts measured
from animals in 3-blast group over 14 days (days 1, 4, 7, and
14) after blast exposures are shown in Figure 4B. On day 1,
the threshold shift increased almost linearly from 30 dB at
0.5 kHz to 55 dB at 8 kHz. Compared with the day 1 line
in Figure 4A, there was a substantial increase of the ABR
threshold shift in 3-blast animals from the 2-blast animals. On
day 4, the threshold shift decreased from the day 1 about 8–
11 dB over the frequencies, which were less than that observed
in Figure 4A, 4 days after 2 blasts, particularly at higher
frequencies. Moreover, on days 7 and 14, the ABR shifts
reached the similar values over the frequencies from 18 dB
at 0.5 kHz to 40 dB at 8 kHz, and a 4-dB decrease compared
with that on day 4. These results indicate that no further
recovery of the ABR threshold shift after 7 or 14 days was

FIGURE 4. ABR threshold shifts (Mean ± SD) measured from 2-Blast group
(A) and 3-Blast group (B). For each group, n = 10 ears.

observed and the permanent hearing loss was demonstrated in
chinchillas after three blasts at the BOP level of mTBI even
with hearing protection devices (earplugs). Results of days 7
and 14 were compared to pre-exposure thresholds and were
extremely significant at all frequencies in the 3-blast group
(P < 0.001).

Additionally, statistical analysis comparing ABR threshold
level shifts between the 2-blast and 3-blast groups after equiv-
alent intervals after the blast indicated that the differences
were extremely significant for post-blast, day 4, and day 7 over
the frequency range (P < 0.001).

DPOAE Level Shifts in 2-Blast and 3-Blast Animals

Figure 5 shows the mean and SD of DPOAE level shifts
(reductions) measured from animals in both groups at frequen-
cies of 1–14 kHz. The results of 2-blast ears are shown in
Figure 5A on days 1, 4, and 7. The mean value of the DPOAE
level shift (n = 10 ears) increased from about 8 dB at 1 kHz
to the peak of 35 dB at 11–12 kHz on day 1 after blasts. The
shift decreased significantly on day 4 to a level lower than 5 dB
and further decreased to around zero on day 7 over the entire
frequency range. Results indicate that the damage induced
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FIGURE 5. DPOAE level shifts (Mean ± SD) measured from 2-Blast Group
(A) and 3-Blast group (B). For each group, n = 10 ears.

in cochlear outer hair cells was recovered after 7 days of
post-blast in the ears with earplugs, with no significant dif-
ference when compared to pre-exposure levels (P > 0.05).

The DPOAE level shifts from 3-blast animals (n = 10 ears)
are shown in Figure 5B. The DPOAE reduction increased
from about 20 dB at 1 kHz to a peak of 40 dB at 11 kHz on day
1. This level shift increased by 12–15 dB across the frequency
range compared with the shift after two blasts. On day 4, the
DPOAE level shift decreased by 8 dB across the frequencies,
which reflected the recovery of the cochlear function after
4 days of post-blast. On day 7 and day 14, there was no
further change of the DPOAE level except at frequencies over
11 kHz with 5 dB decreasing. Results indicate that 3-blast
at the intensity causing mTBI resulted in permanent cochlear
damage with the DPOAE level reduction at the minimum of
13 dB at 1 kHz and the maximum of 28 dB at 11 kHz. Day 7
and day 14 results were compared to pre-exposure levels, and
the results were extremely significant with P < 0.001.

Statistical tests comparing DPOAE threshold level shifts
between the 2-blast and 3-blast groups were conducted in the
same manner as the ABR. The statistical results indicate that
differences between the DPOAE levels after equivalent time

intervals were extremely significant for post-blast, day 4, and
day 7 (P < 0.001).

Immunofluorescence Staining: PI3K and DAPI
Imaging

Figure 6 is a comparison of immunofluorescence staining of
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K; green)
and 4′,6-diamidino-2-phenylindole (DAPI; blue), the nuclear
counter stain in the chinchilla AC. Images in the top row are
stains of the AC taken from a control animal, with PI3K stain-
ing in the left column, DAPI staining in the center column,
and the overlay in the right column. The second and third rows
are similarly organized, with the second row showing staining
results for a 2-blast animal on day 7 and the third row showing
results for a 3-blast animal on day 14. The red arrows indicate
the PI3K expression in the AC.

A strong PI3K response is shown in the control animal in
Figure 6 (first row, left column). Immunofluorescence of the
PI3K revealed the concentrated regions of the protein and the
DAPI staining for the nuclear counter revealed tight, uniform
groupings for each counter stain. The overlay shows that the
PI3K protein was located similarly to the nucleus. The 2-
blast animal (second row) showed a strong PI3K response
as well (left) and each of the stains was concentrated and
large. The DAPI counter stains (center) also demonstrated a
strong nuclear response and the images overlaid well (right)
showing integrity of the AC. Finally, the third row of Figure 6
displays the response from a 3-blast animal on day 14. The
PI3K imaging (left) shows a declined response with regard to
the control and 2-blast animal.

Hoechst Staining

Figure 7 is the Hoechst staining in the chinchilla AC for
control (left), 2-blast (center), and 3-blast (right). The control
image of the AC reveals dense, uniformly colored nuclei,
showing the neurons were not damaged. The center image
from a 2-blast animal shows similar nuclear distribution in
the AC. The existence of uniform distribution suggests that
two blasts were insufficient to cause observable neural damage
in the AC after 7 days of post-blast. The right image of
Figure 7 from a 3-blast animal shows nonuniform nuclear
distribution, pointed out with red arrows. The density of the
nuclear fragments suggests nuclear fragmentation, even after
14 days of post-blast exposure. Three blasts were sufficient to
cause observable neural damage to the AC, which was either
displayed or remained on day 14.

DISCUSSION

Temporary and Permanent Hearing Damage:
2-Blast vs. 3-Blast

mTBI induced by blast exposures can result in debilitating
conditions such as posttraumatic stress disorder.2 Hearing
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FIGURE 6. The immunofluorescence staining of PI3K in chinchilla AC in control, 2-Blast, and 3-Blast animals. The top three figures were from the AC in
control animals; the middle three figures from the AC in 2-Blast animals on day 7; the bottom three figures from the AC in 3-Blast animals on day 14. Images
were taken at a magnification of 400×. Arrows marked the p85α expression in the ac. The nuclear counter stain was DAPI (Blue).

FIGURE 7. The hoechst staining in chinchilla AC in control (Left), 2-Blast (Middle), and 3-Blast (Right) animals. Images were taken at a magnification of
100×. Arrows marked the apoptotic cells for representing nuclear condensation/fragmentation.

damage also accompanies blast exposures as a consequence
of either temporary hearing loss or permanent hearing loss,
depending on the number of blast exposures and the time
course after blasts. It is unclear if hearing protection devices
(eg, earplugs) can provide adequate protection against hearing
damage at the BOP level causing mTBI. Using the blast animal
model of chinchilla, this study has provided some answers
to those questions through the 2-blast and 3-blast animals
over different time courses following exposures. Ears without
protection were not tested in this study because the BOP
level is higher than the threshold of TM rupture as reported
by Gan et al.3

ABR threshold shift and DPOAE level change were
increased after blasts in both 2-blast and 3-blast animals
as shown in Figures 4 and 5, which reflected the acute or
temporary hearing loss following the blasts. The severity of
damage is significantly related to the number of blasts as the
comparison between two day 1 curves in Figure 4A and B
(P < 0.001). DPOAE level shifts further indicate immediate
impairment of cochlear outer hair cells. These results
parallel with that reported by Chen et al.14 who observed
an accumulative factor in severity of hearing damage when
comparing the 2- and 3-blasts at low-level overpressures.
Results from the present study support their conclusion that
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while the blast pressure level is important, the additive effect
from number of blasts is also a critical factor.

Effect of BOP Level on Protected Ears

Similar experimental methods were used by Chen et al.14

in chinchilla blast model. In their study, chinchillas with
foam earplugs in left ears were exposed to two blasts at
low-intensity BOP levels, 21–35 kPa. Their results for acute
hearing damage in protected ears were comparable to day 1
hearing damage found in this mTBI study, and the similarities
were observed in ABR and DPOAE function tests over the
measured frequencies. Though the progressive response from
two blasts of low-intensity BOPs was not reported in Chen
et al.’s work, we expect that the recovery of hearing function
in those groups would match the observations of this study
7 days after blasts. This relationship will be investigated in
future studies.

Chen et al. examined the progressive effect of blasts at
low-intensity BOP levels on hearing damage over 7 days in
chinchillas.14 Animals with foam earplugs were exposed to
three blasts at low-intensity BOPs levels (21–35 kPa) and
hearing function was measured 7 days after blasts. The ABR
and DPOAE results indicated some permanent hearing dam-
age remained on day 7. The results of 3-blast animals 7 days
after blasts in this study also demonstrate permanent hearing
damage indicated by ABR threshold shifts and DPOAE level
shifts. Overall, hearing function tests in chinchillas after blasts
at the low-intensity and the mTBI BOP levels indicate that
the protective function of earplugs is limited when exposed to
more than two blasts. The limitation of the protective function
of earplugs, especially when exposed to multiple blasts, is a
fascinating and relatively uncharted research area and will be
further investigated in future studies.

Cellular Evidences of mTBI-Induced Hearing Loss

PI3K is the second messenger in the PI3K/protein kinase
B (AKT) intracellular signaling pathway, important in
regulating the cell cycle. It is the major signaling axis that
predominantly regulates downstream cellular events such
as cell proliferation, apoptosis, mitochondrial biogenesis,
or other protein synthesis.26 The activation of this path-
way promotes cell proliferation and viability, and inhibits
apoptosis in neurodegenerative diseases.27 Therefore, as a
preliminary study, we expected to investigate the effect of
the number of blasts on the regulation of the PI3K/AKT
pathway by monitoring the expression level of PI3K in the
CAS.

The results shown in Figure 6 indicate that the expression
level of PI3K is inversely correlated with the hearing function,
which can be explained by 3-blast exposures that are likely
to damage the AC through downregulating the PI3K/AKT
pathway. However, the downstream cellular events in the
PI3K/AKT pathway are very complicated, which suggests the
expression level of PI3K may not be an ideal biomarker for

the actual cellular event such as cell proliferation or apoptosis
in this situation. Moreover, the number of animals involved in
this immunofluorescence study was very limited and the post-
blast time for two groups of animals was different. Therefore,
the results reported in Figures 6 and 7 are immature. We will
increase the sample size, use consistent experimental time
length, and choose more reasonable target protein such as
Caspase-3 or NeuN for future studies on neural damage.

CONCLUSION
This study aimed at investigating the progressive hearing
damage in chinchillas when exposed to two or three repeated
mTBI level blasts. Animals were exposed to blasts at BOP
levels of 103–138 kPa or 15–20 psi (mTBI level) with both
ears plugged with foam earplugs. The ABR and DPOAE were
measured before and after exposures on day 1 and over a time
course of 7 or 14 days after two or three blasts, respectively,
for the progressive study. Major findings from this study
include: (1) the hearing damage following blast exposures on
day 1 for 3-blast animals was greater than that for 2-blast
animals; (2) two blasts were not sufficient to cause permanent
hearing damage in ears protected with earplugs; (3) three
blasts caused permanent hearing damage reflected in ABR and
DPOAE measurements and the damage in the AC shown in
immunofluorescence staining of PI3K and DAPI images. The
results indicate that the foam earplug tested in this study could
not provide adequate protection against permanent hearing
damage when exposed to three blasts at the mTBI level. Future
studies on the correlation between the CAS and PAS damages
are needed to provide more inside of lights on the mechanisms
of hearing protection devices to repetitive blast exposure at the
mTBI level.
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A B S T R A C T

The rupture of the tympanic membrane (TM) is one of the major indicators for blast injuries due to the vul-
nerability of TM under exposure to blast overpressure. The mechanical properties of the human TM exhibit a
significant change after it is exposed to such a high intensity blast. To date, the published data were obtained
from measurement on TM strips cut from a TM following an exposure to blast overpressure. The dissection of a
TM for preparation of strip samples can induce secondary damage to the TM and thus potentially lead to data not
representative of the blast damage. In this paper, we conduct mechanical testing on the full TM in a human
temporal bone. A bulging experiment on the entire TM is carried out on each sample prepared from a temporal
bone following the exposure to blast three times at a pressure level slightly below the TM rupture threshold.
Using a micro-fringe projection method, the volume displacement is obtained as a function of pressure, and their
relationship is modeled in the finite element analysis to determine the mechanical properties of the post-blast
human TMs, the results of which are compared with the control TMs without an exposure to the blast. It is found
that Young's modulus of human TM decreases by approximately 20% after exposure to multiple blast waves. The
results can be used in the human ear simulation models to assist the understanding of the effect of blast over-
pressure on hearing loss.

1. Introduction

Blast-induced injuries commonly occur under such situations as
accidents on construction sites and during terrorist attacks and military
conflicts where the explosion takes place (Owens et al., 2008; Wolf
et al., 2009). In explosion, the massive explosive energy released often
leads to four types of injuries: primary, secondary, tertiary, and qua-
ternary blast injuries. The primary injury is caused by the direct impact
of the over-pressurized wave, in the form of rupture of gas-filled organs
including lungs, middle ear, and eyes. The secondary injury results from
flying debris and bomb fragments and occurs on the surface of a victim.
The tertiary injury includes limb fracture, brain injury, and body part
injury caused by blunt impact when an individual is thrown away by
the blast wind. All the other explosion-related injuries especially those
illnesses and diseases exacerbated by the blast are referred to as the
quaternary injuries; they may include the exacerbation of asthma from
toxic smoke and hyperglycemia from the trauma. The primary blast
injury is often given the greatest concern (Mathews and Koyfman,
2015; Nakagawa et al., 2011).

Hearing loss or auditory system damage is one of the most critical
sequelae among the primary blast injuries. As an air-filled organ, the
ear is one of the most vulnerable organs to blast overpressure. Blast-
induced hearing injury is categorized into tympanic membrane (TM)
perforation or rupture, middle ear ossicular disruption, cochlear hair
cell loss, and rupture of round window (Yeh and Schecter, 2012). The
TMs have the lowest pressure threshold for injury in the auditory
system; hence rupture of the human TM is one of the most common
primary blast injuries. As an example, in the 2013 Boston blast, 90% of
the hospitalized patients experienced TM perforation (Remenschneider
et al., 2014). Because the lesion of the TM is strongly associated with
hearing loss and tinnitus, the rupture of TM is usually a marker or an
indicator for primary blast injury (Dougherty et al., 2013). The TM is a
viscoelastic material with mechanical properties changing significantly
at high frequencies or high strain rates (Luo et al., 2009). Even before
the overpressure reaches the rupture threshold, it may have already
experienced loading pressure at a high strain rate. This overpressure
can potentially induce sub-microscopic damage to the fiber layers of the
TM, which is difficult to observe directly, but can be severe enough to
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alter the overall mechanical properties of the TM (Engles et al., 2017;
Liang et al., 2017).

Recently, using a miniature split Hopkinson tension bar, Luo et al.
(2016) determined that the Young's modulus of the human TM at dif-
ferent strain rates changes significantly after its exposure to blast
overpressure. Engles et al. (2017) measured the dynamic properties of
the strips cut from blast-exposed TMs using acoustic loading and a laser
Doppler vibrometer (LDV). They also found that both storage and loss
moduli of the TM exhibit pronounced decrease over a frequency range
of 200–8000 Hz. However, in those studies, strip specimens cut from
the TM were used; cutting a TM into strips may alter the physiological
condition of the TM (O'Connor et al., 2008). To circumvent this issue, a
micro-fringe projection technique was used for characterization of the
mechanical properties for chinchilla TMs (Liang et al., 2017). In this
bulging experiment, fringes with sub-millimeter pitch are projected
onto the TM, and quasi-static air pressure is applied to the TM. A
comparison between control and post-blast chinchilla TMs shows that
there is about a 50% reduction in Young's modulus for the post-blast
chinchilla TM. The decrease is larger than that of a human TM observed
by Engles et al. (2017) and Luo et al. (2016).

In this paper, we apply the micro-fringe projection technique on the
human TMs to evaluate the change of the mechanical properties of the
human TM after its exposure to the blast overpressure. The intact, full-
size TMs in human cadaver temporal bones are used directly without
sectioning in bulging experiments. They are subjected to multiple ex-
posures of blast waves with a pressure slightly lower than the rupture
threshold (~70 kPa) of the human TM (Gan et al., 2018). Results are
compared between the control (normal) and post-blast TMs to evaluate
the role of blast over-pressure on the mechanical property change of the
human TMs.

2. Methods

2.1. Exposure of the human TMs to blast waves

Fresh human cadaveric temporal bones (n=16) containing the
intact auditory system from the Life Legacy Foundation, a certified
human tissue supplier for military research, are used in this study. The
protocol has been approved by the U.S. Army Medical Research and
Material Command (USAMRMC) Office of Research Protections (ORP).
To prepare the post-blast TM sample, the temporal bone is mounted to a
head block placed inside a blast chamber where it is exposed to blast
overpressure. The experiment is conducted in the Biomedical
Engineering Laboratory at the University of Oklahoma (Fig. 1). The

blast overpressure is generated using a comporessed-nitrogen-driven
blast apparatus. A 130-μm thick polycarbonate film is used as a dia-
phragm sealing the outlet of the blast apparatus, the rupture of which
releases blast overpressure between 45 and 55 kPa. The magnitude of
overpressure applied on a TM is controlled by varying the distance
between the blast outlet and the TM, and monitored by a pressure
sensor (Model 102B16, PCB Piezotronics, Depew, NY) located at the
entrance of the ear canal (approximately 1 cm from the ear canal
opening). A data acquisition system using a LabVIEW interface on a PC
(cDAQ 7194 and A/D converter 9215, National Instruments Inc.,
Austin, TX) with a sampling rate of 100 kS/s (10-μs interval) is used to
acquire the pressure data. For the purpose of comparison, five control
TMs (which are not exposed to blast waves) are harvested as the control
TM samples prior to the TM blast experiments. The TM sample in-
formation is shown in Table 1. The remaining temporal bones are ex-
posed to three times of blast with an average peak pressure of 50 kPa
(equivalent to a sine wave of 188 dB SPL), which is below the rupture
threshold of the human TM (~70 kPa). The information for this group
of TM samples is listed in Table 2.

2.2. Sample preparation

To prepare a sample for the micro-fringe projection measurement,
each temporal bone is first trimmed to a small bony block containing
the entire TM and the entire middle ear. Then the ear canal is carefully
ground until the TM is fully exposed. A 3-mm diameter hole is drilled in
the posterior-superior area of the middle ear and a polyvinyl chloride
(PVC) tubing (1.5 mm inner diameter, 3 mm outer diameter, 75mm
long) is inserted into the hole and sealed on the bony block with “two-
part epoxy” (Devcon and 5 Minute, Illinois Tool Works Inc). The outer
surface of the entire bony block is further sealed with paraffin to keep
the middle ear cavity in an airtight condition. After the epoxy is fully
cured, the outer end of the tubing is connected to a pressure monitoring
system that consists of a syringe pump and a pressure gauge to apply
static pressure to the TM from the medial side (Fig. 2). The time it takes
to prepare a temporal bone before the measurement is approximately
45min. To protect the TM from dehydration, a droplet of 0.9% saline
solution is applied to the TM at 5-min intervals during the measure-
ment. Meanwhile, the TM is covered with paper saturated with saline
solution during the curing of the epoxy. To produce high-quality TM
fringe images, the lateral surface of the TM is coated with a thin layer of
titanium oxide (100mg/ml) in saline to provide a diffused reflective
surface. Titanium oxide has been widely used in Moiré techniques to
measure the TM motion. A thin layer of titanium oxide coating is not
anticipated to affect the mechanical response of the TM (Liang et al.,
2015, 2016, 2017; Dirckx and Decraemer, 1997).

2.3. Micro-fringe projection experiments

A micro-fringe projection system is used to measure the volume
displacement of the TM under different static pressures coupled with a
3-dimensional surface reconstruction algorithm. The system consists of
a micro-fringe projector, a surgical microscope (Zeiss, model 50881)
and a digital camera (Nikon D7000) as shown in the schematic diagram
in Fig. 3. The micro-fringe projector projects the shadow of a fine
Ronchi ruling grating with pitch density of 20 cycles/mm (Edmund
Optics) onto the TM surface using a fiber optic illuminator (Techniquip
Corp. model R150-A2). Stepwise pressures with increments of±
0.125 kPa up to±1.0 kPa are applied through a PVC tube onto the
middle ear side of the bony block and monitored with a pressure gauge.
Images of the fringe patterns on the TM under different pressures are
acquired with the Nikon digital camera connected to the surgical mi-
croscope. Before each test, the TM is preconditioned by applying a
small pressure with a magnitude of 100 Pa for five cycles. This allows
the tissue material to reach a steady state (Liang et al., 2016; Gaihede,
1996). Virtual interferometry is formed by digitally combining the

Fig. 1. Schematic of the blast testing chamber and the sample setup. For de-
monstration purposes, the components are not drawn to scale.
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fringe pattern projected onto the TM with a reference fringe pattern
projected onto a flat plane. Topography of the human TM that contains
the height information of the TM surface is reconstructed from the in-
terferometry using software Joshua (developed by Manuel Heredia at
University of Sheffield) based on a five-step phase-shifted algorithm
(Ortiz and Patterson, 2005). The resolution of the topography depends
on the fringe density and the camera resolution. For the system used in
this study, the height resolution is ~15 μm (Liang, 2009). To quantify
the deformation of the TM under different static pressures, volume
displacements are calculated by subtracting the reconstructed surface
topography of the TM under pressure with that of the TM at the zero-
pressure state. Details on the calculation of the surface topography and
volume displacement calculations are described in previous publica-
tions (Liang et al., 2015, 2016, 2017).

2.4. Finite element method analysis

A finite element method (FEM) model for the human TM is estab-
lished based on the surface topography of a human TM at the zero-
pressure state reconstructed from the micro-fringe projection. The
surface topography is converted to a three-dimensional solid model by
computer-aided design (CAD) software (SolidWorks, 2014) and then
further meshed into a FEM model for simulations in ANSYS15.0.
Because the TM thickness is small compared to its major or minor axis,
the TM is modeled as a shell with a thickness of 80 μm according to the
average thickness of the human TMs used in this study. To match the
model results with the experimental data, the dimensions of the TM
FEM model are modified to appropriately reflect those of each in-
dividual TM sample. The dimensions of the TM samples used for

Table 1
Dimensions and parameters of the Ogden model for each control human TM.

Sample Number Superior-Inferior Diameter (mm) Anterior-Posterior Diameter (mm) μ1 (MPa) α1 μ2 (MPa) α2

TB15-51 8.94 9.62 4.2 3.0 -1.3 0.8
TB15-52 7.81 8.89 3.7 3.2 -1.2 0.8
TB16-11 7.09 9.12 4.3 2.7 -1.0 0.8
TB16-12 8.53 8.91 3.8 2.6 -1.3 0.9
TB16-19L 7.95 8.12 4.1 2.6 -1.1 0.9
Average±

Standard Deviation
8.06 ± 0.63 8.93 ± 0.48 4.0 ± 0.2 2.8 ± 0.2 -1.2 ± 0.1 0.8 ± 0.1

Table 2
Dimensions, average pressure for the blast wave and parameters of the Ogden model for each post-blast human TM.

Sample Number Superior-Inferior Diameter (mm) Anterior-Posterior Diameter (mm) Average
Blast
Pressure (kPa)

μ1 (MPa) α1 μ2 (MPa) α2

TB15-59 8.57 7.90 48 3.8 3.1 -1.5 1.0
TB15-60 8.83 7.77 48 3.7 3.0 -1.1 1.0
TB15-63 7.54 7.90 48 3.5 2.8 -1.5 1.0
TB15-64 7.43 7.04 48 3.6 2.9 -1.5 0.9
TB16-47 8.55 6.91 46 3.4 2.7 -1.2 0.9
TB16-48 8.24 7.15 46 3.5 3.0 -1.5 1.2
TB16-1L 10.0 7.12 61 4.0 2.4 -1.5 0.9
TB16-2R 8.53 6.95 61 3.3 2.8 -1.5 0.9
TB14-19 8.11 8.10 52 3.5 2.5 -1.1 1.0
TB14-20 8.55 7.89 45 3.9 2.6 -1.4 1.0
TB17-2R 10.7 10.3 26 2.4 -1 0.9 3.8
TB17-7L 8.5 8.3 28 2.1 -1.1 0.8 4.0
TB17-8R 9.6 7.2 25 2.4 -1.4 0.9 3.6
TB17-9L 9.9 7.8 21 2.7 -1.4 1.1 3.1
TB17-10R 7.7 7.7 26 2.8 -1.4 0.9 3.7
TB17-2R 8.3 7.2 26 2.4 -1 0.9 3.8
Average±

Standard Deviation
8.69 ± 0.89 7.68 ± 0.80 32 ± 13 3.6 ± 0.6 2.8 ± 1.9 -1.4 ± 1.1 1.0 ± 1.3

Fig. 2. Sample preparation: a) the bony block containing the entire middle and inner ear sealed with paraffin b) the human TM painted with titanium oxide.

J. Liang, et al. Journal of the Mechanical Behavior of Biomedical Materials 100 (2019) 103368

3



adjusting the FEM models are listed in Tables 1 and 2. To simplify the
model, the manubrium of the malleus attached to the TM is also si-
mulated as a section of the shell model of the TM using the properties of
bone (10 GPa Young's modulus and 0.2 Poisson's ratio). The annulus of
the TM is fixed for all degrees of freedom (no translation or rotation).
The entire model (including the membrane and the manubrium) con-
tains ~10,000 4-node tetrahedral shell elements (shell-181). Uniform
pressures with an increment of± 0.125 kPa up to±1.0 kPa are applied
on the medial side of the TM. The boundary conditions, loading, and
meshes of the TM FEM model are shown in Fig. 4. For each individual
TM sample, the simulated volume displacement is calculated under
each static pressure. It is noted that the actual connection between
manubrium and TM is complicated and varies among individuals. Be-
tween the umbo and the lateral process of the malleus, the TM and the
manubrium are connected through a layer of soft tissue (De Greef et al.,
2016). To evaluate the effect of the coupling of the TM and the

manubrium on the TM displacement in our model, a testing simulation
is conducted. According to the results from De Greef et al., 25% of the
length of the manubrium around the umbo and 12.5% of the length of
the manubrium around the lateral process are set to have the properties
of the bone. The remaining part of the manubrium is set to have the
mechanical properties of the TM. The simulation results under 1 kPa
show that the volume displacement changes only by 3.8%. Thus the
variation of the TM-manubrium connection does not have a significant
effect on our simulation results.

Similar to the studies on guinea pigs and chinchillas (Liang et al.,
2015, 2016, 2017), the 2nd-order Ogden model is used in this study to
describe the mechanical behavior of human TM under large deforma-
tions. The uniaxial form of the 2nd-order Ogden model is given as
(Aernouts et al., 2010; Wang et al., 2002).
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where TU is the uniaxial stress; λU is the uniaxial stretch ratio, and
= + ελ 1U U , with εU being the uniaxial strain. The parameters μi and αi

are constants representing the material hyperelastic properties. Under
uniaxial stretch, assuming incompressibility of the TM, the principal
stretch ratios λi (i=1, 2, 3) are given as =λ λU1 , = = −λ λ λU2 3

1
2 .

The slope of the stress-strain curve at any given stress or strain is the
tangent modulus, which is calculated by taking the derivative of stress
with respect to strain from Eq. (1),
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The tangent modulus at the initial linear portion of the stress-strain
curve under small deformations is Young's modulus. The Young's
modulus of the TM is determined by linear regression of the tangent
modulus data up to a strain of 0.25.

2.5. Inverse method

For each sample, the values of μi and αi, are determined by mini-
mizing a cost function, C(μi, αi) with respect to μi and αi. The cost
function is defined such that a minimal value achieves when the volume
displacements calculated using the FEM model for a particular sample
matches the corresponding values measured from the experiment:

∑= −
=

C ΔV ΔV( )
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i
exp

i
FEM

1

2

(3)

where ΔVi
exp is the volume displacement obtained in experiment under

a given pressure, ΔVi
FEM is the corresponding FEM simulated volume

displacement, M is the number of pressurized states.
In the iterative solving process, the values of μi and αi are first set to

be identical to the parameters for a human TM (Cheng et al., 2007).
Uniform pressures in the range of 0 kPa–1.0 kPa with an increment of
0.125 kPa are applied on the medial side and the lateral side, corre-
sponding to the pressure used in the experiments. The volume dis-
placement under each static pressure is calculated by summing the
volume displacements of all the elements. An iterative procedure is
used to modify μi and αi until the volume displacements calculated by
the FEM model match well with the corresponding experimental data,
similar to the procedure documented in our previous work (Liang et al.,
2015).

3. Results

3.1. Surface topography

A typical reconstruction of the human TM in Fig. 5 shows the sur-
face height topography of the TM under 0 kPa, +1.0 kPa and −1.0 kPa

Fig. 3. Schematic view of the micro-fringe projection system and the pressure
monitoring system utilized in this study.

Fig. 4. Finite element mesh for TB15-51. The purple area is the simplified
manubrium.
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pressures. For the purpose of validation, the height topographic profile
of a typical human TM sample is compared between experiment and
simulation in three cross-sections at each of the three different pressure
levels (−1.0 kPa, 0 kPa and +1.0 kPa) (Fig. 6). Simulation height
profiles are reasonably close to the experimental results, with errors less
than 10%.

Fig. 7 shows the contour of displacement along the z-direction
perpendicular to the imaging plane of the TM, obtained by subtracting

the surface profile at 0 kPa pressure from the corresponding profiles
at± 1.0 kPa pressure. Although the magnitudes of the displacement are
different under the application of positive and negative pressures, the
profile of the displacement distribution is generally similar between
them. The displacement is close to zero at the superior and gradually
increases along the superior-inferior direction and along the radial di-
rection from the manubrium. The maximum displacement is found in
the inferior area, forming a U-shape plateau surrounding the umbo at

Fig. 5. Typical 3D reconstructed tomogram of a human TM surface (TB16-19). The unit in the figure is mm.

Fig. 6. Comparison of the surface profile of a typical
TM between experimental (Exp) results and FEM si-
mulation under −1.0 kPa, 0 kPa and +1.0 kPa
pressures. The three dash-dot lines along the ante-
rior-posterior direction in the schematic in the right
figure show the cross-sections for comparison in the
figure on the left. The labels in the schematics are: A
(anterior quadrant), P (posterior quadrant), S (su-
perior quadrant), I (inferior quadrant), and U
(umbo).
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approximately midway between the malleus and the annulus ring under
both positive and negative pressure cases. In the case of negative
pressure, the area with the peak displacement is separated into two
sections between the anterior and posterior. This could be caused by the
uneven distribution of the thickness of the human TM along the radial
direction from the malleus to the edge of the annulus ring. The de-
formation pattern is in general similar to what is seen for cat, guinea
pig, and chinchilla TMs due to the similarity of the geometries of the
TMs in these species (Liang et al., 2015, 2016; Ladak et al., 2004) and is
consistent with what has been reported on the human TMs (Dirckx and
Decraemer, 1991).

3.2. Volume displacement-pressure relationship

The volume displacements are plotted against the pressure for both
control and post-blast TMs as shown in Fig. 8. It is noted that, for soft
tissues such as TM, the volume displacement-pressure relationship de-
pends highly on the state of the loading or unloading. When pre-con-
ditioning is conducted, the hysteresis of the TM samples is reduced to a
negligible level. Therefore the volume displacements are only com-
puted under the loading stage in this study. The curves shown in Fig. 8
are in general asymmetric with respect to the point at zero-pressure and
zero-volume displacement. For the control TMs, the average volume
displacement under positive pressure is about 40% higher than the
corresponding value under negative pressure with the same magnitude.
For post-blast TMs, the average volume displacement under a positive
pressure is also higher, about 25% higher than the corresponding values
under a negative pressure of the same magnitude. This asymmetry of
the deformation of the TM is due to its nearly conical geometry. The
fact that the manubrium structure crosses the apex of the TM also
contributes to its uneven deformation under positive and negative
pressure. The malleus on the medial side of the TM is held in tension
with ossicular chains connecting to it, which reduces the TM de-
formation as pressure increases in the negative direction (Kartush et al.,
2006). The asymmetrical volume displacement is consistent with our
previous findings (Liang et al., 2016) and others’ findings on TMs of
mammals such as gerbils (Gea et al., 2010), cats (Funnell and
Decraemer, 1996), and humans (Gaihede et al., 2007).

3.3. Mechanical properties of control and post-blast TMs

Tables 1 and 2 list the dimensions and the material property para-
meters in the Ogden model for each TM. The model parameters are
determined from the entire loading cycle for each TM sample. The

stress-strain relationships of the control and post-blast TMs determined
using Eqn. (1) and the parameters in Tables 1 and 2 are plotted in Fig. 9.
The curves shown in Fig. 9 demonstrate hyperelastic behavior of the
human TM: the TM becomes stiffer as the strain increases. In Fig. 10,
the tangent modulus is also plotted against the uniaxial strain. The
nonlinearity of the tangent modulus is easier to observe: as the strain
increases, the tangent modulus decreases at strains below 20%, and it
then gradually increases at strains above 20%. At a strain near zero, the
tangent modulus is 8.5MPa for the control TMs and 6.7MPa for the
post-blast TMs. At 30% strain, which is the maximum strain on the TM
determined by FEM analysis, the tangent modulus is slightly lower:
7.5 MPa for the control TM and 6.1MPa for the post-blast TM. The
average Young's modulus is calculated based on the results obtained
from 8 TMs using Eqn. (2). In this study, the average tangent modulus,
at strains less than 25%, is defined as the representative Young's
modulus for comparison. The average values of Young's modulus for the
control TMs and post-blast TMs are ~7.8MPa and ~6.3MPa respec-
tively. The average Young's modulus of the control TMs is lower than
that measured by Luo et al. using split Hopkinson tension bar (Luo
et al., 2016) and higher than that measured by Rohani et al. using a
pressurization method (Rohani et al., 2017). This is probably because of
the difference in the measurement methods applied.

4. Discussion

The TM is a complex tissue that consists of an epidermis layer, a
connective layer (lamina propria), and a mucosal epithelial layer (Lim,
1995). The core of the structural layer, the lamina propria, is a fibrous
layer made up of outer radial fibers and inner circular (circumferential)
fibers in addition to parabolic fibers. The fracture strength of the radial
fibrous layer is higher than that of the circumferential fibrous layer. On
exposure to blast waves, the TM is prone to break in the circumferential
direction rather than in the radial direction. To evaluate the effect of
blast wave on the microstructures of the TM, a post-blast TM sample is
observed with scanning electronic microscopy (SEM) and compared
with an SEM image of a control TM (Fig. 11). In this study the intensity
of the blast wave used is not enough to induce perforation across the
entire TM thickness, it has induced damage on the TM as micro-rup-
tures in the fibrous layer. In contrast to the well-aligned circumferential
fibers in the control TM, some fibers are randomly aligned over the
circumferential fibrous layer of the post-blast TM. It is noticed that,
although it is beneficial to investigate the radial fibrous layers further
by removing or dissecting the circumferential layer, such a process can
induce secondary damage to the radial fibrous layers. Thus, we are

Fig. 7. Displacement maps calculated from the data in Fig. 6. The dash line shows the boundary of the manubrium. The step distance between the height line is
0.05 mm.
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unable to observe the blast damage to the radial fibers using SEM. The
damage in the post-blast TM is likely responsible for the reduction of
mechanical properties in comparison with the control TM.

From Figs. 8 and 10, it is seen that the mechanical properties of the
human TM changed after the TM is exposed to the blast overpressure. In
the volume displacement-pressure relationship, the alternation of the

Fig. 8. Volume displacement – pressure relationships for control (n= 5) shown
in (a) and post-blast human (n= 16) TM shown in (b). Comparison between the
two groups of TMs is also plotted with the standard deviation as the error bar
shown in (c).

Fig. 9. Stress-strain relationships for the control (n=5) shown in (a) and post-
blast (n= 16) human TMs shown in (b).

Fig. 10. Comparison of tangential modulus data for control (n= 5) and post-
blast groups (n= 16). The error bars show the standard deviation.
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mechanical response exhibits asymmetry between positive pressure and
negative pressure. In the positive direction, the volume displacement of
the post-blast TM is nearly identical to that of the control TM. This is
different from the observation of chinchilla TM (Liang et al., 2016).
This could be due to the different ways of sample preparation for the
fringe projection measurement. For the chinchilla, the entire cochlea
and the stapes were removed and the positive pressure was applied
from the lateral side of the TM, therefore the TM did not have constraint
for motion under both the positive and negative pressure. The ruptures
can form and propagate in both directions. For the human TM samples
used in this work, the entire cochlea and the ossicular chain are kept
intact and the positive pressure is applied from the medial side of the
TM. When a positive pressure is applied to the human TM, the ossicular
chain is stretched and restricts the deformation from distorting the
conical geometry of the TM, thus the ruptures cannot propagate along
this direction. As a result, the volume displacement in the positive di-
rection does not show a significant increase as in the case under ne-
gative pressure.

The tangent modulus of the TM, however, which is independent of
the structure of the system, shows clearly the weakening of the TM after
its exposure to blast overpressure. The Young's modulus, which is
identical to the linear section of the tangent modulus, decreases by
about 20%. This reduction is much lower than the 50% reduction in
Young's modulus for the chinchilla TM in our previous work (Liang
et al., 2017). It is reasoned that the thickness of the human TM plays an
important role to mitigate the damage in comparison with the thinner
TM of the chinchilla: the thickness of the human TM is about 80 μm,
while it is 20 μm for a chinchilla TM. The value of the reduction in
Young's modulus in this study is consistent with what is reported in the
work of Luo et al. (2016). In that study, it is found that at a low strain
rate, the TM exhibits 22% reduction in Young's modulus in the radial
direction and about 8% reduction in the modulus in the circumferential
direction. Although it is still unable to quantify the damage induced by
the sample preparation of cutting the TM into strips, the comparison
between our data and Luo's data implies that the fibers in the radial
direction dominate the performance of the TM at least at low strain
rates. The reduction of the stiffness in the intact TM is smaller than
what is reported by Engles et al. on post-blast human TM strips (2017).
In that study, the storage modulus of the post-blast human TMs exhibits
a reduction of more than 50% in comparison with that of control TMs.
The reason for such a large magnitude in the change of storage modulus

is still unclear. One possible reason is that the small transverse vibration
loading is applied to the TM strip. Such a loading condition is different
from what is used in our work.

In this work, the micro-fringe projection technique allows in-
vestigation of the blast damage on the TM without dissecting the TM
sample. This approach eliminates the effect of possible damage and
alteration of collagen fibers in the preparation of strip specimens. The
direct measurement of the mechanical properties of a human TM rather
than a chinchilla TM eliminates the need to factor the species difference
between human and chinchilla. However, this method depends on the
ability to apply pressure to the confined middle ear, consequently this
technique cannot be applied for a ruptured TM. In addition, in the
calculation of the mechanical properties using the inverse method, the
TM is considered as an isotropic and homogenous material. Thus, the
mechanical properties reported herein represent the overall effective
isotropic properties and cannot identify the potentially extremely lo-
calized damage. This study provides results on the change of the ef-
fective mechanical property the TM under overpressure, which can be
used in FEM simulations to evaluate the effect of TM damage on the
sound transmission in the middle ear. In the work in the future, or-
thotropic and inhomogeneous characteristics of the TM need to be
considered so that a realistic model of the blast-damaged TM model can
be established.

The results obtained in this work indicates that repetitively exposed
to low pressure level blast induces mechanical damages to the TM.
However, the threshold of the overpressure inducing microstructural
damage was not determined; in addition, how the damage is accumu-
lated and when a cumulative damage reaches a detrimental level on the
TM were not determined. These are areas that require further in-
vestigation.

5. Conclusion

The effect of blast overpressure on the mechanical property change
of the TM in humans is evaluated using a micro-fringe projection system
with pressure loading applied on the entire TM suspended on an an-
nulus. FEM models for human TMs are developed to determine the
mechanical properties of the TMs. It is shown that the Young's modulus
of the post-blast human TMs decreased by about 20% in comparison
with control TMs. The measurement technique used in this work is in-
situ and does not induce potential damage to the TM in preparation.

Fig. 11. Typical SEM micrographs for post-blast and control human TMs.
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The technique thus allows a more accurate evaluation of the blast effect
on the human TM mechanical properties change.
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Surface Motion Changes
of Tympanic Membrane
Damaged by Blast Waves
Eardrum or tympanic membrane (TM) is a multilayer soft tissue membrane located at the
end of the ear canal to receive sound pressure and transport the sound into the middle
ear and cochlea. Recent studies reported that the TM microstructure and mechanical
properties varied after the ear was exposed to blast overpressure. However, the impact of
such biomechanical changes of the TM on its movement for sound transmission has not
been investigated. This paper reports the full-field surface motion of the human TM using
the scanning laser Doppler vibrometry in human temporal bones under normal and post-
blast conditions. An increase of the TM displacement after blast exposure was observed
in the posterior region of the TM in four temporal bone samples at the frequencies
between 3 and 4 kHz. A finite element model of human TM with multilayer microstructure
and orthogonal fiber network was created to simulate the TM damaged by blast waves.
The consistency between the experimental data and the model-derived TM surface motion
suggests that the tissue injuries were resulted from a combination of mechanical property
change and regional discontinuity of collagen fibers. This study provides the evidences of
surface motion changes of the TM damaged by blast waves and possible fiber damage
locations. [DOI: 10.1115/1.4044052]

Keywords: ear biomechanics, tympanic membrane, scanning laser Doppler vibrometry,
finite element model, tissue microstructure

1 Introduction

Eardrum or tympanic membrane is a multilayer soft tissue
membrane separating the ear canal from the middle ear. The tym-
panic membrane (TM) plays an important role in the transmission
of sound pressure from the environment into mechanical vibration
of the ossicular chain in the middle ear, which is transported into
the inner ear or cochlea and then to the brain for hearing. Expo-
sure to high intensity sound or blast overpressure waves causes
injuries to auditory system and results in acute hearing loss in
military service members and the long-term hearing disabilities in
veterans [1,2]. The primary blast injury to the ear is induced by
the direct effect of blast waves upon the TM and middle ear ossic-
ular chain. Rupture of the TM is one of the most frequent injuries
of the ear and has been investigated in animals and humans with
wide variability [3–5].

The human TM is composed of three distinct layers. The lateral
side is an epidermal layer and the medial side is a mucosal layer.
The middle layer is composed of collagen fibers which are embed-
ded in a matrix of ground substance, aligning primarily along the
radial and circumferential directions [6]. A major part of the TM
is the pars tensa, which is within the tympanic annulus ring
located at the boundary; the malleus manubrium bone is attached
in the central portion at the medial side [6–8].

Recent studies reported that the TM microstructure and
mechanical properties varied after the ear was exposed to blast
waves [9,10]. The postblast TM tears were oriented in the radial
direction observed under the scanning electron microscope by
Engles et al. [10]. They also measured the complex modulus of
the human TM samples by using acoustic loading and laser Dopp-
ler vibrometry and found that the storage and loss modulus of the
TM decreased significantly after the blast over a frequency range
of 200–8000 Hz. In a study performed by Luo et al. [8], the results

indicated that Young’s modulus is higher in the radial direction
than in the circumferential direction, and the fracture strength in
the radial direction is also higher than that in the circumferential
direction under the condition of the same strain rate. Moreover,
the recent study by Luo et al. [9] showed that blast waves cause
significant changes on mechanical properties of the TM mainly
due to the damage induced in the circumferential fibers and the
stiffening in the radial fibers. However, the impact of such biome-
chanical changes of the TM on its movement for sound transmis-
sion has not been investigated.

Full-field motion measurement of the TM can provide simulta-
neous vibration data from a large number of points on the mem-
brane surface, which has the benefit of showing both the spatial
and temporal behaviors of the TM vibration in response to sound
stimuli. The term “full-field” herein means that the measurement
is performed over the entire visible area of the TM. Measurement
of the entire TM surface motion has been used to explore the rela-
tionships between the structure and the acoustic function of the
middle ear in animals and human cadaveric temporal bones
[11–14]. To analyze middle ear mechanics in diseased and recon-
structed ears, Zhang et al. [15] investigated the effects of middle
ear fluid on TM surface motion in human cadaver ears by using
scanning laser Doppler vibrometry (SLDV). Recently, the TM
surface motion was determined using SLDV in a chinchilla model
of acute otitis media by Wang and Gan [16].

This paper reports the full-field surface motion of human TM
measured by SLDV over a frequency range of 1–8 kHz in human
temporal bones before (or normal) and after blast exposure. In
addition to experimental measurement, a three-dimensional (3D)
multilayer finite element (FE) model to mimic the fibrous micro-
structure of the human TM was developed to replace the TM in
our previously published FE model of the entire ear [17]. The new
TM model was composed of multilayer matrix embedded with
radial and circumferential fibers, which was used to simulate the
damaged TM by altering the mechanical properties and micro-
structure of the fiber network after blast exposure. The purpose of
this study is to investigate how the TM motion is altered after
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blast exposure and what is the possible relation between the TM
movement variation and its microstructure damage induced by
blast waves.

2 Methods

2.1 Sample Preparation. Two pairs of fresh human temporal
bones (TBs) from two donors of age 67 and 71 yr old were
involved in this study. TB samples were packed in dry ice and
shipped from LifeLegacy Foundation, a certified human tissue
supplier for military-related research. The study protocol was
approved by the U.S. Army Medical Research and Material Com-
mand (USAMRMC), Office of Research Protections (ORP). The
experiments were conducted within one week after the temporal
bones arrived. The samples were processed with a solution of
0.9% saline and 15% povidone at 5 �C to maintain the physiologi-
cal condition before the experiment. Each sample was examined
under an operating microscope (OPMI-1, Zeiss, Thornwood, NY)
to confirm a normal ear canal and an intact TM.

The surgery to expose the TM was conducted under the micro-
scope by separating the pinna and soft tissues from the lateral
bony wall of the TB with a #10 scalpel and removing the bony
part of the ear canal for the SLDV measurement. After the test in
a normal TB sample was completed, the removed pinna and soft
tissues were reattached to the TB by suture and the TB sample
was exposed to blast tests. The pinna and soft tissues were then
removed again to expose TM for the SLDV measurement after
blast tests.

2.2 Experimental Protocol

2.2.1 Surface Motion of the Tympanic Membrane Measured
With Scanning Laser Doppler Vibrometry. The schematic dia-
gram of the experimental setup with SLDV to measure the motion
of the TM surface is shown in Fig. 1. The TB was fixed in a tem-
poral bone holder and placed on a vibration isolation table. The
experiment was conducted following the protocol reported by
Zhang et al. [15]. Briefly, a chirp stimulus at 80 dB sound pressure
level with a frequency range of 1–8 kHz was produced by a func-
tion generator (Polytec Ethernet Generator, Polytec, Inc., Irvine,
CA), an amplifier (RCA SA-155, Radio Shack, Fort Worth, TX),
and a speaker (CF1, Tucker-Davis Technologies, Alachua, FL).
The sound was delivered through a tube with an inner diameter of
1 mm. A probe microphone (Model ER-7, Etymotic Research)
used for monitoring the input sound pressure level was secured
parallel to the sound delivery tube and placed about 2 mm away
from the TM.

A SLDV (PSV-500, Polytec, Inc., Irvine, CA) with a software
package (PSV 9.2, Polytec, Inc., Irvine, CA) was used to measure
the full-field vibration of the TM. The orientation of the plane of
the tympanic annulus was set perpendicular to the laser beam.
Figure 2(a) shows a typical view of a TM sample captured by the
SLDV. Scanning grids of 400–500 measurement points were dis-
tributed evenly over the entire surface of the TM and aligned by

drawing them onto the TM live video image using the PSV 9.2
software (see Fig. 2(b)). The vibration velocity of each measure-
ment point along with the sound pressure was recorded simultane-
ously by PSV 9.2 over the frequency range from 1 to 8 kHz. The
displacement amplitudes at different frequencies were simply cal-
culated from the velocity and normalized by the input sound
pressure.

2.2.2 Exposure of Temporal Bone Samples to Blast Waves.
Upon completing the surface motion measurement of a normal
TM, the previously removed pinna and soft tissue around the ear
canal were reattached to the TB by suture. The TB was then
mounted to a “head block” inside an anechoic test chamber in our
lab at the University of Oklahoma as shown in Fig. 3. Following
the previously established methodologies, a compressed nitrogen-
driven blast apparatus was utilized to produce blast overpressure
by rupturing a polycarbonate film (McMaster-Carr, Atlanta, GA)
[9,10,18]. Blast overpressure level was controlled by changing the
thickness of the film or the distance from the blast reference plane.
The blast pressure at the entrance of the ear canal was monitored
by a pressure sensor (Model 102B16, PCB Piezotronics, Depew,
NY) mounted on a column approximately 1 cm away from the
head block (Fig. 3). The data acquisition system consisted of the
cDAQ 7194, A/D converter 9215 (National Instruments, Inc.,
Austin, TX), and a software package LabVIEW (National Instru-
ments, Inc., Austin, TX). The sampling rate of the acquisition sys-
tem was 100 k/s, which was proved to be appropriate in the
previous studies [4,9,10,18].

Fig. 1 Schematic diagram of the experimental setup showing
the scanning SLDV and a human temporal bone Fig. 2 (a) One exposed TM sample image (left ear) captured by

the SLDV and (b) the typical scanning points defined on the TM
surface with a laser spot shown

Fig. 3 Picture of the experimental setup with the head block
attached with human temporal bone in front setup (blast wave
from the front of the face) inside the blast chamber
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The pressure waveform of each blast had a single positive over-
pressure peak, and the peak pressure was used to assess the pres-
sure level of blast. Each TB specimen experienced four repeated
blasts at a level of 38–54 kPa (or 5.5–7.5 psi). Note that the rup-
ture threshold of human TM was 52.4–62.1 kPa [10,19], and thus,
the repeated blasts in this study can induce discernable tissue
damage in the TM without rupturing it. After the completion of
blast exposure, a microscopic examination was applied to each
TM to ensure the nonexistence of the rupture. The surface motion
measurement was conducted again immediately after the comple-
tion of blast tests, following the same protocol described in Sec.
2.2.1 and the results were compared with the preblast data
obtained in each TB.

2.3 Finite Element Modeling Normal and
Damaged Human Tympanic Membrane

2.3.1 Multilayer Finite Element Model of Normal Tympanic
Membrane—Structure. A multilayer FE model of the human TM
with fibers was created in ANSYS (ANSYS, Inc., Canonsburg, PA)
based on the entire ear model published by Gan et al. [20] and
Zhang et al. [15]. Figure 4(a) shows the ear model which consists
of the ear canal, TM, middle ear ossicles, middle ear suspensory

ligaments and muscle tendons, middle ear cavity, and the spiral
cochlea with two and half turns. The TM in this published human
ear model is a single layer of membrane with thickness of 75lm.
In this study, the pars tensa part of the TM was modeled as a
membrane consisting of five layers: epidermal layer, radial layer,
middle layer, circumferential layer, and the mucosal layer from
the lateral to the medial side as shown in Fig. 4(b) schematically.
The thickness of each layer was assumed to be 10, 30, 5, 20, and
10lm, respectively [21]. The total thickness was 75lm, the same
value as that used in the published ear model [15,20,22]. Note that
the middle layer was a virtual layer designed to allow the relative
motion between the circumferential and radial layers. Figure 4(b)
is a diagram showing the cross section of the TM along the cir-
cumferential direction. The radial fibers were embedded between
the radial and middle layers, while the circumferential fibers were
between the circumferential and mucosal layers [23].

The fiber orientations in the radial and middle layers were fol-
lowing the directions of two major types of collagen fibers
observed from experiments: the radial fibers originated from the
manubrium and ended at the annulus; the circumferential fibers
started and ended at the manubrium, parallel to the TM annulus
and orthogonal to the radial fibers [7,8,21,24]. The fibers in the
radial and circumferential layers simulated in the TM model are

Fig. 4 (a) Three-dimensional FE model of the entire ear reported by Zhang and Gan [17] including the ear canal,
middle ear, middle ear cavity, and spiral cochlea. The TM in this published model was replaced by the multilayer
FE model of the TM with fibrous structure in this study. (b) Schematic of the cross section of the TM model along
the circumferential direction, showing the location where the fibers are inserted between the respective layers.
(c) Alignment of radial and circumferential fiber elements in the pars tensa of the TM.
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shown in Fig. 4(c). The pars flaccida was modeled as a nonfiber
matrix. Note that this method of multiscale modeling of fiber-
embedded tissues was reported by Shirazi and Shirazi-Adl [25]
and Tiburtius et al. [26].

2.3.2 Multilayer Finite Element Model of Normal Tympanic
Membrane—Materials. The matrix of five layers of pars tensa
was assumed as solid elements in ANSYS (Solid 185) and the pars
flaccida of the TM was modeled as the matrix of solid elements
(Solid 185) without fibers. The radial and circumferential fibers
were modeled using beam elements (Beam 188) with a rectangu-
lar cross section. The fibers, matrix, pars flaccida, and tissues
attached to the TM including the TM annulus and manubrium
were all modeled as linear elastic materials. The elastic modulus
of the TM annulus, manubrium, and pars flaccida was 0.6 MPa,
4.7 GPa, and 10 MPa, respectively [22]. The elastic modulus for
matrix of the pars tensa or five layers was the same as that used
for pars flaccida (10 MPa).

In TM model, the length of the radial fiber and the radial side
length of the matrix element were equal, as well as the equal
length of circumferential fiber and the circumferential side matrix.
The thickness of the fiber element equaled to its layer so that the
volume fraction of fibers was controlled by fiber’s width. The vol-
ume fraction of fibers in a certain direction at a node of the TM
was assumed to be the ratio of the fiber volume to the matrix
which could be simplified as the width of the fiber at the node
divided by the distance between the current and next adjacent
nodes in the given direction within the layer of the fiber [25,26].
For the volume fraction of fibers in human TM, Fay et al. [21]
suggested a value around 30–50%, and thus, the width of the
radial or circumferential fiber elements was selected at 90lm in
this study which resulted in an approximately volume fraction of
20–40% in either radial or circumferential direction in the bound-
ary area of the TM. Note that the volume fraction would increase
from the edge to center because of the width of the fiber element
remaining constant, while the size of the matrix element gradually
decreased from the edge to center.

Volume fraction and elastic modulus of the fibers are critical
parameters affecting the TM stiffness. The equivalent elastic mod-
uli of the TM in the radial and circumferential directions are cal-
culated by the empirical method derived from composite material
mechanics as shown in the following equation [27]:

Eave ¼ Ef V þ Emð1� VÞ (1)

where Eave is the equivalent elastic modulus of the composite,
which is the TM with fibers embedded in the matrix in this study;
Ef and Em are elastic modulus of the fiber and matrix, respectively;
and V is the volume fraction of the fibers. The fibers in human TM
mostly consist of collagen types I and II fibrils whose elastic mod-
ulus varied from 1 to 10 GPa [21,28] and the average elastic mod-
ulus in the radial direction was about 1.5–2 times of that in the
circumferential direction [8,9,22]. After a cross-calibration pro-
cess to match the model-derived TM surface motion to the experi-
mental data, the elastic modulus of radial fiber was determined to
be 10 GPa while 6 GPa for the circumferential fiber.

2.3.3 Multilayer Finite Element Model of Damaged Tympanic
Membrane. Mechanical tests on TM samples indicated that the
exposure to blast overpressure resulted in changes of mechanical
properties of the TM [9,10]. Microstructural variations of the TM
were detected by scanning electron microscope images, which
provide an insight into the structural aspects of the injury on the
surface of the TM [10]. To investigate the relationship between
the changes of the microstructure and mechanical properties of
the TM and its surface motion, the blast-induced damage was
simulated in the FE model of the TM using three approaches.

The first approach was to uniformly reduce the elastic modulus
of fibers to simulate the mechanical properties of the fibers that
were altered by blast waves. The elastic modulus of the radial and
circumferential fibers was set to be 1 and 0.6 MPa, respectively,

much lower than the normal fibers. The second approach was to
reduce the volume fraction of fibers to simulate the loss of fibers.
The width of fibers was reduced to 9 lm which resulted in the vol-
ume fraction of fibers to 1/10 of the original value. The third
approach was to remove the part of fibers in certain quadrant of
the TM to simulate the regional loss of fibers. This simulation of
blast-induced damage was conducted following the SLDV mea-
surement in TB samples. We hypothesized that the regions in the
TM where the high displacement peak appears during the surface
motion measurement may represent more severely damaged fiber
network than the other regions. The model-predicted TM surface
motion was compared with the experimental data over the fre-
quency range from 1 to 8 kHz.

3 Results

3.1 Full-Field Surface Motion of the Tympanic Membrane
Measured by Scanning Laser Doppler Vibrometry. Figure 5
shows the full-field surface motion of specimen TB-60 (right ear)
at five frequencies of 1, 2, 3, 4, and 8 kHz before and after four
repeated blasts at the level of 53 kPa. The color bars on the right
side of images represent the displacement amplitude normalized
by the input sound pressure in nm/Pa. The orientation of the right
ear TM is shown in the upper left-hand corner of the figure. Note
that the scale of the color bar varies from 1 kHz to 8 kHz to pro-
vide better illustration of images.

For normal ear at 1 kHz, the deflection shape of the TM motion
showed a major vibration peak in the posterior region of the mem-
brane. The maximum displacement amplitude was close to
180 nm/Pa. For the ear after blast exposure, the location of the
maximum displacement stayed in the posterior region of the mem-
brane, but the maximum displacement decreased to around
100 nm/Pa. A low-displacement region located around the manu-
brium separated the membrane into the posterior region with
higher displacement and the anterior region with less mobility in
both pre- and postblast TMs. The blast exposure did not alter the
shape of deflection and the location of the maximum movement at
1 kHz.

The high vibration peak areas were still in the posterior region
of the TM before blast at 2 kHz, and multiple peaks emerged
around 80 nm/Pa. After blast exposure, a major peak with a maxi-
mum displacement of 200 nm/Pa appeared in the posterior region
of the TM and a fusion of minor peaks into one major peak was
similar to what was observed at 1 kHz, but the significant increase
of the displacement amplitude in the posterior region was differ-
ent. The low-mobility area around the manubrium separated the
TM into the high-mobility posterior and low-mobility anterior
quadrants unsymmetrically, which was clearer in the TM experi-
enced blasts. The blast exposure induced changes in displacement
magnitude instead of the location of the vibration peaks.

Distribution of the deflection shape of the TM motion at 3 kHz
of both normal and blasted TMs showed no conspicuous differ-
ence compared to the deflection shape at 2 kHz. The displacement
amplitude was almost uniformly decreased over the entire surface
when the frequency increased from 2 to 3 kHz. The maximum dis-
placement in normal TM before blast exposure was 70 nm/Pa and
increased to 180 nm/Pa in blasted TM. The high-mobility area still
located in the posterior region which was consistent with the
results at 2 kHz.

Shapes of the TM deflection at 4 kHz started to change. In pre-
blast TM, although the high-displacement area still existed in the
posterior, another high-vibration area appeared in the anterior
region. In postblast TM, multiple peaks emerged at the posterior,
anterior, and inferior regions. The posterior and anterior peaks
shared a maximum displacement of 60 nm/Pa. The postblast TM
at 4 kHz still illustrated the deflection shape similar to the normal
TM, which had high-mobility peaks in the posterior region. The
changes induced by blast exposure at 4 kHz include the increased
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maximum displacement peaks and a new peak appeared in the
anterior region.

When frequency increased to 8 kHz, no prominent major peaks
were observed on the TM before and after blast exposure due to
the complexity of the deflection shape and the decrease of the
vibration amplitude. The whole TM surface was vibrating below

20 nm/Pa. The superior quadrant including the manubrium
showed that the lowest mobility and multiple minor peaks were
observed in the anterior region. Neither displacement magnitude
nor the distribution of the contours showed discernable difference
before and after the blast exposure. In summary, the results
obtained from the TM of TB-60 indicate that at the middle

Fig. 5 Deflection shapes of TM surface motion measured by SLDV on specimen
TB-60 (right ear) at five frequencies of 1, 2, 3, 4, and 8 kHz before and after four
repeated blasts at the level of 53 kPa
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frequencies (2–4 kHz), the areas with high mobility concentrated
in the posterior region of the membrane and the blast damage
mainly increased the TM movement in that region without chang-
ing the peak distribution pattern.

The deflection shapes of four TMs from all TBs at 3 kHz are
presented in Fig. 6 to investigate whether this phenomenon exists
in all TM samples. The left column of Fig. 6 displays the shapes
of TM deflection before blast exposure, and the right column
shows the TM deflection shapes after blast exposure. The TM sur-
face motion of four TBs are displayed from top to bottom in
Fig. 6. Similar to Fig. 5, the color bars on the right side of images
represent the displacement amplitude normalized by the input
sound pressure in nm/Pa. The orientation of each TB’s TM is
shown in the upper left-hand corner of each image (TB-57: left
ear, TB-58: right ear, TB-59: left ear, and TB-60: right ear). A
major peak of displacement in the posterior region of the TM was
observed in all four TM samples. The maximum displacement of
the TM increased from 80 to 140 nm/Pa in TB-57, 58, and 59 and
from 70 to 180 nm/Pa in TB-60 after blast exposure. The shapes
of the TM deflection or displacement contours remained

unchanged after the blast exposure. A single major peak of the
TM was observed in the central posterior region of TBs 57, 58,
and 60, but TB-59 showed a more complicated shape of deflec-
tion. However, the maximum displacement still located in the pos-
terior region and the blast-induced damage increased the
displacement amplitude at the same level compared to the other
three specimens.

Displacement contours of all four TMs before and after blast
exposure at 4 kHz are shown in Fig. 7. Like Fig. 6, the TM dis-
placement after blast exposure increased in the posterior region of
the membrane at 4 kHz, and the peak distribution pattern was sim-
ilar to that observed at 3 kHz. However, the displacement ampli-
tude was lower than that at 3 kHz. The maximum TM
displacement of TB-57 in the posterior region increased from 40
to 100 nm/Pa after the blast, but in TB-58, the peak vibration area
of the TM increased due to the blast. In TB-59, the maximum dis-
placement increased from 50 to 80 nm/Pa, while from 30 to
60 nm/Pa in TB-60. Note that at 4 kHz, high-vibration areas
emerged in the anterior region of the TM after the blast exposure.
Moreover, the long and narrow high-displacement area appeared

Fig. 6 Deflection shapes of TM surface motion measured by SLDV on all TBs at
3 kHz
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in the anterior region of the TM after blast in TB-57. In TB-59
and TB-60, the displacement in the anterior high-vibration area
increased after the blast. This phenomenon indicated that the
vibration mode of single posterior peak domination changed to a
two-peak formation starting at 4 kHz.

3.2 Tympanic Membrane Surface Motion Simulated by
Finite Element Model. Following the three approaches described
in Sec. 2.3.3, a damaged TM model to mimic the blast-induced
changes in TM microstructure and mechanical properties was cre-
ated as shown in Fig. 8. In addition to reducing the elastic modu-
lus and the volume fraction of fibers in the model, part of the
fibers in the posterior–inferior quadrant of the TM was removed
to simulate the local damage or loss of fibers based on observa-
tions from the surface motion measurements from experiments
(Figs. 5–7). This was also designed to test the hypothesis that the
regions in the TM where the highest displacement peak appears
during the surface motion measurement may represent more
severely damaged fiber network than the other regions. As shown
in Fig. 8, a round-shape nonfiber area with a diameter of approxi-
mately 4 mm was created by deleting the fiber elements in the

posterior–inferior quadrant. The location, size, and shape of the
nonfiber area were simulated based on the high-displacement area
of the TM in Fig. 5 at 1, 2, and 3 kHz.

The deflection shapes of the TM along the direction perpendic-
ular to the plane of the tympanic annulus were calculated from the
FE model of the entire ear shown in Fig. 4 (left ear) with the nor-
mal TM or damaged TM at five selected frequencies (1, 2, 3, 4,
and 8 kHz) and plotted in Fig. 9. The orientation of the left ear is
shown in the upper left-hand corner of the figure. Scale bars in
unit nm/Pa are shown in the right column for each group of
images obtained at the same frequency. From the left to right, the
images in the first column show the deflection or displacement
shapes of normal TM derived from the FE model of the ear over
the frequencies of 1–8 kHz from the top to bottom. The images in
the second column show the deflection shapes of damaged TM
simulated by reducing elastic modulus of the fibers. Images in col-
umns 3 and 4 represent the deflection shapes of damaged TM
simulated by reducing fiber volume fraction and partially remov-
ing local fibers, respectively.

In normal TM, a prominent major peak was observed in the
posterior–inferior region at all frequencies and the dominance of a
single peak decreased with the frequency increasing. A secondary

Fig. 7 Deflection shapes of TM surface motion measured by SLDV on all TBs at
4 kHz
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peak emerged in the anterior region at 3 kHz or higher frequencies
and the multiple minor peaks formed a complicated shape of
deflection at 8 kHz. The maximum displacement gradually
decreased as frequency increasing from 118 nm/Pa at 1 kHz to
4.5 nm/Pa at 8 kHz. The normal TM showed the lowest surface
mobility over the frequencies.

For damaged TM simulated in the model, the major peak in the
posterior region was discernable at the frequencies below 3 kHz.
The location of the major peak was consistent with what was
observed in the normal TM and the maximum displacement value
was greater in the damaged TMs. At 1 kHz, there was only one
major displacement peak in all TMs, and the TM with reduced
elastic modulus showed the highest maximum displacement of
632.7 nm/Pa among three damaged TM models. At 2 kHz, the sec-
ond peak in the anterior region emerged in the TM with a reduced
elastic modulus, but the other two damaged TMs kept the similar
deflection shape as the normal TM. The highest displacement at a
value of 149.5 nm/Pa emerged in the TM of partially removed
fibers. At 3 kHz, multiple peaks appeared to form a half-ring-
shaped high displacement area in the TM with reduced elastic
modulus. The TMs with reduced volume fraction and removed
fibers showed deflection shape close to the normal TM, but with
increased mobility. The highest maximum displacement decreased
to 49.1 nm/Pa in the removed fibers. At 4 and 8 kHz, the trend
continued in all four TMs. A ring-shaped high-displacement area
emerged on the surface of the TM with reduced elastic modulus.
The behavior of the TM with reduced volume fraction at high fre-
quencies was similar to what was observed in the reduced modu-
lus TM. The TM of partially removed fibers was unique, whose
deflection shape remained unchanged over the entire frequency
range. The high-displacement area remained at the same location,
but the maximum displacement gradually decreased from 400 nm/
Pa at 1 kHz to 5.9 nm/Pa at 8 kHz. The FE model-derived TM sur-
face motion was generally consistent with those observed from
the experimental results measured by SLDV (Figs. 5–7).

4 Discussion

4.1 Comparison of Scanning Laser Doppler Vibrometry
Measured Tympanic Membrane Surface Motion With
Published Data—Normal Tympanic Membrane. In this study,
the full-field surface motion of human TM under a chirp stimulus
of 1–8 kHz was measured by SLDV before and after blast

exposures. As an important indicator to evaluate the sound trans-
mission function of the TM and middle ear, the surface motion of
the TM has been measured on human and animal ears using
SLDV [15,16,29] and stroboscopic holography [30–32]. The max-
imum displacements on the human TM surface were 400, 80, and
16 nm/Pa at 1, 4, and 8 kHz, respectively, reported by Zhang et al.
[15]. The values measured by stroboscopic holography in two dif-
ferent human cadaveric TMs reported by Cheng et al. [31] were
200/200, 30/35, and 16/8 nm/Pa at 1, 4, and 10 kHz, respectively.
In this study, the maximum displacements on the TM surface of
TB 60 before blast exposures (normal ear) were 180, 30, and
20 nm/Pa at 1, 4, and 8 kHz, respectively. Although there were
some variations, the values of the TM maximum displacement
measured in this study were generally consistent with the pub-
lished data over the frequency range of 1–8 kHz.

The shape of the TM deflection is another parameter to evaluate
the mobility of the TM. At 1 kHz, a single prominent peak was
observed in the posterior–superior area of the TM (Fig. 5), which
was close to what was reported by Cheng et al. [31] and to that
the peak displacement emerged in the posterior–inferior region of
the TM by Zhang et al. [15]. The peak area appearing in the poste-
rior region in the previous and current studies was also observed
in the surface motion of animals at the low frequencies
[11,29,33]. At 4 kHz, a half-ring-shaped or ring-shaped high dis-
placement area covered most of the TM surface except the supe-
rior region observed in this study and previous studies. At 8 kHz,
multiple high displacement areas were in shape of concentric
circles centered at the umbo and spread out to the TM annulus,
which was also observed in Cheng et al. [31] and Zhang et al.
[15]. Overall, the full-field surface motion of the normal human
TM measured in this study agreed with the published data, which
confirmed that the experimental setup is reliable.

4.2 Comparison of Finite Element Model-Predicted
Tympanic Membrane Surface Motion With the Experimental
Data—Normal and Blast-Damaged Tympanic Membrane. The
full-field TM motion was measured experimentally (Figs. 5–7)
and simulated by the FE model (Fig. 9). The maximum displace-
ment in the posterior–inferior region of the normal TM predicted
by the FE model was 118, 16.3, and 4.5 nm/Pa at 1, 4, and 8 kHz,
respectively, which is consistent with the experimental data of
105, 25, and 10 nm/Pa in TB 60 at 1, 4, and 8 kHz, respectively.
The major peak in the posterior–inferior region of the TM was
observed in the normal TM at frequencies below 4 kHz in Figs. 5
and 9. Multiple peaks emerged on the TM surface including the
superior were observed at 8 kHz in both experimental and model-
derived results. Therefore, the multilayer fibrous model of TM
was capable to simulate the behavior of normal TM over the fre-
quency range.

The key application of the FE model for damaged TM was to
investigate how the TM motion is altered after blast exposure and
what is the possible relation between the TM movement variation
and its microstructure damage induced by blast waves. Figures 6
and 7 demonstrated a typical feature of the change in full-field
surface motion of the TM after blast exposures: an increase of the
maximum displacement with a major peak in the posterior region
at the frequencies between 3 and 4 kHz. As shown in Figs. 6 and
7, the increased displacement of the major peak was observed in
all four samples at 3 and 4 kHz. The deflection shapes of damaged
TMs derived from FE model with reduced elastic modulus of the
fibers, reduced fiber volume fraction, and partially removed local
fibers generally followed the same trend of the experimental data
with some minor discrepancies in Fig. 9.

The damage simulation with reduced elastic modulus captured
the increased magnitude of the major displacement peak at low
frequencies but shared the least similarity with the experimental
results among three damage models. The expansion of the major
peak area and the increase of the magnitude were minimum at fre-
quencies above 2 kHz. In contrast, the TM with reduced fiber

Fig. 8 Fibrous structure of the TM model simulating the partial
loss of fibers in the high-mobility region induced by blast expo-
sure. The high-mobility region on TM was observed in the
posterior–anterior region where the major displacement peak
appeared at frequencies below 4 kHz.

091009-8 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/141/9/091009/5193736/bio_141_09_091009.pdf by U
niversity O

f O
klahom

a user on 22 Septem
ber 2019



volume fraction followed the trend of the experimental data better
than that of reduced elastic modulus over the frequency range.
The typical feature of the major displacement peak was observed
at frequencies below 4 kHz, but the multiple peaks or the expan-
sion of the high-displacement area over the entire surface of TM
were only observed at 8 kHz in both normal and damaged TMs.
The increase of the peak displacement from the normal to the
reduced volume fraction TM was significant as shown from the
scale bars. In the TM with partially removed fibers, the deflection
shape of a major peak in the nonfiber area stayed unchanged but
the amplitude decreased with the frequency. In summary, the FE
simulation indicated that the pattern of the TM surface motion
was significantly affected by the microstructure or fiber damage

of the tissue. The consistency between the simulation and the
experimental data revealed that the postblast TM motion change
could be resulted by the alteration of the fiber mechanical proper-
ties or the loss of fibers.

4.3 Contribution and Limitation of This Study. Rupture of
the TM is a typical injury caused by blast exposure which can
result in severe hearing loss and pain [1,4,34]. However, recent
biomechanical measurement on the TM after blast indicated the
microstructural damage and mechanical property changes of the
TM even there was no discernable existence of the rupture
[9,10,35]. These permanent alterations in TM tissues would affect

Fig. 9 Deflection shapes of TM surface motion derived from 3D FE model of the human ear (Fig. 4(a)) with the
normal TM or damaged TM at five selected frequencies (1, 2, 3, 4, and 8 kHz). From the left to right, the first col-
umn shows normal TM, the second column shows the TM with reduced elastic modulus, the third column
shows the TM with reduced volume fraction of fibers, and the fourth column shows TMs with partially removed
fibers.
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the progressive hearing loss after blast exposure [36,37], but the
role of the TM damage in the progressive hearing loss or recovery
process remains unclear. This study on measurement of the full-
field surface motion of the TM damaged by blast waves may pro-
vide needed information for characterization of the postblast
sound transmission function of the middle ear.

The experimental data obtained in this study demonstrate that
the major peak of the TM motion located in the posterior region
of the TM and an increase in maximum displacement at 3–4 kHz
in that region were discovered in all TBs after the blast exposure.
For a more detailed analysis of the maximum displacement on
TM, Fig. 10(b) shows the displacement–frequency curves of a
point selected at the center of the major peak at 3 kHz in TB 60
(see Fig. 10(a)) before and after the blast exposure. The frequen-
cies of reaching maximum displacement for normal and postblast
ears were almost the same, while the peak value of the curve after
blast was approximately 50 nm/Pa higher than the normal curve or
the curve before blast to reach a value of 180 nm/Pa. At frequen-
cies from 1 to 4 kHz, the displacement at this selected point
increased significantly after the blast exposure. These results
together with those shown in Figs. 5–7 suggest that the increase of
the TM mobility in postblast human ears is both frequency and
location dependent.

In this study, the multilayer model of the TM including the
radial and circumferential fiber network was successfully con-
structed. The consistency between the model-derived and the
experimental data indicates that the model is capable to character-
ize the structure–function relationship of the normal and damaged
TMs over the frequency range. The multilayer TM model gener-
ates a connection between the microstructure and mechanical
properties of the TM with the TM surface motion which improves
biomechanical analysis on the TM with higher complexity. For
example, using this model, we will predict the stress distribution
in the TM to understand the mechanism of TM rupturing process
in future studies. The evaluation on the TM graft of fibrous struc-
ture [36] and the simulation of interlayer edema in TM resulted by
otitis media [38] are also clinical-relevant applications of this
model in future studies.

There are some limitations in this study. In Fig. 5, the results at
1 kHz show a higher displacement in the TM before blast expo-
sure. The reason behind this could be the surgical process to
expose the TM in this TB. At the superior edge of the TB sample,
the epidermal layer of the TM might be connected to the ear canal
tissue which affected the TM motion at the low-frequencies. The
mechanical properties of the TM model may require further
adjustment. To simulate the damage and emphasize the effect of
fibers, the average stiffness of the TM model was relatively high

which resulted in a smaller displacement than the experimental
data. The viscoelastic behavior of the collagen fibers will also
need to be considered to improve the accuracy of the model, espe-
cially at high frequencies.

5 Conclusion

In this study, the full-field surface motion of human TM before
and after blast exposures was measured by SLDV over a fre-
quency range from 1 to 8 kHz. An FE model of human TM with
multilayer fiber network was created to simulate the normal and
blast-damaged TMs. The major displacement peaks whose magni-
tude increased after the blast exposure emerged in the posterior
region of the TM were observed in all TBs at the frequencies of
3–4 kHz. The model-derived data successfully characterized the
features of the TM surface motion measured from the normal and
damaged ears. The results suggested that the blast-induced TM
damage might be a combination of global and regional loss or
mechanical property changes of the fibers. The technology devel-
oped in this study can detect and simulate the blast-induced
microstructural damage in the TM and improve our understanding
of postblast injuries in the auditory system. The multilayer TM
model created in this study provides a practical tool for micro-
structural biomechanical analysis of TM damage.
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a b s t r a c t

The human tympanic membrane (TM, or eardrum) is composed primarily of layers of collagen fibers
oriented in the radial and circumferential directions, as well as epidermal and mucosal layers at the
lateral and medial surfaces. The mechanical properties of the TM depend on the microstructures of the
collagen fibers, which vary with location, resulting in a spatial variation of Young's modulus. In this study,
the Young's modulus of the human TM is measured using microindentation. A 10 mm diameter spherical
nanoindenter tip is used to indent the TM at different locations in the lateral and medial surfaces.
Through a viscoelastic contact analysis, the steady state out-of-plane (through thickness) Young's
modulus at a constant strain rate for the TM is determined from the uniaxial relaxation modulus. The
measured spatial distribution of Young's modulus is reported for the entire TM pars tensa on both lateral
and medial surfaces. The Young's modulus, for the four TM quadrants, is analyzed statistically using a
normal quantile-quantile (Q-Q) plot. The obtained S-shaped curve indicates a bi-modal Gaussian dis-
tribution in the Q-Q plot. The spatial distribution of the Young's modulus is modeled by a bivariate
Gaussian function in the polar coordinates over the entire TM on both the lateral and medial surfaces. It
is shown that the anterior-superior quadrant has the smallest value of Young's modulus. Differences are
observed in the spatial distribution of the Young's modulus for both the lateral and medial surfaces. For
the medial surface, Young's modulus varies mainly along the radial direction following a small-large-
small trend, emanating from the umbo. For the lateral surface, the modulus at the anterior-superior
quadrant shows the smallest modulus; the modulus decreases gradually along the radial directions.
The quantitative results presented in this paper will help improve future simulation models of the
middle ear by using spatial dependence of Young's modulus over the entire TM.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The eardrum or tympanic membrane (TM) separates the middle
ear from the outer ear, and the tympanicmembrane converts sound
waves into vibrations of ossicular bones. The foot of the stapes
converts the bone movements (vibrations) into a hydrodynamic
pressure wave within the inner ear that travels along the cochlea.
These traveling waves then result in deflection of the stereocilia of
the cochlear hair cells and ultimately to the sensation of hearing.
l Engineering, The University
son, TX, 75080, USA.
However, alterations in the structures or mechanical properties of
the TM due to diseases and trauma can affect the sound trans-
mission and lead to conductive hearing loss (Gan et al., 2004, 2006
& 2010; Kochkin, 2005; Wang et al., 2007). To understand the
sound transmission, it is necessary to understand the role of indi-
vidual components in the middle ear in acoustic transmission
(Eiber and Schidhlen, 1996; Ferris and Prendergast, 2000).

Measurements of the mechanical properties over the entire
eardrum provide material input parameters for finite element
method (FEM) simulation models of the middle ear. Values of
Young's modulus for the TM, under different conditions reported in
the literature, are summarized in Table 1. The first of these mea-
surements in 1960 reported a Young's modulus of 20MPa for the
TM using a beam test (Von B�ek�esy, 1960). At about the same time,
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Abbreviations

TM Tympanic Membrane
Q-Q Quantile-Quantile
CDF Cumulative Distribution Function
PDF Probability Density Function
FEM Finite Element Methods
COD Coefficient of Determination
R2 R squared
LP Lateral Process of the malleus
AS Anterior-Superior quadrant
AI Anterior-Inferior quadrant
PS Posterior-Superior quadrant

PI Posterior-Inferior quadrant
U Umbo
M Malleus
SP Short Process of the malleus
TIR Trigonum Interradiale
C Circumferential fiber
R1 radial fibers which attach straight into annular ring
R2 a few radial fibers which diverge or crossover their

terminals
T Transverse fibers
P Parabolic fibers
SMR Submucous Fine Radial fibers
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the Young's modulus of TM strip was measured as 40MPa using a
longitudinal dynamic tensile oscillator (Kirikae, 1960). Later,
through uniaxial tension on a human TM, the Young's modulus was
determined as 23MPa at a relatively high strain of 60% (Decraemer
et al., 1980). The areal modulus of elasticity of the human eardrum
was also found to depend on the undeformed area of the eardrum
(Gaihede et al., 2007). The in-plane Young's relaxation modulus
was determined from tensile relaxation on human TM strip speci-
mens, primarily along the circumferential direction (Cheng et al.,
2007). A nanoindentation technique was used to measure the
relaxation modulus of the TM in the out-of-plane (through-thick-
ness) direction; measurement was conducted on a small sample for
demonstration of the feasibility of the technique. The in-plane
Young's modulus for four quadrants of the TM was determined to
be 26e38MPa from different individuals (Huang et al., 2008). The
Young's modulus of a human TM in the out-of-plane direction was
found in the range of 2e15MPa over the entire TM on the medial
surface without removing the mucosal layer (Daphalapurkar et al.,
2009). A human TM was stretched at high strain rates, corre-
sponding to high frequencies up to 2000Hz (Luo et al., 2009a &
2009b), and the Young's modulus was reported as 45e59MPa in
the radial direction, and 34e57MPa in the circumferential direc-
tion. Using a dynamic mechanical analyzer, the storage modulus of
the human TM was determined as 15e28MPa at 1e3800 Hz using
frequency-temperature superposition (Zhang and Gan, 2013).

Young's modulus values for the TM under different conditions
reported in the literature are summarized in Table 1. Dynamic
properties of human tympanic membrane were also measured
using an electromagnetic driver to actuate remotely a magnet
attached to a TM strip sample under tension (Zhang and Gan, 2010).
In that work, a laser Doppler vibrometor was used to measure the
Table 1
Young's modulus values of TM reported in literature.

Literature Young modulus (MPa) measured

Von B�ek�esy, 1960 20
Kirikae (1960) 40
Decraemer et al. (1980) 23
Cheng et al. (2007). 13e22
Huang et al. (2008) 26e38
Daphalapurkar et al. (2009) 2e15
Luo et al. (2009a)
Luo et al. (2009b)

45e59
34e57

Zhang and Gan (2010) 54e66
Zhang and Gan (2013) 15e28
Liang et al. (2015) 15e28
Liang et al. (2016) 11e25
Hesabgar et al. (2010) 22
Aernouts et al. (2012) 2e5
movement of the TM to determine the onset of resonance. FEM
simulations were used to model the vibration of the TM strip and
the dynamic stiffness at which resonance occurs. It was determined
that the storage modulus was within 54e66MPa at 200e8000Hz.
A laser holography technique was used to measure the surface
profile, and motion of a tympanic membrane induced by sound
(Puria, 2003; Rosowski et al., 2013; Beyea et al., 2013). A high-speed
digital holography method was used to quantitatively characterize
the transient dynamics of a TM (Dobrev et al., 2014). The strobo-
scopic holography yields maps of the amplitude and phase of the
displacement of the entire membrane surface at selected fre-
quencies (Greef et al., 2014). The measured stiffness of the TM was
found to depend strongly on the fiber density in a particular portion
of a TM. An indentation technique was developed to apply inden-
tation at a particular location in an intact, full size TM, while the
surface topography was measured by geometric moir�e (Hesabgar
et al., 2010; Aernouts et al., 2012). FEM analysis was conducted to
analyze this indentation problem to determine the Young's
modulus of the TM. Using this method, the Young's modulus of a rat
eardrum was determined to be approximately 22MPa, which is
sensitive to the thickness of the pars tensa (Hesabgar et al., 2010).
The Young's modulus of a human TM was determined through
indentation; the value was found to be within 2e5MPa (Aernouts
et al., 2012). The mechanical properties of a guinea pig TM (Liang
et al., 2015) and a chinchilla TM (Liang et al., 2016) were
measured under pressure loading using a combined micro-fringe
projection and the finite element simulation method; Young's
moduli were determined as 15e28MPa and 11e25MPa for guinea
pig and chinchilla, respectively. Since the calculation of the
modulus in bulging experiments needs the thickness data as input
and the thickness of a TM changes with location, using a high-
Direction Type Methods

Circumferential Human Qusai-static beam
Radial Human Dynamic tension
Circumferential Human Uniaxial tension
Circumferential Human Tension
Lateral surface Human Nanoindentation
Medial surface Human Nanoindentation
Radial
Circumferential

Human
Human

SHTB
SHTB

Radial Human Dynamic tension
Circumferential Human DMA
Entire TM Guinea pig Bulging
Entire TM Chinchilla Bulging
Local Human Indentation
Entire TM Human Indentation
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resolution optical coherence tomography apparatus, the thickness
of human eardrum was found to vary between 79 and 97 mm
(Kuypers et al., 2006; Jeught et al., 2013). The conventional
methods for measurements of TM modulus utilize a strip or entire
TM specimen; the average values for a TM are reported. However, a
TM contains heterogeneous structures with possibly anisotropic
behavior in the radial, circumferential, and through-thickness di-
rections. The reported results focused on the in-plane properties;
the out-of-plane properties, which could be different from the in-
plane properties, were not reported for the TM. We investigate in
this work the out-of-plane properties in the human TM.

In this paper, microindentation is used to probe the local
indentation load-displacement response when a spherical indenter
tip indents into the surface of a TM on a substrate. A viscoelastic
indentation contact mechanics analysis is used to calculate the
Young's relaxation modulus (Lu et al., 2003; Huang and Lu, 2006;
Huang et al., 2008; Daphalapurkar et al., 2009). The measured
Young's relaxation modulus is further converted into Young's
modulus at a given strain rate. We report the results of Young's
modulus measured on four different quadrants of a human TM, on
both the lateral and medial surfaces of the human TM.

2. Materials and methods

2.1. TM structures, layout and quadrants

The human TM consists mainly of parsa tensa, surrounded by
the annulus ring. A malleus bone is located in the upper half of the
medial surface in the center of Fig. 1a. The parsa flaccida is located
at the top. The parsa tensa contains posterior-superior (PS),
anterior-superior (AS), posterior-inferior (PI), and anterior-inferior
(AI) quadrants, as shown in Fig. 1a. The human TM consists of
three membrane layers: the epidermal layer on the lateral surface,
middle lamina propria layer, and mucosal layer on the medial
surface. The lamina propria layer consists of two separate layers of
bundled collagen fibers oriented in the radial and the circumfer-
ential directions (Lim, 1970 & 1995) on the lateral and medial sur-
faces, respectively. Fig. 1b shows a schematic diagram of these
layers across the thickness (Lim,1970; Fay et al., 2005). Themucosal
layer is thin (1e2 mm, typically consists of 1e2 layers of cells) in a
healthy TM. The epidermal layer is typically 8 mm thick. In order to
Fig. 1. Schematic diagram of human TM layout and structures.(a). Four quadrants of right ea
Superior quadrant, AI: Anterior-Inferior quadrant, PS: Posterior-Superior quadrant, PI: Poste
et al., 2005; Daphalapurkar et al., 2009).
investigate the properties of the collagen fibrous layer, both
epidermal and mucosal layers were removed during the prepara-
tion of TM samples.

2.2. Tympanic membrane samples

All TM samples used in this study were harvested from fresh-
frozen human temporal bones (cadaver ears) through the Willed
Body Program at the University of Oklahoma Health Science Center.
The study protocol was approved by both Institutional Animal Care
and Use Committees (IACUC) at the University of Oklahoma and the
University of Texas at Dallas, and met the guidelines of the National
Institutes of Health. The tympanic annulus was separated from the
bony ear canal, while the ossicular bone chain was removed at the
joints with malleus. Then, the malleus bone was removed from the
TM medial surface. Since the outer epidermal and mucosal layers
are much softer than the collagen fiber layers, under observation
through a surgical microscope a round wooden stick (with
rounded-end) was used to slightly scratch both top surfaces of TM
samples for 4e5 times until the lamina propria layer was exposed;
the exposed layer had no visible damage. After the outer epidermal
and mucosal layers were removed, the microindenter tip was
placed in direct contact with the lamina propria layer consisting of
collagen fibers.

Seven (7) TM samples were prepared for the measurement on
the medial surface and eight (8) TM samples were used for the
measurement on the lateral surface. The TM samples were trans-
ported in a thermally-insulated cooler filled with dry ice; then
stored in a freezer at �30 to �40 �C before the experiments. Each
TM was defrosted for approximately 20min prior to sectioning
using a scalpel formicroindentation. The information and images of
the seven TM samples used for the measurement of the medial
surface and the eight TM samples for measurement on the lateral
surface are shown in Tables 2 and 3, respectively. Information for
age, gender, and orientation (left/right) is also shown in both tables
for each TM.

2.3. Microindentation experiments

Since a TM is a nearly conical-shaped membrane with a cone
angle within 132�e137� (Gaihede et al., 2007), it is not possible to
r TM at lateral view (Beyea et al., 2013). LP: lateral process of the malleus, AS: Anterior-
rior-Inferior quadrant; U: Umbo, M: Malleus; (b). Schematic of TM layer structure (Fay



Table 2
Information on the 7 TMs for microindentation on the medial surface.

Sample TB08-02 TB08-03 TB08-17 TB08-27 TB08-28 aTB09-05 TB09-08

Image

Information 89/M/R 83/F/L 77/F/L 71/F/L 71/F/R 60/M/L 60/F/R
Data points 82 83 77 74 84 97 89

Notation: M e Male, F e Female, R e Right ear, L e Left ear.
Note:

a TB09-05 TM sample was dyed with biocompatible blue pigments for other testing. Since the pigments are ultramarine nanoparticle with diameters in tens of nanometers,
soluble to water and dispersed in solution with less than 1%w/w concentration, the dye is not anticipated to significantly affect the TMmechanical properties such as modulus
results. The total number of indentations made on these samples is 586.

Table 3
Information on the 8 TMs for microindentation on the lateral surface.

Sample aTB09-19 TB09-20 TB10-01 TB10-02 TB10-03 TB10-22 bTB10-23 TB10-24

Image

Information 66/M/L 66/M/R 59/F/L 59/F/R 80/M/L 87/F/R 74/F/L 74/F/R
Data points 41 73 78 108 98 77 113 110

Note.
a Only half of TB09-19 TM was harvested.
b TB10-23 TMwas already cut into four quadrants for microindentation testing. The total number of indentations made was 698. The small grids at the bottom of each image

show a scale bar with the side length of each grid at 1.0mm.
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lay down an entire TM flat on a substrate. Thus, to obtain a flat
specimen for the microindentation experiments, a TM was cut into
four quadrants, which were then laid down flat on an aluminum
substrate. A quadrant of the TM sample was placed on the
aluminum substrate. Before microindentation, each TM specimen
was gently stretched by several cycles on a flat substrate for pre-
conditioning and flattened gently before placing it on the
aluminum substrate. This process is not anticipated to damage the
collagen fiber network of the TM sample (Cheng et al., 2007;
Daphalapurkar et al., 2009). The TM initially placed on the
aluminum substrate was soaked in saline solution (0.9% NaCl, pH
5.6). Fingers covered with a silicone rubber glove gently pressed a
quadrant against the hard substrate, to allow the TM quadrant to
stay flat and rest on the substrate, to ensure that no air was
entrapped between the TM sample and the substrate. The force
applied was estimated to be in the neighborhood of 0.1 N, and was
not anticipated to induce damage to the collagen fiber network of
the TM sample. The saline solution allowed its meniscus to make
contact with the TM periphery, so that the TM remained in the
moisturized condition during microindentation. The same round
wooden sticks were used to flip the TM sample, and to stretch and
flatten the TM sample gently for 3e4 times for preconditioning.

A schematic diagram of a samplemounted on a specimen holder
(island) for microindentation is shown in Fig. 2a. The circular
groove surrounding the island was filled with saline solution to
allow the saline solution to moisturize the TM sample during
microindentation. An actual AI quadrant placed on an island sub-
strate in the center is shown in Fig. 2b. An entire TM that was cut to
four quadrants is shown in Fig. 2c, before placement on the
aluminum island substrate. During microindentation, the saline
level was monitored and the saline solution was added every
10min, to ensure that the TM was maintained in a saline-soaked
condition. Microindentation was made on either the medial sur-
face or the lateral surface in all measurements. Within the TM, the
collagen fibers are aligned either along the radial direction on the
lateral surface or in the circumferential direction on the medial
surface, as observed by high-magnification SEM images (Moller,
1981, 1984; Cheng, 2007; Mota et al., 2015).

The TM is a thin membrane of material in a rubbery state. Its
lateral surface is in contact with air, and in-vivo its periphery has
only the annulus ring connected to the ear canal tissue at the body
temperature of 37 �C. Under this situation, the TM temperature is
likely to be between room temperature and the body temperature.
Therefore, it seemed feasible to conduct the microindentation ex-
periments at approximately 23 �C.

The long time it took formicroindentationonaTMquadrantmade
it difficult to perform testing on both sides of each sample. Specif-
ically, one microindentation site was conducted in 30min. This pro-
cess includes identification of contact point (5min), loading and
unloading (10min), and thermaldrift correction for thenanoindenter
system (15min). EachTMquadranthad20-30microindentation sites
and it took about 10e15 h to complete the microindentation exper-
iments ononequadrant. After this long timeonone surface, the same
TM was no longer suitable for another 10e15 h of microindentation
on the other surface. Therefore, microindentations were made on
only one of the two surfaces of each sample.

Microindentation was made on each quadrant of TM, starting
from the inner location close to the umbo towards the outer
perimeter along radial directions. The umbo is set as the origin, and
the indents close to umbo were nearly evenly distributed along the
radial lines. For each quadrant, microindentation was made along
3e6 different radial lines; along each radial line, microindentation
wasmade at about 10 locations. Themicroindentation point array is
along the radial direction, with an angle of 20� of separation from a
neighboring array. The first array of microindentation points form
an angle of 10e15� from the cutting edge. The location of each
microindentation point is controlled by a positioning stage with
submicron resolution. The location of the umbo center was taken as



Fig. 2. Through-thickness microindentation experimental setup.(a). Schematic setup;(b). An actual top view of AI quadrant TM placed on an aluminum substrate;(c). Image of four
cut TM quadrants (TB10-24).
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the origin, and one cutting edge was selected as the x-direction. A
small amount of shrinkage (5e10%) of collagen fibers in the cutting
section (at the cutting edge) occurred and is considered to have
negligible effect on the property measurements on locations far
away from the edges, and microindentations were made at points
far away from the cutting edge. In Tables 2 and 3, the total number
of microindentation points is also given for each TM sample. The
actual shapes of the manubrium of each TM are also shown in
Tables 2 and 3 In total, 586 and 698 microindentations were made
in the medial surface and the lateral surface, respectively. In Fig. 3a,
a schematic drawing on these measurement points on the AI
quadrant is shown as an example.

Microindentation was conducted on four quadrants of the TM
and the Young's modulus results are reported. To determine the
spatial distribution of Young's modulus, under the nanoindenter tip
(10 mm radius), the indent impression would have a dimension on
the order of 10 mmat an indentation depth of 1.2 mm; hence, there
are many collagen fibers (each collagen fiber has approximately
10 nm diameter) within the indent impression. Thus, for analysis,
the continuum assumption is made to determine the local effective
properties.
Fig. 3. A schematic diagram showing fiber orientations in a human tympanic membrane o
schematic of indent path (4 radial lines separated by about 20�) and indentation points (abou
process of the malleus; TIR: trigonum interradiale; C: circular fiber; R1: radial fibers which a
terminals; T: transverse fiber; P: parabolic fibers; SMR: submucous fine radial fiber.
2.4. Viscoelastic analysis

The microindentation depth is on the order of a few microns,
which is less than 1/10 of the thickness of the TM (70 mm). There-
fore, the spherical indentation into the TM sample is modeled as a
contact mechanics problem in which a sphere indents into a
viscoelastic half space (Lu et al., 2003, 2006; Huang and Lu, 2006;
Huang et al., 2008). The diamond indenter tip has a modulus that is
four orders of magnitde higher than that of the TM, so that the tip is
modeled as rigid. From Hertzian contact mechanics analysis, with
the consideration of a time-dependent viscoelastic boundary value
problem (Lee and Radok, 1960), the viscoelastic microindentation
depth, h(t), is calculated from the microindentation load, P(t), using
the following equation (Lu et al., 2003):

h3=2ðtÞ ¼ 3ð1� vÞ
8
ffiffiffi
R

p
ðt

�∞

Dðt � xÞ
�
dPðxÞ
dx

�
dx (1)

where v is the Poisson's ratio, assumed to be constant, R is the
radius of the spherical indenter, D(t) is the uniaxial creep
f right ear (adapted from Lim, 1995). (a). Lateral view; (b). Medial view. Note, in (a), a
t 7 points) are marked in red dash-lines and dots in AI quadrant, respectively. SP: short
ttach straight into annular ring; R2: a few radial fibers which diverge or crossover their
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compliance. A curve fitting approach is used to determine the creep
compliance. In this method, the uniaxial creep compliance is rep-
resented as a generalized Kelvin model,

DðtÞ ¼ D0 þ
XN
i¼1

Di

�
1� e�t=ti

�
(2)

where D0 and Di (i¼ 1, …, N) are compliance coefficients, ti are
retardation times,N is the number of terms in the Prony's series. For
spherical microindentation under a constant rate loading history,
P(t)¼ _P0tH(t), where _P0 is the constant loading rate, and H(t) is the
Heaviside unit step function, substituting Eqn. (2) into Eqn. (1)
leads to:

h3=2ðtÞ¼3ð1� vÞ
8
ffiffiffi
R

p
" 

D0þ
XN
i¼1

Di

!
PðtÞ�

XN
i¼1

Diðv0tiÞ
�
1�e�

PðtÞ
v0ti

�#

(3)

The loading rate _P0 ¼ 8.83 mN/s was applied in this study. This
value is the same as that used in our previous microindentation
measurements on TM (Huang et al., 2008; Daphalapurkar et al.,
2009). Since the viscoelastic theory was used to convert the
relaxation modulus to Young's modulus at a given strain rate, the
effect of loading rate has been considered in the analysis. However,
it does not play an additional role in the interpretation of the
measurement results.

Using the least squares correlation to fit Eqn. (3) to the load-
displacement curve measured from microindentation, all parame-
ters, D0, Di, and ti are obtained. With the known parameters, the
creep compliance in Eqn. (2) is determined. The relaxationmodulus
E(t) is obtained from the uniaxial creep compliance (Knauss et al.,
2008) by:

ðt
0

EðtÞDðt � tÞdt ¼ t (4)

Since TM is a soft tissue in its rubbery state, its Poisson's ratio is
usually taken as 0.495 to avoid an ill-posed problem. The relaxation
modulus was determined numerically from the uniaxial creep
compliance using an inversion method (Luo et al., 2013). The
discrete relaxation modulus data is subsequently fitted with a
generalized Maxwell model:

EðtÞ ¼ E∞ þ
XN
i¼0

Eie
�t=ti (5)

where E∞ is the steady-state relaxation modulus, Ei (i¼ 0, …N) are
relaxation coefficients.

Since the TM behaves as nearly linearly viscoelastic at small
deformations (Luo et al., 2009a; 2009b), using a linearly viscoelastic
analysis, the Young's relaxation modulus can be converted into
Young's modulus at a given strain rate (Luo et al., 2010, 2013). For a
linearly viscoelastic material under uniaxial stress state, the uni-
axial stress s(t) is calculated from the applied strain history ε(t),
using the Boltzmann superposition principle:

sðtÞ ¼
ðt
0

Eðt � xÞ dεðxÞ
dx

dx (6)

where E(t) is the Young's relaxation modulus. At a constant strain
rate _ε0, εðtÞ ¼ _ε0t, Eqn. (6) becomes:
EðtÞ ¼ sðtÞ
εðtÞ ¼

1
t0

ðt0
0

EðxÞdx (7)

where EðtÞ is the average uniaxial relaxation modulus from time
0 to t0. Eqn. (7) indicates that the average Young's relaxation
modulus (over time period 0 to t0) is equal to the Young's modulus
at a constant strain rate _ε0 (Luo et al., 2009a; 2009b, 2010, 2013).
2.5. Young's modulus map

Since different TMs have different dimensions and shapes, the
dimensions are normalized for comparison of modulus data ob-
tained from different locations of individual TMs. Since most TMs
have either round or elliptical shape, the locations are normalized
by dividing the radial coordinate by the diameter (r0 for round
shape) or the length of the major axis (for elliptical shape). The
actual Cartesian coordinates (x’, y’) are converted into the
normalized Cartesian coordinates (x, y) through x¼ x’/r0 and y¼ y’/
r0, with a range [-1,1], with the umbo center as the origin (0, 0). The
normalized Cartesian coordinates x-y are further converted into
polar coordinates (r,q) through:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

q
; q ¼ tan�1

�y
x

�
(8)

where �1� x, y� 1, 0� r� 1, 0� � q� 360�. Fig. 1a shows the co-
ordinate conversion. At the malleus, q¼ 0�, and q is positive in the
clockwise direction. After normalization into polar coordinates, all
modulus data are combined and plotted as a Young's modulus map.

Since a TM has four views: lateral view at right ear, medial view
at right ear, lateral view at left ear, and medial view at left ear, three
views are transformed onto the lateral view in the right ear as
shown in Fig. 3a. It has the same configuration as themedial view at
the left ear. They are symmetric with respect to other two views
(lateral surface at left ear, and medial surface at right ear) with
respect to the malleus bone axis. Therefore, all other three views
projected onto the lateral view in the right ear are unique for
identification of the location for the comparison.
2.6. Statistical analysis

2.6.1. Q-Q plot
In this statistical analysis, the first step is to construct a histo-

gram from the experimental data. A quantile-quantile (Q-Q) plot is
used to evaluate visually the data set. The Q-Q plot (or probability
plot) gives a quick graphical diagnostic on whether the experi-
mental data follows the assumed distribution or not (Chambers
et al., 1983). It is noted that the location information is not
considered in this Q-Q plot analysis. Instead, the spatial depen-
dence is considered in the modeling of the modulus distribution
described in the next section.

The procedures to construct the Q-Q plot are given as follows
(Chambers et al., 1983):

(a). Sorting data: The experimental data set {x1, x2, ..., xi,…, xn} for
i¼ 1, 2, ..., n, is sorted from the lowest to the highest values.
The sorted values are denoted by {x(1), x(2), ..., x(i), …, x(n)},
where x(1)< x(2)< ...< x(i)< ... <x(n). The subscripts in paren-
theses represent the new resorted order for (i) ¼ (1), (2), ...,
(n).

(b). Calculating the experimental accumulated probability qi: The
values at x(i) are used to calculate this value:
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qi ¼
i� 0:5

n
ði ¼ 1; 2; :::; nÞ (9)
(c). Calculating the theoretical quantile: Since the cumulative
distribution function (CDF), F(z), has an integration relation
with the probability density function (PDF) f(z), F(z) is
calculated as:

FðzÞ ¼
ðz
0

fðxÞdx (10)

The quantile notation is used. If zi is the ith quantile of a dis-
tribution, thenF(zi)¼ qi. Thus, the theoretical quantile is defined by
the inverse function of the CDF as

zi ¼ F�1ðqiÞ (11)

(d). Q-Q plot: The sorted experimental quantile set of {x(i)} is
plotted as the abscissa and the theoretical quantile set of {zi}
is plotted as the ordinate, to form the Q-Q plot.
2.6.2. PDF and CDF plots
Through Q-Q plots, the Young's modulus data from human TM is

tested to determine whether it follows a single-modal or multi-
modal normal distribution. At the same time, the histogram and
the empirical CDF figure are constructed. In the histogram, the
sorted experimental quantile data set of {x(i)} (i¼ 1, 2, ..., n) is used
as the abscissa. Then, the ordinate represents the empirical prob-
ability density f0(xi), calculated from the relative frequency fi
divided by the empirical quantile step:

f0(xi)¼ fi /[(x(n)-x(1))/n] (12)

where the relative frequency fi is defined as the ratio of counts
occurring in the interval (xi, xiþ1) to that of the total counts.
Therefore, the bar figurewith sorted data set {x(i)} and the empirical
probability density are plotted as the histogram (PDF plot). For the
empirical CDF figure, the abscissa is the sorted experimental
quantile set of {x(i)} (i¼ 1, 2, ..., n), and the ordinate is the accu-
mulated probability, or the calculated experimental accumulation
{qi}. The data set of {x(i), qi} is then plotted as the empirical CDF
figure and is used for comparison between modeling results and
the experimental data to determine the distribution parameters.

2.6.3. Modeling the modulus map
The Young's modulus of human TM changes with location as

indicated by microindentation measurement; the modulus de-
pends on the fiber arrangements. Fig. 3a shows the conceptual fiber
arrangements for human tympanic membrane (adapted from Lim,
1995) of the right ear. In addition to the major radial and circum-
ferential collagen fibers, R1, R2, T, P, and SMR, fibers also exist in a
TM either on the medial or lateral surface. Fig. 3b for the medial
surface shows a pattern, similar to the lateral surface, except with a
different orientation. It is nearly a mirror image of Fig. 3a with
respect to the malleus bone axis. The solid lines represent the fibers
at the top, and the dashed lines refer to the hidden fibers below the
surface layer. The other two views of TMs in the left ear have similar
patterns to those of the right ear, at different orientations. With a
projection onto the lateral view in the right ear, all modulus results
are presented in the sequel for comparison. With all this data
available, it is possible to model the statistical distribution of
Young's modulus.

In general, for the multi-modal Gaussian distribution, the
probability density function is the summation of individual
Gaussian PDFs weighted by factors, given as:

gðEÞ ¼
XN
i¼1

ai
si

ffiffiffiffiffiffi
2p

p e

�
�0:5

�
E�mi
si

�2
�
; (13)

where N is the order of multi-modes, ai, si, mi (i¼ 1 to N) are the

weight factors ð
PN
i¼1

ai ¼ 1Þ, the standard deviation and expectation

(mean) values, respectively. The corresponding CDF is given as:

GðEÞ ¼ 0:5þ 0:5
XN
i¼1

ai�erf
�
E � mi
si

�
; (14)

where erf is the error function. When a bimodal Gaussian function
is chosen, the order is N¼ 2. The best-fit parameters ai, si, mi (i¼ 1,
2) are determined using the nonlinear least squares Levenberg-
Marquardt method (Luo et al., 2015; Xu et al., 2018). With these
parameters known, the theoretical multi-Gaussian PDF curve was
constructed, and compared with the experimental histogram.
3. Results and discussion

3.1. TM samples and microindentation

The information and images for the TM samples are shown in
Tables 2 and 3 It is noted that portions of some annulus rings are
damaged during preparation of the TM samples. Since micro-
indentation is made on the pars tensa, the damage in the annulus
ring does not affect the TM modulus measurement. The left/right
ear orientation listed is important for projection of TMs at different
surfaces and orientations onto the same lateral view in the right
ear, so that the combined modulus data from different TMs can be
analyzed for further comparison.

The mechanical properties determined represent those of the
lamina propria. The maximum indentation depth used for visco-
elastic analysis to determine viscoelastic properties (Lu et al., 2006)
is restricted to 1.2 mm so that the effect of substrate can be
neglected since themaximum indentation depthwas less than 1/35
of the TM thickness. The microindentation load-displacement
curve is very similar to previous work on the human TM (Huang
et al., 2008; Daphalapurkar et al., 2009). A typical micro-
indentation load-displacement curve is shown in Fig. 4, with labels
indicating the loading and unloading paths. The Young's modulus is
calculated from the loading curve.

In any quadrant of the TM, collagen fibers are largely oriented
within a plane. The TM quadrant could be considered as a trans-
versely isotropic material. The Young's modulus in the through-
thickness direction can be different from the in-plane modulus.
The relaxation functions were obtained based on the analysis of a
homogeneous, isotropic, linearly viscoelastic material. The nano-
indentation in the through-thickness direction invokes primarily
the behavior of the material in the thickness direction
(Daphalapurkar et al., 2009). The assumption of isotropy in this
analysis is not anticipated to affect the measurement of the
through-thickness Young's relaxation modulus significantly
(Daphalapurkar et al., 2009).



Fig. 4. Typical microindentation load-displacement curve for human TM.
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3.2. Young's modulus map

A typical Young's modulus map at the medial surface in the
normalized (x, y) coordinate system for the TM sample TB 08-02 is
shown in Fig. 5a. It is noted that the original Young's modulus map
in the actual (x’, y’) coordinate system has the same map as shown
in Fig. 5a, the difference is in the coordinate scales used. After the
rectilinear coordinates (x, y) are converted into the polar co-
ordinates (r, q), the Young's modulus map has a symmetric
configuration with respect to the y-axis. For the right ear with
microindentation at the medial surface, the medial view is shown
in Fig. 5a and the lateral view is shown in Fig. 5b. The small black
dots in the polar coordinates show the actual locations of micro-
indentation. The original modulus maps (Fig. 5a) show an irregular
boundary formed by piecewise lines connecting neighboring points
at the actual boundary. The boundary is within the TM parsa tensa
range, close to the annulus ring. The maps in the polar coordinates
(Fig. 5b) show a smooth round boundary at r¼ 1.0, defined as the
dimensionless radial coordinate, which is the ratio of the radius of a
point to the radius of the annulus. The data at the boundary is
interpolated. The Young's modulus maps for the other six TMs
Fig. 5. Young's modulus distribution of TM (TB08-02) at the medial surface. An outline of the
map in normalized x-y coordinates; (b). Smoothed map in normalized polar coordinates. N
measured at the medial surface (TB08-03, TB08-17, TB08-27, TB
08e28, TB09-05 and TB09-08) are shown in the lateral view of
Fig. 6aef in the normalized polar coordinates.

Another typical Young's modulus map of TM at the lateral sur-
face is shown in Fig. 7 for the TM sample labeled TB10-02. Fig. 7a is
plotted with the same configuration as Fig. 7b at the same lateral
view of right ear. Fig. 8aef (the lateral view) show the Young's
modulus maps for the lateral surface for six TMs: TB09-20, TB10-01,
TB10-03, TB10-22, TB10-23 and TB10-24, except for TB09-19, which
has results for only a half of the TM.

In Figs. 5e8, the Young's modulus data shows one or more
peaks, where the locations and values vary with different TMs. In
order to find common features, all modulus data from different TMs
are combined into a single modulusmap from all seven TM samples
at the medial surface and all eight TMs at the lateral surface,
respectively.

We define the coordinates of each point in Fig. 1a and convert
the map of four quadrants into a combined map for each TM.
Figs. 5b, 6 and 7b and 8 show the smooth interpolated 2D map in
polar coordinates. Even though microindentation on each TM has
low spatial resolution and different distribution, combining all data
from different TMs, a trend and distribution are obtained through
statistical analysis. The results are analyzed statistically in Section
3.3, and the modulus map is modeled based on the statistical
analysis. These results show effective properties for the TMs used in
this study.

3.3. Normal Q-Q plot

A normal Q-Q plot is used to test whether the modulus distri-
bution follows a single-modal or multi-modal normal distribution.
This plot compares the experimental quantiles against a corre-
sponding theoretical fitted quantiles. The normal (Gaussian) dis-
tribution is assumed as the theoretical reference. It is represented
as N[m,s], with mean m and standard deviation s. Consequently, the
normal probability (or normal Q-Q) plot provides a quick test for
the null hypothesis that the data follows a normal distribution
(Filliben, 1975; Gnanadesikan, 1977). If the points in the Q-Q plot
fall approximately on a straight line, the hypothesis is supported.
manubrium is plotted as a blue dot-dash curve in Fig. 5a. (a). Original Young's modulus
ote, the malleus is located at x¼ 0, 0< y< 1 in Fig. 5a, and q¼ 0� or 360� , 0< r< 1.



Fig. 6. Young's modulus map data at medial surface in normalized polar coordinates. (a). TB0803; (b). TB08-17; (c). TB08-27; (d). TB08-28; (e). TB 09-05; (f). TB09-08.

Fig. 7. Young's modulus distribution of TM (TB10-02) at the lateral surface. An outline of the manubrium is plotted as a blue dot-dash curve in Fig. 5a.(a). Original map in normalized
x-y coordinates;(b). Smoothed map in normalized polar coordinates.
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The Q-Q plot also provides an assessment of “goodness of fit”
graphically. When a QeQ plot shows an arc and “S” shape, it in-
dicates that one of the distributions is more skewed relative to the
other, indicating most likely the data follow a bimodal distribution
(Kotz et al., 2005; Thode, 2002).

Figs. 9 and 10 show the normal Q-Q plot of the TMmodulus data
for each of the four quadrants measured from the medial surface
and the lateral surface, respectively. The points do not form one
straight line. Fig. 11a and b include all the data points from the four
quadrants. The points do not form a straight line even though most
datawithin the range of P80e P20 are close to a straight line. P80 and
P20 are defined as the modulus at which 80% and 20% of the data



Fig. 8. Young's modulus map data of TMs at lateral surface in normalized polar coordinates. (a). TB09-20; (b). TB10-01; (c). TB10-03; (d). TB10-22; (e). Tb10-23; (f) TB10-24.
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points have these values, respectively. Based on Figs. 9e11, the data
is likely to follow a bimodal distribution.
3.4. Bi-modal Gaussian distribution

In addition to the CDF distribution, the PDF distribution is also
included. The modulus data points are combined from different
TMs for the same quadrant of PS, AS, PI and AI. They are plotted in
Fig. 12 for the 7 TMs with microindentation at the medial surface.
Similarly, for the 8 TMswithmicroindentation at the lateral surface,
the modulus data points are also combined from different TMs for
the same quadrant of PS, AS, PI and AI. They are plotted in Fig. 13.
Modulus data are also combined for the four quadrants. Fig.14a and
b shows the PDF histogram of all modulus values for the entire TM
at the medial and lateral surfaces, respectively.

In general, the Young's modulus values of the human eardrum
vary within 1.5e50MPa for the medial surface, with most data
falling within 5e30MPa. The modulus values vary within
2e90MPa for the lateral surface, and most data points are within
the range of 15e60MPa. The data on the AS quadrant show in
general the smallest values compared with the other three
quadrants.

Next, a bi-modal Gaussian CDF is used to fit the distribution
parameters. Fig. 15a and b shows the experimental CDF curves of
TM modulus data for all quadrants measured from the medial
surface and lateral surface, respectively, as well as the best-fit re-
sults. The confidence level of the fitting is noted as COD (R2), which
is bounded between 0.0 and 1.0, corresponding to poor to excellent
fitting, respectively. The fitting parameters and confidence levels
obtained in this study are listed in Tables 4 and 5 for the medial
surface and the lateral surface, respectively. All COD (R2) range from
0.99 to 1.00, indicating an excellent fit for statistical analysis. The
standard deviations for all parameters are calculated through the
Levenberg-Marquard algorithm, which are summarized in Tables 4
and 5 following the ± symbol. The relative standard deviation was
mostly in the range of 2%e8%, up to 11%, which indicate excellent
confidence levels and statistical reliability. It indicates that the
Young's modulus can bewell described using the bimodal Gaussian
distribution and the Young's modulus maps can be most possibly
modeled as a bi-bivariate Gaussian map. In Fig. 15, the bimodal
Gaussian function fits the CDF well for TM modulus at both medial
and lateral surfaces.

With these parameters known, the theoretical PDF curves,
superimposed in Figs. 12e14, agree reasonably well with the cor-
responding histograms. In Fig. 12, two peaks are seen clearly that
occur at 6e8MPa and 19e20MPa for all TM quadrants at the
medial surface. The weight factor for two expectations is close to
50% for the PS, PI and AI quadrants while only 40% for the AS
quadrant. For the entire TM at the medial surface, the two expec-
tations are 6.6MPa and 19.2MPa with 0.5 wt ratio, as shown in
Fig. 14a. Except for Fig. 13a, where two peaks overlap at 40MPa, the
other three quadrants (AS, PI, and AI) all show two peaks of
modulus in the ranges of 12e24MPa and 44e47MPa as shown in
Fig. 13. The weight factors for the PI and AI quadrants (0.22 and
0.37) are less than that of the AS quadrant (0.48). For the entire TM
at the lateral surface, the modulus has two peaks at 16.3MPa and
41.6MPa with the weight ratio 18:82 as shown in Fig. 14b. This
weight factor represents the ratio of two expectations. The differ-
ences in weight factors in different quadrants may be due to dif-
ferences in the fiber distribution and density.

In the literature, the average values reported for the TM
modulus are approximately 20MPa (Von B�ek�esy, 1960) and about
40MPa (Kirikae, 1960) in the circumferential and radial directions,
respectively. In this study, even smaller values of TMmodulus were



Fig. 9. Normal Q-Q plots of four quadrants for 7 TM at medial surfaces. (a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.

Fig. 10. Normal Q-Q plots of four quadrants of TM at the lateral surface. (a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.
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Fig. 11. Normal Q-Q plots for all quadrants.(a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.

Fig. 12. Bi-modal Gaussian distribution of four quadrants for 7 TM at the medial surface.(a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.
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obtained. They are 6.6± 3.5MPa and 16.3± 7.1MPa at both the
medial and the lateral surfaces, respectively. The smaller TM
modulus may be associated with lower density of collagen fibers.
The larger modulus values measured as 19.2± 6.2MPa and
41.6± 18.8MPa for the circumferential and radial fiber layers,
respectively, may be the consequence of difference in collagen fiber
density. From Table 4, the two averages of themean values (mm1 and
mm2) for the four quadrants at the medial surface are 19.6± 0.5MPa
and 6.8± 0.8MPa, likely corresponding to the main circumferential
fibers and the minor fibers such as transverse fibers, TIR (trigonum
interradiale in Fig. 3) fibers and parabolic fibers (Fig. 3), respec-
tively. The statistical average of the modulus of 19.6MPa is very
close to the value of 19.2MPa obtained from all four quadrants. The
value is consistent with the nearly 20MPa reported for the TM in
the circumferential direction (Table 1). From Table 5, the two
averages of the mean values (mL2 and mL1) for the four quadrants at
the lateral surface are 44.3± 3.1MPa and 23.6± 11.8MPa, likely
corresponding to themain radial fibers and theminor fibers such as
R1 radial fibers, R2 radial fibers, and SMR submucous fine radial
fibers (Fig. 3), respectively. The average of the larger mean values
(mm2), quoted as a representative modulus, of 44.3MPa is consistent
with most reported data for the modulus in the radial direction
(Table 1). It is noted that the modulus values at minor radial fibers
have a higher standard deviation than the other fibers, which may
be due to the huge difference in configurations among the three
minor radial fibers. Another factor could be the effect of the
thickness of the TM. The thinnest part of the TM is found in the
central region between the annulus and the manubrium (Kuypers
et al., 2006) where there were no modulus measurements. The
TM thickness has a significant effect on measurement of modulus



Fig. 13. Bi-modal Gaussian distribution of four quadrants for 8 TM at the lateral surface.(a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.

Fig. 14. Bi-modal Gaussian distribution of all quadrants.(a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.

Fig. 15. Bi-modal Gaussian distribution CDF fitting of all quadrants. (a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.
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Table 4
Parameters for the bimodal Gaussian distribution at the medial surface.

Parameters PS AS PI AI Whole

am1 0.50± 0.033 0.40± 0.035 0.50± 0.041 0.50± 0.038 0.50± 0.019
mm1 20.1± 0.479 19.8± 0.602 19.4± 0.998 19.0± 0.729 19.2± 0.329
sm1 5.13± 0.445 5.03± 0.465 6.93± 0.795 6.65± 0.063 6.22± 0.264
mm2 6.61± 0.332 7.85± 0.261 6.09± 0.264 6.56± 0.165 6.59± 0.117
sm2 3.94± 0.265 3.91± 0.163 3.34± 0.269 2.92± 0.177 3.49± 0.095
Data points 142 132 148 141 563
COD(R^2) 0.994 0.997 0.991 0.994 0.996

Note, the subscription “m” refers to the medial surface. am1 is the weight factor of mm1.

The standard errors of the parameters through Levenberg-Marquard algorithm are shown following the ± symbol.

Table 5
Parameters for the bimodal Gaussian distribution at the lateral surface.

Parameters PS AS PI AI Whole

aL1 0.50± 0.057 0.482± 0.038 0.221± 0.006 0.368± 0.019 0.176± 0.011
mL1 39.8± 0.980 18.5± 0.636 12.2± 0.209 23.9± 0.199 16.3± 0.103
sL1 26.6± 1.96 9.47± 0.399 5.62± 0.286 6.95± 0.365 7.05± 0.287
mL2 40.0± 0.614 47.3± 1.430 45.7± 0.173 44.1± 0.758 41.6± 0.314
sL2 14.6± 1.49 14.5± 0.971 14.3± 0.181 23.2± 0.366 18.8± 0.188
Data points 171 158 189 177 695
COD(R^2) 0.994 0.998 0.999 0.998 0.999

Note, the subscription “L” refers to the lateral surface. aL1 is the weight factor of mL1.
The standard errors of the parameters through Levenberg-Marquard algorithm are shown following the ± symbol.
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through tensile experiments and simulation (Liang et al., 2015,
2016). In the tension of a TM strip, the thinnest region of the TM
shows the smallest Young's modulus when the TM is assumed to
have the uniform thickness. The underlying reasons for the exis-
tence of the two peaks in the TM modulus need further investi-
gation to examine possible correlations between the TM
microstructures and the modulus data.
3.5. Modeling the distribution of Young's modulus

The Young's modulus curves (Figs. 12e14) show one or more
peaks, and the locations and values vary in individual TMs
(Figs. 5e8). Moreover, individual TMs show variation in the
modulus map. The statistical analysis indicates that the Young's
modulus follows the bimodal Gaussian distribution. From individ-
ual TM modulus maps, it appears that the bivariate Gaussian sur-
face or the summation of several different bivariate Gaussian
surfaces is appropriate tomodel the Young's modulusmap. Thus, all
modulus values from different TMs are plotted in a single map, as in
Fig. 16a for the medial surface from all 7 TM samples, and Fig. 17a
for the lateral surface from all 8 TMs, respectively.

The bivariate Gaussian curves show a bell shape with multi-
peaks. Thus, we consider describing the spatial distribution of the
Young's modulus as a series of bivariate Gaussian functions in polar
coordinates by:

Eðr; qÞ ¼
XN
i¼1

Ai*e

�
�0:5

�
ðr�mriÞ2

sri
2 þðq�mqiÞ2

sqi
2

��
þ B (15)

where N is the number of terms; Ai is the peak modulus; B is the
baselinemodulus; m and s are the expectation (mean) and standard
deviation, respectively; the subscripts r and q represent radial and
angular coordinates, respectively, as shown in Fig. 1a. The best-fit
parameters Ai, B, si, and mi (i¼ 1, …, N) are determined using the
nonlinear least squares Levenberg-Marquardt method.

It is seen in Figs. 16a and 17a that the combined modulus maps
show numerous bell shapes. Under such a situation, it is
appropriate to use a series of bivariate Gaussian functions to model
the modulus map. Since the modulus has more bell shapes with
different peaks, two types of mapping functions are used: single
bivariate Gaussian and bi-bivariate Gaussian. The bivariate
Gaussian is a normal distribution function for the radial and the
angular coordinates. It has a baseline modulus value B, and several
peak moduli Ai. The best-fit parameters Ai, B, mri, sqi, mqi, and sqi
(i¼ 1,…, N) are listed in Table 6 for the two fitting approaches. The
standard deviations for all parameters through the Levenberg-
Marquard algorithm are also summarized in Table 6. The confi-
dence levels of modeling is much lower than the statistical analysis
in (Tables 4 and 5), which indicates poor statistical reliability. From
Table 6, the bi-bivariate Gaussian maps show better modeling than
the single-bivariate Gaussian map. It is noted that, in theory, there
are many parameter sets which can be fitted through nonlinear
Levenberg-Marquard algorithm. In practice, only one set of
parameter is searched; the number of parameters depends on the
initial values, the boundaries, and the parameter values. The pa-
rameters are 6 and 11 in the single- and bi-bivariate Gaussian
functions, respectively. In addition to the initial values and the
boundaries, more parameters result in difficulty in fitting through
the nonlinear fitting algorithm. For a large number of parameters
such as 21 parameters in the quad-bivariate Gaussian fitting, there
are occasions when the algorithm does not lead to convergence
even after 400 iterations. In consideration of a balance between
accuracy and convergence in fitting, the bi-bivariate Gaussian
function turns out to be the best option to describe the spatial
distribution of Young's modulus.

As shown in Fig. 16b and c, the modulus distribution at the
medial surface has a certain trend. At the perimeter of the eardrum
close to the annulus ring, the Young's modulus is relatively small; it
is considered to be the baseline modulus. This is reasonable since
the TM tissue close to the annulus ring has a longer perimeter and is
softer than the membrane in the central region. In the central re-
gion around the umbo, the Young's modulus is also smaller,
possibly due to the fact that it is close to the umbo which provides
support to the membrane. It is seen that, along a ray from the
perimeter to the center, the Young's modulus follows a small-large-



Fig. 16. Young's modulus map for 7 TM at the medial surface.(a). Combined experi-
mental data from 7 TMs.(b). Single-bivariate Gaussian map.(c). Bi-bivariate Gaussian
map.

Fig. 17. Young's modulus map for 8 TM at the lateral surface(a). Combined experi-
mental data from 8 TMs.(b). Single-bivariate Gaussian map.(c). Bi-bivariate Gaussian
map.
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Table 6
Parameters for the single- and bi-bivariate Gaussian maps.

Parameters Single-bivariate Gaussian Bi-bivariate Gaussian

Medial surface Lateral surface Medial surface Lateral surface

A1 (MPa) 8.66± 2.76 8.00± 4.05 12.8± 5.86 6.44± 5.10
A2 (MPa) N/A N/A 8.96± 2.87 12.6± 7.70
B (MPa) 10.9± 0.782 33.6± 4.96 10.6± 0.832 30.1± 13.3
mr1 (MPa) 0.546± 0.020 1.00± 0.49 0.300± 0.123 0.206± 0.108
mr2 (MPa) N/A N/A 0.548± 0.021 0.956± 0.523
sr1 (MPa) 0.130± 0.028 0.684± 0.340 0.192± 0.115 0.321± 0.182
sr2 (MPa) N/A N/A 0.138± 0.030 0.306± 0.221
mq1 (�) 360.0± 79.0 325.4± 72.7 12.0± 3.75 180.0± 32.9
mq2 (�) N/A N/A 360.0± 51.3 258.8± 42.8
sq1 (�) 250.9± 121 151.9± 94.3 9.54± 4.62 360.0± 120.9
sq2 (�) N/A N/A 208.8± 107.9 115.6± 59.3
COD (R2) 0.060 0.108 0.074 0.13

Note, N/A means that these parameters are not applicable for single-bivariate
Gaussian fitting, they are for use in the bi-bivariate Gaussian fitting only. The
standard deviations of the parameters through Levenberg-Marquard algorithm are
shown following the ± symbol.
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small trend at the medial surface for circumferential fibers. This
lower modulus close to the perimeter may be due to the existence
of the P and TIR fibers, which have lower densities than the
circumferential fibers. The highest modulus close to the half of the
radius may be due to T fibers which have possibly higher density
than the circumferential fibers. The contour lines for the modulus
are distributed along the circumferential fiber directions (Fig.1c). In
Fig. 16b and c for the two different terms, the difference appears
only in the region close to the malleus bone at q¼ 0e30�. Since
malleus bone exists in the top radial direction at the medial surface
of the TM, these differences do not represent the modulus of the
membrane and, therefore, should be ignored. Thus, the single-
bivariate Gaussian function (Fig. 16b) is sufficiently accurate to
describe the map of Young's modulus for circumferential fibers.

As shown in Fig. 17b and c, the modulus distribution at the
lateral surface has a different trend. The AS quadrant shows the
smallest modulus distribution and the AI quadrant shows the
smallest modulus. The lower modulus in the AS quadrant may be
due to the fact that if SMR fibers exist, they probably have lower
fiber density than the other straight R1 radial fibers. However, the
highest modulus is distributed close to the annulus ring edge at the
PS and PI quadrants (q¼ 200e300�); then the modulus decreases
gradually along the radial direction to the origin at the umbo. The
highest modulus at the edge between the PS and PI quadrant may
be due to the presence of the R2 fibers, which are radial fibers
diverging or crossing over their annulus ring terminals, at which
fibers have higher density than the other straight R1 fibers in the
radial direction. It appears that the modulus of the radial fibers is
distributed in a strip shape along the radial fibers. The modulus
increases gradually with the increase of polar angle, from the AS
quadrant to AI quadrant. However, it changes the distribution along
the circumferential direction. Around the region close to the
malleus bone, the modulus has some perturbation since the
malleus bone is attached to the other medial surface. Therefore, the
bi-bivariate Gaussian (Fig. 17c) provides the best-fit to the modulus
map of Young's modulus for the radial fibers.

It is noted that, for the modulus map, the confidence level for
the coefficient of determination (COD) or R squared (R2) is as low as
0.2e0.3. This value is not as high as 0.99 for the fitting of the CDF.
Due to limited TM samples (7 TMs for the medial surface and 8 TMs
for the lateral surface) andmicroindentation data points (about 600
and about 700 data points, respectively), the statistical analysis and
the Young's modulus map may likely have some uncertainties and
variation. However, the TM out-of-plane modulus distribution will
perhaps improve the TM models for computational simulations of
sound transmission. The results obtained in this study will enable
input of TMmechanical properties in both the in-plane and the out-
of-plane directions, necessary for simulation of TM vibrations un-
der sound pressure. With the mechanical properties, data reported
herein and other data reported in the literature for the TM, in the
future, the two-layer collagen fibers of the TM can be assigned with
different material properties, to account for anisotropy and visco-
elastic behavior for the entire TM, for simulations of sound trans-
mission with improved accuracy.

4. Conclusion

Measurement of the Young's modulus in the through-thickness
direction was made by spherical microindentation on a human TM.
The out-of-plane Young's modulus was measured for 7 TMs on the
medial surface and 8 TMs on the lateral surface, respectively. The
collagen fiber layers are in direct contact with the nanoindenter tip
in saline condition. Viscoelastic microindentation analysis yields
the Young's relaxation modulus data, which is converted to the
Young's modulus at a given strain rate. The modulus data exhibit
strong variation from one location to another. The Young's modulus
varies over a wide range from 1.5MPa to 50MPa (mostly around
5e30MPa) on the medial surface, and 2MPae90MPa (mostly
around 15e60MPa) on the lateral surface.

The Q-Q plot, and the empirical CDF and PDF histograms are
used for statistical analysis. Using the normal Q-Q plot, the S-sha-
ped curves indicate a bimodal Gaussian distribution for both the
radial fibers on the lateral surface and the circumferential fibers on
the medial surface. The distribution parameters are determined
from the best-fit CDF for each quadrant and for the entire TM. The
PDF agrees well with the histograms. The two means of Young's
modulus are determined as 6.6MPa and 19.2MPa for the medial
surface, and 16.3MPa and 41.6MPa for the lateral surface, respec-
tively. The lower modulus is likely due to lower fiber density, while
the higher modulus is close to the values reported in the literature.

The Young's modulus maps were also modeled as a series of
bivariate Gaussian functions in polar coordinates at both themedial
and lateral surfaces over the entire TM. Two types of bivariate
Gaussian functions were considered: single and double series. The
parameters for the spatial distribution of modulus were also
determined from the best-fit. For the medial surface, Young's
modulus changed mainly along the radial direction, and followed a
small-large-small trend from the perimeter to the center. For the
lateral surface, Young's modulus showed a trend different from the
medial surface. The AS quadrant showed the smallest modulus,
then followed by the AI quadrant. The higher modulus was located
close to the annulus ring edge at the PS and PI quadrants. The
modulus gradually decreased along the radial direction to the
origin, which is set at the umbo. Among the three types of models,
single-bivariate and bi-bivariate Gaussians provided the best-fit to
the spatial distribution of Young's modulus at the medial surface
and the lateral surface, respectively. The local properties measured
by microindentation can be used as input for future computer
simulations of the middle ear using accurate two-layer structures
with different modulus values over the TM to understand sound
transmission.
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Hearing damage caused by blast waves is a frequent and common injury for Service members. However,
most studies have focused on high-intensity blast exposures that are known to cause moderate to severe
traumatic brain injury (TBI), and fewer studies have investigated the progressive hearing damage caused
by low-intensity blast exposures (below mild TBI). In this paper, we report our recent study in chinchillas
to investigate the auditory function changes over the time course after repetitive exposures to low-
intensity blast. Two groups of chinchillas (N¼ 7 each) were used in this study. Group 1 was for an
acute study with 2 blasts and Group 2 for progressive study with 3 blasts on Day 1 and observed for 7
days. Animals in both groups were exposed to blast overpressures of 21e35 kPa (3e5 psi or 180e185 dB
SPL) at which the eardrum was usually not ruptured. One ear was left open while another ear was
protected with an earplug. Blast overpressures were monitored at the entrance of the ear canal (P0) and
near the eardrum in the canal (P1). Auditory brainstem responses (ABRs), distortion product otoacoustic
emissions (DPOAEs), and middle latency responses (MLRs) were measured after each blast series in the
acute group and on Days 1, 4, and 7 in the progressive group. Results show that hearing damage was
induced in both ears after blast exposure on Day 1 and more damage was observed in open ears than
plugged ears. Seven days after the three-blast series, the ABR threshold in open ears was still 7e20 dB
higher on average than prior to the blasts. The MLR wave amplitude shifts were observed in both open
and protected ears, which indicated central auditory damage. With the protection of an earplug, hearing
thresholds had recovered to the pre-blast level by Day 7. Using this chinchilla blast model, acute and
progressive hearing damages were quantified in both open and protected ears following repeated low-
intensity blast exposures.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Hearing damage caused by blast waves is a frequent and com-
mon injury for Service members. Blast overpressure (BOP) refers to
a high-intensity disturbance in ambient air pressure (Stuhmiller
et al., 1991). Recent clinical and animal studies have reported that
both the peripheral (outer, middle, and inner ear) auditory system
(PAS) and various structures within the central (brainstem and
brain) auditory system (CAS) are vulnerable to blast injuries.

When blast waves propagate through the ear, the resulting
acoustic trauma on the tympanic membrane and middle ear
echanical Engineering, Uni-
rman, OK, 73019, USA.
induces conductive hearing loss (Gan et al., 2016; Mayorga, 1997;
Patterson and Hamernik, 1997). The hair cell loss in the cochlea and
excitotoxicity in the spiral ganglion further induce sensorineural
hearing loss (Cho et al., 2013; Liberman and Kujawa, 2017; Mao
et al., 2012; Patterson and Hamernik, 1997). Similar to what is
observed during traumatic brain injury (TBI), a potential mecha-
nism of blast-induced damage to the CAS is the shearing and
stretching forces applied on brain tissues including brainstem and
auditory cortex (Gutierrez-Cadavid et al., 2005; Munjal et al., 2010a,
2010b; Song et al., 2018; Hall et al., 2017). These injuries could cause
long-term hearing disabilities depending on the intensity of the
blast (Saunders and Griest, 2009; Fausti et al., 2009; DePalma et al.,
2005; Cho et al., 2013).

The severity of blast-induced TBI was first divided into three
levels using the Glasgow Coma Scale: mild, moderate and severe
(Teasdale and Jennett, 1974). Subsequently, there are several
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commonly used classifications, all of which define the injury
severity in relation to alteration of consciousness at the time of
injury (Elder et al., 2014). Exposure to blasts below levels that cause
such a loss of consciousness is defined as subclinical or a mild TBI
(mTBI). To define the level of mTBI in animal models, a correlation
between the BOP level and the respective post-blast symptoms of
animals was built to establish a BOP-based system of TBI severity
(Ahlers et al., 2012). Results from studies on blast-induced TBI in
rats indicated that the pressure levels to induce mild, moderate,
and severe TBI were 90e150, 150e230, and 230e350 kPa, respec-
tively (Abdul-Muneer et al., 2013). Tympanic membrane (TM)
perforation, cochlear damage, and long-term hearing loss were
observed in rats after a single blast of 170 kPa (194 dB SPL) (Cho
et al., 2013). TM rupture and hearing loss were observed in chin-
chillas after a blast of 63 kPa (190 dB SPL) (Gan et al., 2016). How-
ever, most studies have focused on outcomes from moderate to
high BOP exposure (DePalma and Hoffman., 2018; DeKosky et al.,
2010). Fewer animal studies have addressed the effects of repeti-
tive exposure to low-level blasts that are comparable to those
involved in human below the mTBI or subclinical blast. Particularly,
there is no animal study reported in the literature to quantify the
effect of repeated low-intensity blasts with different number of
blasts on hearing function and the recovery over time after blasts. It
is unclear if the repetitive exposures to low BOP level will result in
permanent hearing damage after seven days.

Moreover, hearing protection devices (e.g. earplugs) have been
used to protect against injuries to the peripheral auditory system.
Sufficient attenuation of sound pressure level can be achieved with
earmuffs, earplugs, or combination of those two to prevent hearing
loss from operational noise. To understand the transduction of BOP
through the ear canal to the TM and middle ear and to characterize
the relationship between the TM rupture threshold and over-
pressure waveform, Gan et al. (2018) developed a “head block”
attached with human cadaver ear and mounted with pressure
sensors to monitor the BOP reaching the TM in the canal and inside
the middle ear. Gan et al. demonstrated that the earplugs placed in
the ear canal can dramatically reduce the pressure near the TM and
inside the middle ear cavity. However, the mechanisms or effects of
earplugs on hearing protection during blast exposure must be
studied in animal models.

The mechanism and location of the blast-induced damage in
auditory system can be reflected by various hearing function tests.
Auditory brainstem response (ABR) provides general hearing
sensitivity information by recording threshold values over a range
of frequencies (Gan et al., 2016; Guan and Gan, 2011). Distortions of
ABR waveforms (e.g. wave 1) indicate pathologies in specific re-
gions of the auditory pathway (Henry et al., 2011; Liberman and
Kujawa, 2017). Distortion product otoacoustic emission (DPOAE)
signals reflect the function of the outer hair cells in the cochlea
(Daniel et al., 2007; Hickman et al., 2018). Waveforms of middle
latency responses (MLRs) capture thalamocortical transmissions
and cortical activation impairments in the CAS (Phillips et al., 2011;
Race et al., 2017). Collectively, abnormal ABR, DPOAE, and MLR
measures strongly suggest BOP exposure compromises electro-
physiological auditory function at all levels of the auditory pathway
ranging from the organ of Corti to the auditory cortex (Shera and
Guinan, 1999; �Suta et al., 2011; Norrix and Velenovsky, 2017).

In this paper, we report our recent study in chinchillas to
investigate the progressive hearing damage after exposure to
repeated low-intensity blasts and the protective mechanism of the
earplug. Animals were exposed to low BOPs of 21e35 kPa (3e5 psi),
below mTBI pressure levels, with one ear left open and another ear
protectedwith an earplug. The pressure at the lateral side of the TM
was measured in both ears. ABR, DPOAE, and MLR signals were
measured before and after exposure and over seven-day time
periods. The goal of this study was to determine whether repeated
low-intensity blast exposures was the cause of progressive hearing
damage and the protective mechanism of hearing protection de-
vices. Knowledge of the hearing damage from the repetitive
exposure to low-intensity blasts may be used to guide clinical
evaluation and future research in blast-induced auditory injury.

2. Methods

2.1. Animal protocol

Healthy chinchillas (Chinchilla laniger), weighing between 500
and 800 g were included in this study. Chinchilla is a commonly
used animal model for auditory research because of its large TM
and middle ear space for an animal of its size, and the range of
hearing is similar to that of humans (Heffner and Heffner, 1991;
Jensen and Bonding, 1993; Richmond et al., 1989). The study's
protocol was approved by the Institutional Animal Care and Use
Committee of the University of Oklahoma andmet the guidelines of
the National Institutes of Health (NIH) and the US Department of
Agriculture (USDA). All animals were checked for the existence of
middle ear diseases by wideband tympanometry (Model AT235h,
Interacoustics, MN).

Fourteen chinchillas were divided into two groups (N¼ 7 each):
Group 1 for one-day acute study with two blasts (2-h interval be-
tween blasts) and Group 2 for progressive study over 7 days with
three blasts (5e10min intervals between blasts) on Day 1. The
chinchilla's hearing damage induced by exposure to BOPs was
related to the BOP level, the number of blast exposures, and the
recovery time after blasts. The selection of 2 blasts for the acute
study (1-day) and 3 blasts for the progressive study (7-days) was
based on our preliminary study results: no permanent hearing
damage was observed after one blast at the low BOP level, and the
two blast-induced hearing loss in ears with an earplug generally
recovered after 7 days (Smith et al., 2018).

The animals were anesthetized with 35mg/kg Ketamine and
7mg/kg Xylazine to ensure the chinchilla was sedated during the
experiment. Each ear was examined using a surgical endoscope
(Straight Endoscope, Stryker, MI) to ensure the nonexistence of TM
andmiddle ear abnormalities. The ABR, DPOAE, andMLR tests were
conducted to measure the baseline of the hearing function of each
animal before blast exposure.

After initial function tests (pre-blast), the animal was placed in a
specially designed L-shape animal holder to position its body so
that the top of the animal's head faces the blast source and was
then fixed using straps (Fig. 1A). Two identical pressure sensors
(Model 102B16, PCB Piezotronics, Depew, NY) were installed to
monitor the blast pressure at the entrance of the ear canal (P0) and
near the TM in the canal (P1) as shown in Fig. 1B. P0 sensor was
placed at the canal entrance and fixed on the animal holder. P1
sensor was inserted into the ear canal through a plastic guide tube.
A small incisionwas made in themastoid area of the chinchilla, and
a 2mmdiameter holewas drilled at the inferior end of the ear canal
bony wall to allow the insertion of the tube. Dental cement was
applied to fix the guide tube outside of the bulla. A standard foam
earplug (3M, Inc. St. Paul, MN) was then inserted into the left ear
while the right ear was left open. Note that the P1 sensor was not in
contact with the earplug in the canal.

A well-controlled compressed nitrogen-driven blast apparatus
located inside an anechoic chamber in the Biomedical Engineering
Laboratory at the University of Oklahoma was used to create a BOP
in this study (Hawa and Gan, 2014; Gan et al., 2016; Engles et al.,
2017). Polycarbonate films (McMaster-Carr, Atlanta, GA) of vary-
ing thickness (i.e. 0.25mm and 0.5mm)were employed to generate
the BOP levels. In this study, animals in both groups were exposed



Fig. 1. (A) Schematic of animal experimental setup with blast apparatus. (B) Diagram showing the location of two pressure sensors installed into the ear: one was fixed at the
entrance of the ear canal (P0) and another one fixed in the canal wall near the TM (P1).
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to BOP levels of 21e35 kPa or 3e5 psi. Animals experienced two
repeated blasts at time intervals of approximately 2 h in Group 1
while 3 repeated blasts at time intervals of approximately 10min in
Group 2.

The pressure sensor signals were collected by a cDAQ 7194 and
A/D converter 9215 (National Instruments Inc., Austin, TX) with a
sampling rate of 100k/s (10ms dwell time). The LabVIEW software
package (NI Inc) was used for data acquisition and analysis. The
waveform of each blast test was saved to a PC for further analysis.
Note that the sampling rate is sufficient for the waveform recorded
in this study.

Upon the completion of blast exposure, the status of the chin-
chilla's TM was examined using a surgical endoscope and the
auditory function tests were conducted. The animals in Group 1
were then euthanized for histology studies while Group 2 animals
were observed for seven days.

2.2. Middle ear and cochlear function measurements

Auditory measurements including ABR, DPOAE, and MLR were
conducted before and after each blast for animals in Group 1. For
animals in Group 2, auditory function tests were performed before
and after the three-blast series on Day 1 and then again on Days 4
and 7. The animals were anesthetized following the protocol in
Section 2.1 during the function tests.

2.2.1. ABR and DPOAE measurements
Hearing level changes after blast exposure in chinchillas were

measured by ABR threshold variation. The ABRmeasurements were
conducted in both ears using a TDT system III (Tucker-Davis Tech-
nologies, Alachua, FL) following the procedure in our previous
studies (Gan et al., 2016). Briefly, under anesthesia, stainless steel
needle electrodes were positioned subcutaneously at the vertex of
the skull and ventrolateral surfaces of the ear, with a ground
electrode placed in the rear leg. Tone burst stimuli of 1ms rise/fall
time at frequencies of 0.5,1, 2, 4, 6, and 8 kHzwere generatedwhich
is a widely-accepted frequency range for chinchilla studies (Gan
et al., 2016; Henry et al., 2011; Zhong et al., 2014). The ABR wave-
forms were recorded in descending 5 dB SPL intervals from the
maximum amplitude of 120 dB SPL until no waveform could be
observed. If an ABR response was not detected at the maximum
acoustic stimulation, the threshold was set to 120 dB.

DPOAE measurement assesses the cochlear outer hair cell
function. In this study, the DPOAE level shifts after blast exposure
were measured in animals for pre- and post-series of exposures
using the TDT system III. Cubic 2f1-f2 DPOAE levels were recorded
using two primary tones, f1 and f2, presented at primary tone levels
of L1¼70 dB SPL and L2¼ 65 dB SPL (Daniel et al., 2007). DPOAE
recording at 2f1-f2 (f2¼1.22ⅹf1) wasmadewith a microphone (ER-
10B, Etymotic Research) sealed in the animal's external ear canal.
The DPOAE levels were defined as the signal/noise ratio of the 2f1-
f2 distortion product for the 70 dB and 65 dB SPL of f1 and f2 pri-
maries, respectively, and were calculated by subtracting the 2f1-f2
distortion product from the surrounding noise. DPOAE level shifts
were derived by subtracting post-exposure from pre-exposure
values.

2.3. Central auditory function measurement

Part of the central auditory cortex function was measured by
middle latency responses. MLR is useful in assessment of neuro-
logical function of the higher central auditory nervous system
within several areas of the cerebral cortex (Torre and Fowler, 2000;
Biessels et al., 1999). In acoustic MLR waveforms, there are four
major components including two negative voltage waves (Na and
Nb); and two positive voltage waves (Pa and Pb). The latency and
amplitude of Pa (positive) and Na (negative) peak reflect the neural
conduction velocity from the peripheral auditory nerve to the
central auditory nervous system. The Pa component of the MLR
arises from the inferior colliculus within the midbrain region, and
the Na component is generated from the subcortical and cortical
regions of the auditory system. Therefore, the acoustic MLR tests
were used to estimate the impairment of the auditory central nerve
pathway after blast exposure.

MLRs were recorded using short click and tone stimuli pre-
sented at a rate of 4/sec and with a 100ms long recording window
(TDT system III). As such, early components (<10ms) of the wave-
form collected under the MLR acquisition settings correspond to
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the responses from ABR generator regions, while later responses
correspond to the aforementioned more central generators in the
thalamus and cortex (Arnold, 2000). Chinchillas show an acoustic
MLRwave with one negative peak (Na) with a high amplitude wave
at 14e18ms and one positive peak (Pa) with a high amplitude wave
at 19e35ms in response to the click sound. Only MLRs recorded
from the interaural line (channel 2) were analyzed. Brief 0.5 kHz
tones (2ms in duration) of alternating polarity were used in MLR
recording (Race et al., 2017; Phillips et al., 2011).

2.4. Statistical analysis

The ABR, DPOAE and MLR measurement data were expressed as
the mean± SD and plotted in GraphPad Prism with SPSS (Software
Version 16.0) for statistical analysis. The paired t-test was used to
compare the ABR threshold, DPOAE level, and MLR wave amplitude
measured at pre- and post-exposures. A value of P < 0.05, 0.01 and
0.001 were considered statistically significant.

3. Results

3.1. BOP waveforms (P0 and P1)

Fig. 2 shows the typical waveforms of BOPs in units of psi (1
psi¼ 6.9 kPa) measured at the entrance of the ear canal (P0) over a
Fig. 2. (A) A recorded BOP waveform at the entrance of the ear canal from an animal
test in Group 1 with a peak pressure of 4.7 psi. (B) A BOP waveform recorded from an
animal test in Group 2 with a peak pressure of 5.2 psi.
time of 10ms. Fig. 2A shows the representative BOP waveform of a
chinchilla in Group 1, and Fig. 2B shows the P0 waveformmeasured
from a chinchilla in Group 2. Both P0 waveforms illustrate a single
positive overpressure peak at a level of 4.7 or 5.2 psi. After reaching
the sharp positive peak, the pressure quickly decreased to a level
of �1 psi and then returned to 0 psi.

Fig. 3 displays the P0 and P1waveformsmeasured in a protected
ear (Fig. 3A) and an open ear (Fig. 3B) from Group 1 chinchillas. The
average value of the P1 peak pressure was 0.45 psi in plugged ears,
which was much lower than the P0 due to the protection of the
earplug. This indicates that the earplug greatly reduced the in-
tensity of BOP reaching to the TM. In open ears, the mean of the P1
peak pressure increased to 6.5 psi with a P0 of 4.8 psi. The higher
pressure near the TM was a result of the outer ear's amplification
function.

3.2. ABR threshold and DPOAE level shifts in group 1 animals (acute
study)

The ABR and DPOAE results measured from Group 1 chinchillas
are summarized in Fig. 4. The mean and SD values of the ABR
Fig. 3. (A) Representative BOP waveforms recorded at the entrance of the ear canal
(P0) and near the TM in the canal (P1) from an animal test in Group 1 with plugged ear.
(B) Representative BOP waveforms recorded at the entrance of the ear canal (P0) and
near the TM in the canal (P1) from an animal test in Group 1 with open ear.
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thresholds obtained from seven animals before and after each blast
exposure are presented in Fig. 3A at the tested frequencies of
500 Hz - 8 kHz. Measurements were conducted in open and plug-
ged ears before the blast exposure and after the completion of each
blast (Blast 1 and Blast 2 as labeled in Fig. 4). An increase in ABR
thresholds after the first blast was observed in open ears with
values of approximately 16 dB at 500 Hz and 28 dB at 8 kHz, while
the ABR thresholds were increased to 29 dB at 500Hz and 46 dB at
8 kHz after the second blast. The threshold shifts generally
increased with frequency for both Blast 1 and Blast 2 curves. In
protected ears, the ABR threshold shifts were smaller than that of
the open ears. The average threshold shifts increased from 7 dB at
500Hz to 22 dB at 8 kHz after the first blast and from 17 dB to 37 dB
after the second blast, respectively.

Fig. 4B shows the mean and SD of the DPOAE level shifts
(reduction) measured from the animals in Group 1 at frequencies of
1 kHze14 kHz. The value of the DPOAE level shifts increased from
about 8 dB at 1 kHz to 20 dB at 12 kHz after blast 1 and from 16 dB
to 28 dB after blast 2 in open ears. In protected ears, the DPOAE
levels increased from about 4 dB at 1 kHz to 15 dB at 12 kHz after
blast 1 and from 7 dB to 21 dB after blast 2, respectively. The shifts
in open ears were greater than that in plugged ears over the entire
frequency range. The damage to cochlear outer hair cells (OHCs)
became more severe from blast 1 to blast 2. With the protection of
Fig. 4. (A) ABR threshold shifts (mean± SD, n¼ 7) measured after each blast in open
and plugged ears of the Group 1 animals. (B) DPOAE level shifts (mean ± SD, n¼ 7)
measured after each blast in open and plugged ears of the Group 1 animals.
earplugs, the dysfunction of cochlear OHCs induced by blast
exposure was reduced but still observed from the DPOAE results.

3.3. ABR threshold shifts in group 2 animals (progressive study)

The mean and SD of the ABR threshold shifts measured from
seven animals in Group 2 over a 7-day period after blast exposures
are shown in Fig. 5. Fig. 5A shows the ABR threshold shifts
measured from plugged ears immediately after blasts on Day 1,
those measured after 4 days (Day 4), and 7 days (Day 7) after blasts.
The greatest threshold shifts occurred on Day 1 and the shift values
decreased with the time. Fig. 5B shows the ABR threshold shifts
obtained from open or unprotected ears at the same time points as
those presented in Fig. 5A. On Day 1, Day 4, and Day 7, the open ears
show greater damage than the plugged ears. Moreover, on Day 7,
the mean ABR threshold shifts were still around 7e20 dB from 0.5
to 8 kHz respectively, while the shifts in the plugged ears were close
to zero. On Day 7, the threshold shifts increased from about 6 dB at
500Hz to 25 dB at 6 kHz in open ears, while the shifts were
approximately 5 dB or less in plugged ears at all tested frequencies.
The temporary threshold shifts were reflected by the results from
Day 1 while the permanent shifts were reflected by Day 7 results.
The data obtained from open and plugged ears on Days 1, 4, and 7
are compared in Fig. 5C. As shown in Fig. 5C, the ABR thresholds
gradually recovered in the plugged ears after 4 days and 7 days (the
bottom two solid curves). There was some recovery in open ears
(the middle two broken curves), but the threshold shifts remained
at 20e35 dB after 4 days and 10e20 dB after 7 days. This indicates
that permanent damage occurred in the open ears, while the
damage in plugged ears almost recovered (<5 dB shift) after 7 days.

3.4. ABR wave I amplitudes in group 2 animals (progressive study)

The ABR wave I amplitudes (peak to peak values) measured
from seven animals in Group 2 on Day 1 (pre- and post-blast), Day
4, and Day 7 after blast exposures are presented in Fig. 6. The mean
and SD values were plotted against the level of acoustic stimulus
from 40 to 100 dB SPL measured in chinchilla ear canal. Data ob-
tained at frequencies of 1, 2, 4, and 8 kHz from open and plugged
ears were presented in different subplots. The top row of Fig. 6 for
open ears demonstrated substantial wave I amplitude reduction
after blasts at all frequencies. The curves on Day 4 and Day 7 almost
overlap with the pre-blast at 1e4 kHz showing some recovery of
damage over time. At 8 kHz, the pre-blast curve was slightly higher
than those measured on Day 4 and Day 7 which may indicate some
permanent change of the wave I amplitude. The results obtained
from plugged ears (the bottom row) show no difference before and
after blast exposure at all frequencies, which may indicate that the
earplugs prevented both the temporary and permanent damage to
cochlear ribbon synapses, spiral ganglion neurons, and auditory
neural fibers when the chinchillas were exposed to low BOPs.

3.5. DPOAE level shifts in group 2 animals (progressive study)

Fig. 7 shows the mean and SD of DPOAE level shifts (reductions)
measured from animals in Group 2 at frequencies of 1e14 kHz. The
results from plugged ears are shown in Fig. 7A on Days 1, 4, and 7.
The mean values of the DPOAE level shifts (n¼ 7) increased from
about 5 dB at 1 kHz to a peak of 30 dB at 12 kHz on Day 1. The shifts
decreased significantly on Day 4 and further decreased to a level
lower than 10 dB on Day 7 over the entire frequency range. The
DPOAE level shifts from open ears (n¼ 4) are shown in Fig. 7B. The
DPOAE reductions increased from about 15 dB at 1 kHz to a peak of
35 dB at 10e11 kHz on Day 1. The shifts decreased over time to the
level of 1 dB at 1 kHz with a peak of 25 dB at 11 kHz on Day 4.



Fig. 5. (A) ABR threshold shifts (mean ± SD, n¼ 7) measured in plugged ears after 3
blasts on Day 1, Day 4, and Day 7 of the Group 2 animals. (B) ABR threshold shifts
(mean± SD, n¼ 7) measured in open ears on Days 1, 4, and 7 of the Group 2 animals.
(C) Comparison of ABR threshold shifts in plugged and open ears on Days 1, 4, and 7.
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Contrary to the plugged ears, no significant differencewas observed
between the results obtained from Day 4 and Day 7 and the DPOAE
reductions remained at 10e20 dB at frequencies over 6 kHz.

Compared with Fig. 7A, the protection of earplug likely limited
the temporary shift of the DOPAE levels, facilitated the recovery,
and prevented the permanent loss of the OHCs. Note that the SD of
the DPOAE data in Fig. 7B is larger than Fig. 7A even on Day 1. This
might be caused by the microstructural damage in TM induced by
the third blast which is not discernible under an endoscope (Engles
et al., 2017; Liang et al., 2017). The accumulated damage which
impaired the function of TM varied among ears and resulted in
DPOAE results with large SD in addition to the lower ear number (4
ears vs 7 ears).

3.6. Assessment of central auditory system damage (MLRs)

Summary data and representative curves of MLR signals
measured from Group 2 animals are listed in Tables 1 and 2 and
shown in Fig. 8. The amplitude and time delay of the Pa and Na
peaks reflect the vitality of the central auditory nervous system.
Fig. 8 shows the representative MLR traces recorded in our exper-
iments at 70 dB SPL with the stimulate frequency of 0.5 kHz. The
response consists of negative peaks at l4-17ms (Na peak) and a
positive peak at 19e21ms (Pa peak) in the pre-blast waveform. The
post-blast waveforms in both ears were characterized by smaller
response amplitudes and shorter latencies relative to the pre-blast
response. The waveforms in open ears reveal a diminished ampli-
tude response and an increased latency response. However, both
responses return to pre-blast levels in the plugged ears 7 days after
blast exposures.

The mean latency and amplitude of the Na and Pa peak for 7
animals are listed in Tables 1 and 2 for the open and protected ears,
respectively. Table 1 shows the average Na and Pa peak latencies in
open ears before blast exposure to be 15.01± 0.92 and
19.77± 0.72ms, respectively. After the blast exposures, the average
Na and Pa peak latencies increased to 17.85± 0.82 and
23.02± 1.24ms, respectively. The shifts of the latencies in the Na
and Pa peak were 2.84 and 3.25ms, respectively. In protected ears
(Table 2), the average Na and Pa peak latencies before the blast
exposures were 14.73± 1.21 and 20.01± 2.16ms, respectively. After
the blast exposures, the average Na and Pa peak latencies increased
to 17.15± 1.33 and 22.91± 1.77ms, respectively. The shifts of the
latencies in the Na and Pa peak were 2.42 and 2.9ms, respectively.
Seven days after the blast exposures, the time delays recovered to
pre-blast exposure levels in both groups (p> 0.05).

The open and protected ears exhibited peak amplitude changes
in Na and Pa peaks, as compared to pre-blast levels (p< 0.01),
shown in Tables 1 and 2. The pre-blast Na and Pa peak amplitudes
in open ears were -1.01 ± 0.11 and 1.19 ± 0.14 mV, respectively. After
the blast exposures, the average Na and Pa peak amplitudes
decreased to -0.52 ± 0.07 and 0.42 ± 0.05 mV, respectively. The
shifts of the amplitudes in the Na and Pa peak were 0.49 and
0.77 mV, respectively. In protected ears, the average Na and Pa peak
amplitudes before the blast exposures were -1.01 ± 0.21 and
1.02 ± 0.11 mV, respectively. After the blast exposures, the average
Na and Pa peak amplitudes decreased to -0.72 ± 0.07 and
0.62 ± 0.08 mV, respectively. The shifts of the amplitudes in the Na
and Pa peak were 0.29 and 0.4 mV, respectively. Seven days after the
blast exposures, the peak amplitudes of Pa and Na recovered to the
pre-blast levels in plugged ears, which was proved by non-
significant differences between the pre-blast levels and levels
measured 7 days after blast (p > 0.05). However, the shifts of the
amplitudes of Pa and Na peaks in open ears were 0.32 and 0.58 mV,
respectively, significantly different from the pre-blast results
recorded 7 days after the blast exposures (**p < 0.01).

4. Discussions

4.1. Hearing damage induced by repeated low-level blast
overpressures

Repeated low-intensity blast overpressures can cause ultra-
structural damage of animal brains, and a variety of anxiety-related



Fig. 6. ABR wave I amplitude (mean ± SD, n¼ 7) in response to stimulus level from 40 to 100 dB SPL measured from open and protected ears in chinchillas of Group 2. Mea-
surements were taken at frequencies of 1, 2, 4, and 8 kHz.
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behavioral traits including exaggerated fear responses have been
reported (Song et al., 2018; Ahmed et al., 2015). However, hearing
damage resulting from repeated low-level BOPs is still unclear. In
this study, the ABR thresholds were significantly elevated after each
blast exposure in the acute animal study of Group 1 as shown in
Fig. 4A. Damage to cochlear OHCs was observed after the blast
exposures as indicated by the increase in DPOAE level shifts shown
in Fig. 4B. These results suggest that the repetitive blast exposures
can aggravate and damage the auditory system immediately
following blast exposures. Moreover, the severity of the damage
increased with the number of blast exposures indicated by the in-
crease in ABR and DPOAE shift shown in Fig. 4. This suggests an
accumulative effect of acute hearing damage caused by repeated
low-intensity blasts.

In both open and plugged ears from the progressive study with
three blasts in Group 2, the ABR threshold shifts measured on Day 1
(Fig. 5) were greater than the respective results measured from
animals in Group 1 (Fig. 4A). The DPOAE levels measured in Group 2
were slightly higher than Group 1, similar to the ABR results (Fig. 7
vs Fig. 4B). It further indicates that the severity of hearing damage
increased with the number of exposures. The decreased amplitudes
and increased latencies of Pa and Na peaks inMLR signalsmeasured
after blast exposures indicate the damage occurred in the central
auditory system (Tables 1 and 2). These findings obtained from
chinchilla blast model added quantitative information on acute
hearing damage resulting from the repeated low-level blast expo-
sures in relation to the number of exposures.

The progressive study of Group 2 animals over the 7-day time
course after blasts demonstrates the ABR threshold shifts
decreasing with time as shown in Fig. 5. The greatest shift was
observed on Day 1, immediately following the blast exposures.
Then the ABR shifts decreased with time over 7 days in both open
and plugged ears, which indicate hearing recovery during this
period. Particularly, the ABR threshold shifts of the plugged ears on
Day 7 were under 5 dB which suggests the hearing was almost
recovered to the levels before the blasts. The recovery process of
the central auditory system after the blasts is reflected by the MLR
data. The amplitudes and latencies of the Na and Pa peaks
measured on Day 1 (post-blast), Day 4, and Day 7 showed a trend of
returning to pre-blast levels with time, which may suggest that the
blast-induced damage in the central auditory system is gradually
recovered in protected ears. In contrast to the open ears on Day 7,
the ABR threshold shifts remained 10e20 dB over the frequency
range of 1e8 kHz, which may indicate permanent hearing damage.

Furthermore, the ABR wave I is a highly predictive indicator of
the cochlear synaptopathy (Hickman et al., 2018; Liberman and
Kujawa, 2017). The decreased wave I amplitudes in open ears af-
ter blast exposures were observed in Group 2 animals and are
shown in Fig. 6. The results could be partially explained by acute
cochlear synaptopathy induced by repeated low-level blasts,
observed in similar studies on noise-induced acoustic trauma
which suggested the repair of the ribbon synapses was predomi-
nated within 5 days after the injury and followed by a relative
longer recovery process of the OHCs (Puel et al., 2002; Ruel et al.,
2007). Here, damage was mostly recovered over 7 days at fre-
quencies below 8 kHz. The progressive recovery of the OHCs, as
reflected by the DPOAE shifts, decreases with time shown in Fig. 7,
which also suggests some degree of recovery occurred in the PAS



Fig. 7. DPOAE level shifts measured from the progressive group 2 on Days 1, 4, and 7.
(A) The mean and SD of DPOAE shifts obtained from 7 ears protected with earplugs; (B)
the mean and SD measured from 4 open ears with intact TM.
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over a period of 7 days after blasts.
Overall, multiple blasts may introduce dysfunction of both the

ribbon synapses and the OHCs followed by a recovery process.
More detailed mechanisms of the damage and recovery processes
in the PAS will require immunohistochemical studies in future
(Hickman et al., 2018).
Table 1
Latencies and amplitudes of the Na and Pa peak measures for animals of open ears (N ¼

Peak Pre

Latency (ms) Na(ms) 15.01± 0.92
Pa(ms) 19.77± 0.72

Amplitude (mV) Na(mV) �1.01± 0.11
Pa(mV) 1.19± 0.14

Table 2
Latencies and amplitudes of the Na and Pa peak measures for animals of plugged ears (N

Peak Pre

Latency (ms) Na(ms) 14.73± 1.21
Pa(ms) 20.01± 2.16

Amplitude (mV) Na(mV) �1.01± 0.21
Pa(mV) 1.02± 0.11
Note that the ABR threshold shifts induced by repetitive blast
exposures are frequency-dependent with relatively greater shifts at
high frequencies (f> 4 kHz) than low frequencies (f< 4 kHz) as
shown in Figs. 4A and 5C for both groups of animals, except the
situation when the shift was below 10 dB over the frequencies
(Fig. 5C). Similar phenomena were observed in DPOAE level shifts,
as shown in Figs. 4B and 7, even though the frequency range for
DPOAE was wider. This tendency of hearing damage to increase at
high frequencies is consistency with another recent study on the
damage due to extremely low-intensity blasts in chinchillas
(Hickman et al., 2018). It could be partially explained by the anat-
omy of the cochlea as the basal area or mid-cochlear region is closer
to the oval window where the impact of the blast waves reaches
first in the cochlea. More details on the mechanisms require further
investigations and more evidence from the damage in the CAS.

4.2. Protective function of earplugs to BOP exposure

In this study, the animals had foam earplugs inserted into left
ears. The TM in those ears showed no signs of damage after BOP
exposures. It has been reported that earplugs have protective ef-
fects against blast exposures in a guinea pig study, including
maintaining the integrity of the TM and reducing OHCs loss
compared to open ears (Li et al., 2006). Our observations of the
earplug's protective function to maintain the TM's integrity are
consistent with those published, even with repeated blast
exposures.

The comparison of ABR threshold shifts between the plugged
ears and open ears in Group 1 and Group 2 are shown in Figs. 4 and
5. In protected ears, hearing damage after blast exposures was still
observed, but at a much lower level compared to open ears after
each blast in Group 1 animals (acute study). In Group 2 animals
(progressive study) as shown in Fig. 5A, seven days after the
repeated blasts, it could be observed that the hearing function
recovered to the pre-blast levels (ABR shifts less than 5 dB), while
the threshold shift still existed in the open ears on Day 7
(10e20 dB) as shown in Fig. 5B. The comparison between the open
and protected ears suggests that the hearing protection device can
prevent the repeated low intensity blast-induced auditory damage
in a long-term observation.

Moreover, the sound attenuation of the earplug was investi-
gated by Abel and Odell (2006), and they indicated that sufficient
low-frequency attenuation may be achieved with an earmuff and
earplug in combination to prevent hearing loss from operational
noise. Our results are in agreement with Abel et al. and further
demonstrate that the earplug can drastically attenuate the blast
overpressure and protect the TM and hearing from blast-induced
7). Data are means ± SEM. *p < 0.05, **p < 0.01 for post-blast vs. pre-blast.

Post Day 4 Day 7

17.85 ± 0.82 ** 15.41± 0.66 15.23± 1.02
23.02 ± 1.24** 21.19 ± 2.01* 20.45± 1.72
�0.52 ± 0.07** �0.65 ± 0.09** �0.69 ± 0.08**
0.42 ± 0.05** 0.56 ± 0.04** 0.61 ± 0.08**

¼ 7). Data are means ± SEM. *p < 0.05, **p < 0.01 for post-blast vs. pre-blast.

Post Day 4 Day 7

17.15 ± 1.33** 15.22± 0.99 15.12± 0.91
22.91 ± 1.77** 21.35 ± 1.89* 20.22± 1.71
�0.72 ± 0.07** �0.88 ± 0.09* �0.91± 0.14
0.62 ± 0.08** 0.86 ± 0.07* 0.89± 0.15



Fig. 8. Representative MLR traces at 80 dB SPL in the open ear (right panel) and plugged ear (left panel). The Pa and Na peak latency and amplitude on Days 1, 4, and 7 are marked by
asterisk.
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damage. In this study, the blast pressure of P0 at the ear canal
entrance was around 4.6 psi, the P1 pressure near the TM was
decreased to 0.45 psi with the earplug protection as shown in Fig. 3.
However, the peak pressure level is not the only parameter to
evaluate the possible damage that blast waves exert on the ear. A
blast with an altered waveform can induce severe hearing damage
even if the peak pressure is below the TM rupture threshold of 9.1
psi (Gan et al., 2016). Therefore, the distribution of energy flux of
the blast wave that reaches the TM with and without the hearing
protection devices should be further analyzed to improve our un-
derstanding on the protectionmechanism of the hearing protection
devices.

OHCs are one of the most easily damaged components in the
inner ear, and Fig. 4B shows the DPOAE level shifts in protected ears
after each blast exposure in Group 1 animals, and Fig. 7A shows the
DPOAE shifts in protected ears of Group 2 animals. Even with the
protection of the earplug, the DPOAE shift or reduction was
enhanced after each blast exposure (acute study) or after three
blasts on Day 1 (progressive study), especially at high frequencies
(above 8 kHz). Since the TM and middle ear ossicles were not
damaged in protected ears, the measured DPOAE shifts should
reflect cochlea trauma or OHCs' damage. The cochlear damage
induced by blast is more obvious at high frequencies (f> 7 kHz),
which could be partially explained by that the base turn of cochlear
basilar membrane is more vulnerable to blast. The blast-induced
OHCs’ morphological changes (e.g. hair cell distortion and hair
cell loss) between the open and protected ears will be investigated
in our future studies.

5. Conclusion

This study aimed at investigating the acute and progressive
hearing damage in chinchillas after exposure to repeated low-
intensity blasts and the protective mechanism of the hearing pro-
tection devices (e.g. earplug). Animals were exposed to low-level
blast overpressure of 21e35 kPa (3e5 psi) with one ear left open
and another ear protected with an earplug. ABRs, DPOAEs, and
MLRs were measured before and after each exposure for the acute
study and over a time period of 7 days after a series of multiple
blasts for the progressive study. There are threemajor findings from
this study: 1) the acute hearing damage immediately following
blast exposures was characterized in relation to the number of blast
exposures in both open and protected ears; 2) three blasts were
able to induce permanent hearing damage in open ears while only
temporary damage occurred in protected ears; 3) damage was
observed in both the peripheral and central auditory systems as
reflected by the ABR, DPOAE and MLR results. Using this chinchilla
blast model, acute and progressive hearing damages were quanti-
fied in both open and protected ears under repeated low-intensity
blast exposures.
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Hearing damage is one of most prevalent injuries in military personnel and civilians exposed to a blast.
However, the mechanism of how the blast overpressure interacts with the tympanic membrane (TM) and
impairs the peripheral auditory system still remains unclear. A 3D finite element (FE) model of the
human ear has been developed to predict the blast overpressure transmission through the ear (Leckness
et al., 2018), but the model needs to be further validated in TM response to blast pressure. This paper
reports the first-ever approach using two laser Doppler vibrometers (LDVs) to measure the motion of the
TM when the ear was exposed to a blast.

Five fresh human temporal bones were used in this study with a pressure sensor inserted near the TM
to measure the pressure reaching the TM (P1). The temporal bone was mounted in a “head block” and
exposed to blast at the overpressure around 35 kPa measured at the entrance of the ear canal (P0). The
movements of the TM at the umbo and the “head block”were measured simultaneously by two LDVs and
the exact motion of the TM was determined by subtracting the head block motion from the TM data.
Results include that the maximum TM velocity was 12.62 ± 3.63m/s (mean ± SD) and the displacement
was 0.78 ± 0.26mm. The peak-to-peak displacement normalized by the P0 pressure was 22.9 ± 6.6 mm/
kPa. The frequency domain analysis indicated that the spectrum peaks were located at frequencies below
3 kHz. The TM motion was then compared with that calculated from the FE model of the human ear with
the measured P0 pressure wave applied at the ear canal entrance. The FE model-derived TM displace-
ment under blast overpressure was consistent with the experimental results. This study provides a new
methodology to determine the behavior of the middle ear in response to blast overpressure. The
experimental data are critical for validating the FE model of the human ear for blast wave transduction
and understanding the TM damage induced by blast exposure.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Blast overpressure is a high intensity disturbance in the ambient
air pressure which creates impulse over 170 dB sound pressure
level (SPL). Blast overpressure waveform is characterized by high
peak pressure over a short time duration as called the Friedlander
curve or waveform (Sundaramurthy et al., 2012; Walter, 2004).
When exposed to a blast, the human auditory system is vulnerable
to both peripheral and central damage from overpressure. Expo-
sure to blast overpressure at a level of 104 kPa can result in 50%
rupture rate of the tympanic membrane (TM), while at levels of
echanical Engineering, Uni-
rman, OK, 73019, USA.
roughly 554 kPa, the damage can be lethal (Cho et al., 2013; Garner
and Brett, 2007).

Blast-induced hearing loss occurs in a significant fraction of
military personnel coming back from the battlefield (Breeze et al.,
2011; Dougherty et al., 2013; Garth, 1994; R�egloix et al., 2017;
Sridhara et al., 2013). In past decades, the increasing number of
civilians involved in terroristic bombing attacks have made the
blast-induced hearing loss a public health issue (Champion et al.,
2009; Mathews and Koyfman, 2015; Yeh and Schecter, 2012). The
abnormally large deformation of the TM when blast overpressure
propagates through the ear causes damages to the ear such as the
rupture of the TM, disarticulation of ossicular chain, and hair cell
loss in cochlea or vestibular system (Dougherty et al., 2013; Gan
et al., 2016; Patterson and Hamernik, 1997). However, the
detailed mechanism of how the blast overpressure interacts with
the TM and impairs the peripheral auditory system remains unclear

mailto:rgan@ou.edu
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Fig. 1. Schematic of the experimental setup showing the blast chamber and LDVs. The
inside structure of the TB specimen and the location of the pressure sensors are shown
in the dashed square.

S. Jiang et al. / Hearing Research 378 (2019) 43e5244
due to the absence of the TMmovement data under blast exposure.
The motion of the TM induced by acoustic stimulation repre-

sents the transfer function of themiddle ear for sound transmission
(Cheng et al., 2010; Gan et al., 2004). Laser Doppler vibrometry has
been applied to measure the frequency response of the TM in hu-
man cadaveric temporal bones (TBs) and experimental animals
under normal and diseased conditions to assess the function of the
middle ear in relation to various factors such as species, age, exis-
tence of middle ear fluid, and bacterial infections (Gan et al., 2004,
2018a; Rosowski et al., 2009; Voss et al., 2000; Wang et al., 2016;
Zhang et al., 2014). Most of the published measurements were
conducted at sound pressure levels under 130 dB SPL, which is
widely accepted as the linear range of the human middle ear (Gan
et al., 2004; Goode et al., 1994; Voss et al., 2000). The TMs of the
blast victims usually experienced disturbance of the pressure with
peak values far beyond this linear range (Chandra et al., 2012; Gan
et al., 2018b; Hawa and Gan, 2014; Patterson and Hamernik, 1997).
The experimental measurement on TM movement under high-
intensity stimulus beyond the linear acoustic range such as blast
or noise exposure, however, is limited.

The nonlinear behavior of themiddle ear has been characterized
in gerbil, rabbit, and human cadaveric temporal bones by
measuring the vibration of the TM and stapes under high-intensity
noise using laser vibrometry (Aerts and Dirckx, 2010; Cheng et al.,
2017; Greene et al., 2017; Peacock et al., 2015). Note that there is a
limitation of using the concept of “transfer function” to describe the
nonlinear behavior of the middle ear under high intensity sound or
blast exposure (Astr€om and Murray, 2010). The intracochlear
pressure during acoustic shock wave exposure has been measured
recently, but the TM displacement has not been reported in human
(Greene et al., 2018). Unlike the measurement conducted under
normal acoustic or high-intensity sound stimuli during which the
movement of the TM and ossicles can be isolated by the stable
sample holder, the blast overpressure is strong enough to possibly
result in drastic vibration of the sample holder and thus affect the
experimental outcome. The design of a novel experimental setup
based on laser Doppler vibrometers (LDVs) is required for
measuring TM movement under blast exposure. The differential
LDV is also capable to measure the relative velocity of two points in
a structure (Castellini et al., 2006; Rothberg et al., 2017; Yang et al.,
2013). However, the dual-laser setup with two LDVs for measuring
the movement of the TM and head block is available in our lab and
flexible with the blast test system. Even though the laser beams are
emitted from two laser sources, the measurement output from two
Polytec LDVs is reliable with high accuracy.

In addition to experimental measurement, a 3D finite elemental
(FE) model of the human ear has been developed for simulation of
blast overpressure transduction through the ear and the blast-
induced auditory damage (Gan et al., 2018b; Leckness et al.,
2018). As a critical parameter to validate the FE model, the
response of the TM to blast overpressure, however, has not been
measured experimentally. Therefore, there is an urgent need to
provide the experimental data of the TM movement under blast to
validate the FE model in addition to the pressure measurement
inside the ear.

In this study, a novel dual-laser setup was first ever established
in our laboratory based on a blast chamber and two LDVs to make
the real-time measurement on the movement of TM under blast
exposure. By measuring vibrations of the TM and the TB specimen
or “head block” (Gan et al., 2018b) simultaneously using two LDVs
under blast, the head block vibration can be eliminated from the
movement of the TM. The blast waveform recorded at the entrance
of the ear canal during blast was used as an input for the 3D FE
model of the human ear to calculate the response of the TM. The
experimental results were analyzed in time and frequency domain
and compared with the FE model predictions.
2. Methods

2.1. Sample preparation and experimental setup

Five fresh human TBs from donors with an average age of 78,
ranging from 64 to 87 years old (2 female and 3 male) were
involved in this study. Note that the age of TB donors is higher than
most of the military personnel although changes in mechanical
properties and structure of the human middle ear after adulthood
are limited (Keefe and Levi, 1996; Ruah et al., 1991). Temporal bones
were packed in dry ice and shipped from the Life Legacy Founda-
tion, a certified human tissue supplier for military health research.
The study protocol was approved by the US ArmyMedical Research
andMaterial Command (USAMRMC), Office of Research Protections
(ORP). The samples were processed with a solution of 0.9% saline
and 15% povidone at 5 �C to maintain the physiological conditions
within 24 h of the arrival before the start of the experiment. Each
sample was examined under a light microscope (OPMI-1, Zeiss,
Thornwood, NY) to ensure the ear was free from middle ear
diseases.

Upon the completion of the surgery of expanding the opening of
the ear canal, the umbo of the TMwas exposed by removing part of
the tragus to allow the laser beam to reach the umbo. A reflective
tape at a size of 1mm� 1mm was placed on the umbo as a laser
target. Another piece of reflective tape was attached to the lateral
surface of the “head block”, an artificial human head with the TB
specimen mounted in (Gan et al., 2018b). Fig. 1 is a schematic di-
agram of the experimental setup. The “head block” attached with
human TB and mounted with two pressure sensors for measuring
the response of the middle ear to the blast overpressure. The
shaded square represents the location of the TB whose inner
structure is shown in the block on the right. All TBs were covered by
paper soaked in saline solution during the process of sample
preparation for maintaining the moisture of TB specimens. The
process of blast exposurewas limited within 1 h to avoid any risk of
drying of the specimen.

Two pressure sensors were simultaneously monitoring blast
pressure at the entrance of the ear canal (P0) and near the TM in the
canal (P1). The pressure sensor P1 (Model 105C02, PCB Piezo-
tronics, Depew, NY) was surgically inserted into the ear canal near
the TM (3mm away). The pressure sensor P0 (Model 102B16, PCB
Piezotronics, Depew, NY) was mounted on a column approximately
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1 cm lateral to the ear canal opening with the sensing surface facing
the blast. As shown in Fig. 1, the “head block” was fixed under the
blasting apparatus and exposed to open-field blast inside an
anechoic chamber following the previously established method-
ologies (Engles et al., 2017; Gan et al., 2018b; Leckness et al., 2018).
Briefly, the blast overpressure was generated by rupturing poly-
carbonate film(s) (McMaster-Carr, Atlanta, GA) at a thickness of
0.26mm using compressed nitrogen. The intensity of the blast was
controlled by varying the distance from the blast reference plane.
The blast wave was propagating towards the front side of the head
block or in front of the face as shown in Fig. 2. The interior surface of
the blast chamber was covered by acoustic foam except for a
transparent window through which the laser beams can pass and
reach the targets.

After completion of the sample-mounting process, the chamber
was closed and the two LDVs were placed outside on a stable
Fig. 2. Experimental setup: upper panel shows the zoomed-in view of the “head block” sho
LDVs viewed from the outside of the blast room.
surface. The lower panel of Fig. 2 exhibits the experimental setup
inside the blast chamber observed through the window. The laser
beams emitted from the heads transmitted through the window to
reach the targets placed on the TM and the head block, respectively,
as shown in the upper panel of Fig. 2. LDV1 (Polytec CLV 2534,
Tustin, CA) aimed at the target placed on the head block tomeasure
the movement of the entire TB specimen while LDV2 (PSV-400,
Polytec Inc., Irvine, CA) aimed at the umbo to measure the move-
ment of the TM which includes both the TM and head block
movements. Two laser beams were aligned parallel to each other
and the high laser signal intensity shown in Fig. 2 indicated that
two laser beams aimed at the correct target. Moreover, two LDVs
were set to show negative velocity values when the target was
moving in the direction away from the laser source or in the di-
rection into the middle ear cavity.

The data acquisition system consisted of a cDAQ 7194, A/D
wing two lasers aiming at their targets; lower panel shows the blast chamber and two



S. Jiang et al. / Hearing Research 378 (2019) 43e5246
converter 9215 (National Instruments Inc., Austin, TX), and a soft-
ware package LabVIEW (National Instruments Inc., Austin, TX)
which collected and synchronized the signals from the pressure
sensors and two LDVs. The sampling rate of the signals measured
from P0, P1, LDV1, and LDV2 was 100 kHz. When the front of blast
overpressure arrived at the P0 sensor, it triggered the P1 and two
LDVs to start recording the signals at the length of 20ms (2ms prior
and 18ms post the trigger). The P0 level was designed to be around
35 kPa in this study to avoid TM perforation which has a threshold
of 52.4e62.1 kPa (Engles et al., 2017). Upon the completion of the
blast exposure, an otoscopic examination was conducted on each
TB to ensure the TM is not ruptured.

2.2. Data processing

Due to the high-intensity energy carried by blast overpressure,
the resulted vibration of the head block or TB may be high enough
to interfere with the movement of the TM. Thus, the data acquired
by LDV2 were a combination of the TM movement and the move-
ment of the experimental setup including the head block and TB. To
eliminate the effect of the background vibration, the velocity
measured from LDV1 was subtracted from the velocity measured
from LDV2. Since the velocities measured from two LDVs were
synchronized and aligned in the same direction, the real-time ve-
locity of the TM at the umbo equaled to velocity from LDV2 minus
LDV1 based on the theory of relative motion.

Considering the fact that the dual-laser measurement for blast
exposure-induced TMmovement without previous experience, the
repeatability of the TM velocity data measured from each TB was
examined for 5 consistent tests or each TB experienced five
repeated blasts at the same overpressure level with the identical
experimental setup. The signal quality and intensity obtained from
two LDVs were checked after each blast to ensure the laser beams
aimed at the targets. After the reliability check, results obtained
from the first test were used for time-domain analysis. The time-
domain displacement signals were calculated in MATLAB using a
trapezoidal approximation to the integral of the TM velocity after
subtraction of the head block vibration. Then the velocity and
displacement signals were converted to the frequency domain in
MATLAB using fast Fourier transformation (FFT) over a frequency
range of 100Hz-50 kHz at an interval of 50 Hz.

2.3. Finite element modeling

A 3D FE model of the human ear was developed for transient
analysis on the blast wave transmission through the middle ear as
shown in Fig. 3 (Gan et al., 2018b; Leckness et al., 2018). The ge-
ometry and mesh of this model were based on the human ear
model developed for TM perforations by Gan et al. (2009). The
model consisted of the external ear canal, TM, ossicles, incudosta-
pedial and incudomalleal joints, suspensory ligaments or muscle
tendons, and simplified cochlear load. The air in the ear canal and
middle ear cavity was included and modeled as fluid elements. The
FE model was generated in ANSYS Workbench (ANSYS Inc., Can-
onsburg, PA, USA) where Fluent/ANSYS Mechanical coupled fluid-
structure interaction analyses were employed to compute blast
overpressure transduction through the ear canal to the middle ear.
The P0, P1, and P2 were three checkpoints to check the pressure
waveforms at the entrance of the ear canal, near the TM, and inside
the middle ear cavity, respectively. The manubrium, ossicles, and
suspensory ligaments in the middle ear cavity were modeled as
elastic materials (Gan et al., 2007). The TM, TM annular ligament,
joints, and stapedial annular ligament were modeled as linear
viscoelastic materials (Leckness et al., 2018; Zhang and Gan, 2013).
The cochlea was simplified as a mass block-dashpot system
connected to the stapes footplate with parameters adjusted to
reflect an input impedance of 20 GU. The detailed information
about the geometry, FE mesh, material properties, boundary con-
ditions, and validation of the model was reported by Leckness et al.
(2018).

TM movement induced by blast overpressure was derived from
the FE model by applying the experimentally recorded P0 wave-
form at the entrance of the ear canal in the model. The pressure in
the ear canal near the TM and the displacement of the TM umbo
were then calculated from ANSYS and compared with the experi-
mental results. Considering that the displacement was measured
along the stapes piston movement direction in the experiment, the
model-derived displacement vector of the umbo was projected on
to a vector along the piston direction for the comparison with the
experimental data. The time step used for the FE simulation was 1
ms and the signal length was 2ms.
3. Results

3.1. Measurement of TM movement under blast overpressure

The typical results obtained from the TB #5 are displayed in
Fig. 4 including the pressure data of P0 and P1 and velocity data
measured by LDV1 and LDV2 over 5ms. Fig. 4a shows that the P0
(black line) displays a shape of typical Friedlander curve with a
peak pressure of 30 kPa. The P1 curve (red line) shows a peak
pressure of 69 kPa which is approximately twice as high as the P0
peak pressure. The pressure level increase from P0 to P1 demon-
strated the amplification function of the pinna and ear canal for
blast overpressure transmission from the outside of the ear to the
TM. Both P0 and P1 peaks were attenuated within 1ms and the P1
curve showed more fluctuations than the P0 curve following the
first peak.

Fig. 4b exhibits the velocity data measured from LDV1 and LDV2
or the velocity of the head block and TM, respectively. The move-
ment of the TM was significantly larger than that of the head block.
Negative values of the velocity at the starting indicated that the
initial movement of the TM was in the direction toward to the
middle ear cavity. The velocity obtained after subtracting the head
block vibration is shown in Fig. 4c. The TM velocity did not reach its
maximum value immediately after the TM started moving, but
reached its maximum positive and negative peak after the first
negative peak. Displacement of the TM derived from integrating
the velocity over time is plotted in Fig. 4d. The displacement curve
indicated that the TM started to move into the middle ear cavity in
response to the blast overpressure, then vibrated at an amplitude of
0.4mm for approximately two cycles with a waveform similar to a
sine wave at an almost constant amplitude. The amplitude then
diminished after 2ms.

The maximum values of the peak to peak velocity and
displacement were recorded as DV and DD, respectively, as shown
in Fig. 4c and d. The P0, P1, DV, DD, and the DD normalized by P0
obtained from five TBs are listed in Table 1 with the mean and
standard deviation (SD). The DD/P0 value represents the TM mo-
tion induced by unit blast overpressure, a parameter relating to TM
damage under blast exposure. The results in Table 1 showed that
the blast overpressure at the entrance of the ear canal (P0) was
34.3 ± 5.2 kPa in this study and the pressure reaching the TM (P1)
increased to 61.1 ± 23.0 kPa. The P1 pressure waves directly
induced the motion of the TM and middle ear ossicular chain and
resulted in a peak to peak velocity DV of 12.62± 3.63m/s and a
displacement DD of 0.78± 0.26mm. The DD/P0 value was
22.9 ± 6.6 mm/kPa.



Fig. 3. FE model of the human ear developed by Gan et al. (2018b): (a) The FE model includes the ear canal, TM, and middle ear. The location of three points to monitor the pressure
at the entrance of the ear canal, at the TM in the ear canal, and in the middle ear cavity are marked as P0, P1, and P2 respectively. (b) The structural mesh of the middle ear including
TM, ossicles, incudomalleal joint (IMJ), incudostapedial joint (ISJ), and suspensory ligaments/muscle tendons (all Cs and SAL).
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3.2. Repeatability of the experimental measurement

Fig. 5 illustrates the velocity-time curves of the TM measured
from LDV2 in TB #1 during 5 repeated tests under the same blast
overpressure level. The data recorded from each test were plotted
in different color. It could be observed that curves obtained from
five individual tests overlapped each other over the entire period of
20ms with some fluctuations after 5ms. Prominent positive and
negative peaks could be observed at the time of 2ms which indi-
cated the large velocity initiated by the blast wave reached the TM.
The major peaks and valleys generally remained unchanged in 5
tests while small-scale random vibrations were captured in signals
after 5ms. The other 4 TBs exhibited similar repeatable results as
shown in Fig. 4 which suggested the experimental setup was reli-
able. Note that the recorded data shown in Fig. 5 exhibits a rela-
tively high noise level because there was no filter applied on the
LDV signals for capturing the peak value. The overlapping of mul-
tiple signals also made the noise level seems higher than it is the
actual value. However, the noise did not affect the results and
consistency of the data.
3.3. Time domain analysis

The P0, P1, and displacement signals measured from TB #5 were
synchronized and plotted on the same time axis in Fig. 6. Note that
the signals were trimmed into 1ms-long to focus on the duration
when the blast overpressure reached and started interacting with
the TM. The left y-axis represents pressure while the right y-axis
represents displacement. The time point at which P0 reaches its
first peak was marked as t1. Similarly, t2 was the time point for P1
and t3 was the time point for the TM displacement. The time delay
between P0 and P1 was calculated as t2-t1, and the time delay be-
tween the first peaks of P1 and displacement was calculated as t3-
t2. Fig. 6 demonstrates the delayed response of the ear when
exposed to blast overpressure. The time delay between the t1 and t2
was 0.25ms, which indicated that the front of the blast over-
pressure took 0.25ms to propagate through the ear canal and reach
the TM. The time delay between t2 and t3 was 0.02ms, which
suggested the TM reached its maximum deformation soon after the
maximum pressure applied to its surface. Fig. 6 also indicated that
the displacement and P1 were in opposite phase at the starting



Fig. 4. Typical results from TB #5: (a) Pressure curves obtained from P0 and P1 sensor; (b) raw velocity data obtained from LDV1 and LDV2; (c) TM velocity after the subtracting
head block velocity from the TM velocity; (d) TM displacement curves.

Table 1
Experimental data summary of five TBs.

Sample number P0 (kPa) P1 (kPa) DV (m/s) DD (mm) DD/P0 (mm/kPa)

#1 31.0 35.9 8.44 0.55 17.6
#2 31.0 96.5 9.32 0.73 23.6
#3 40.0 53.1 13.20 0.59 14.8
#4 40.0 51.0 15.81 1.20 30.0
#5 30.0 69.0 16.32 0.84 28.4
Mean± SD 34.3± 5.2 61.1± 23.0 12.62± 3.63 0.78± 0.26 22.9± 6.6

Fig. 5. Velocity-time curves obtained by 5 repeated blast tests on TB #1.
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Fig. 6. Time domain waveforms showing the peak values and time delay between the
P0, P1 and displacement signals measured in the experiment.
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point and then the phase delay quickly decreased within 1ms.
Fig. 7. Frequency domain analysis: (a) Amplitude spectrum of the umbo velocity after
subtraction; (b) Amplitude spectrum of the umbo displacement. The mean and stan-
dard deviation are marked as black solid and dotted lines.
3.4. Frequency domain analysis

Fig. 7 illustrates the frequency spectra of velocity and
displacement signals obtained from 5 TBs with the mean and SD.
The velocity spectra of 5 TBs and their mean curves are plotted in
Fig. 7a. Most of the frequency components concentrated between
700 Hz and 3 kHz. A prominent major peak could be observed
around 2 kHz and the maximum point on the mean curve was
located at 2.15 kHz with a value of 0.21m/s. A secondary peak
appeared around 700Hz. The velocity amplitudes at the fre-
quencies below 700Hz or above 3 kHz were generally lower than
0.1m/s. Fig. 7b exhibits the frequency spectra of the displacement
signals obtained from 5 TBs with their mean values. The displace-
ment amplitude decreased with the frequency exponentially over
the entire frequency range from 100Hz to 50 kHz. The mean values
of the displacement were 490 mmat 100 Hz, 44 mmat 1 kHz, 4 mmat
10 kHz, and 0.7 mmat 50 kHz. The shape of the displacement curve
of 5 TBs over the frequency range was similar to each other.
Fig. 8. Time domain waveforms showing the peak values and the time delay between
the P0, P1, and displacement signals predicted by the FE model.
3.5. FE model analysis

The FE model-predicted blast pressure waveforms and the TM
displacement are shown in Fig. 8 which shares the same layout as
Fig. 6 with pressure on the left and displacement on the right. The
input pressure P0 was obtained from the experimental data of TB
#5 as it was shown in Fig. 6. The P1, DD, t1, t2, and t3 values derived
from themodel were comparedwith the experimental results of TB
#5 as listed in Table 2. The P1 predicted by the model was 52.4 kPa
while the measured P1 was 69.0 kPa. The model-derived DD was
0.84mm while 0.77mm was obtained in the TB experiment. The
difference between these two values was less than 10% of the
experimental data. Themodel-predicted time delay between the P1
and P0 was 0.09ms, which was shorter than the experimental data
of 0.25ms. The delay between the displacement and the P1 was
0.07ms, which was very short but longer than the experimental.
Comparing the waveforms in Figs. 6 and 8, the order of the first
peak to appear in P1 and displacement and the peak values of the
model-derived datawere in agreement with the experimental data.
However, the curves obtained from experiments were smoother
while the model-predicted curves exhibited impulse-like sharp
peaks. Fluctuations of the P1 curve after the initial peak were less
prominent in themodel simulation than the experimental data. The
decrease of the phase delay between the P1 and TM displacement
was smaller in the model simulation than the experimental data.



Table 2
Comparison between experimental data from TB #5 and model predictions.

P0 (kPa) P1 (kPa) DD (mm) t1 (ms) t2 (ms) t3 (ms)

Experiment 29.7 69.0 0.84 0.11 0.36 0.38
Model 29.7 52.4 0.77 0.11 0.20 0.27
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4. Discussion

4.1. Response of the middle ear under blast exposure

TM movement in response to acoustic stimulation has been
used to describe the transfer function of the middle ear for sound
transmission (Cheng et al., 2010; Gan et al., 2004; Rosowski et al.,
2009). However, the TM motion under blast exposure has not
been measured until the completion of this study. This is the first
ever approach using two laser Doppler vibrometers to measure the
real-time movement of the TM under blast exposure. The defor-
mation of the TM in response to blast overpressure is identified
through this study.

Blast-induced traumatic brain injury can be caused by blasts
with peak pressure level as low as 20 kPa (Courtney and Courtney,
2011; Taber et al., 2006). Blast-induced hearing damage depends on
the pressure entering the ear canal. As reported in the literature,
the threshold of overpressure at the ear canal to rupture the human
TM is 52.4e62.1 kPa (Cho et al., 2013; Engles et al., 2017; Garner and
Brett, 2007), which is representative of an explosion of 0.45 kg of
TNT at distance 3.35m from the person (Kingery and Pannill, 1964).
In this study, the P0 value at 30e40 kPa as listed in Table 1 may
induce the damage in TM tissue, but will not rupture the TM.

The blast overpressure reaching the TM in the ear canal (P1) and
the pressure transmitted into the middle ear cavity (P2) have been
reported by Gan et al. (2018b) and Leckness et al. (2018) who used
the same blast exposure system as that applied in this study. The
reported peak values of P1 by Gan and Leckness are similar to those
measured in this study as shown in Table 1, an approximately twice
of the P0 value under the similar P0 input. Greene et al. (2018)
reported the peak pressure in the ear canal about 1.7 times of the
field pressure measured at 28 kPa, which is also consistent with our
current results. For the TM displacement, Gan et al. (2004) reported
that the peak to peak displacement of the human TM at the umbo
was around 0.1 mmat the frequencies below 1 kHz with 90 dB SPL
stimuli, which equaled to 0.16 mm/Pa. Since the velocity and
displacement spectra in Fig. 7 show that most of the components
located at low frequencies, the published TM displacement at low-
frequencies may be able to use as a reference for comparison.
However, the mean value of DD/P0 shown in Table 1(0.0229 mm/Pa)
is much lower than those results measured under the acoustic load.
Although the ratio of the peak values (DD/P0) measured under blast
cannot represent the transfer function of the TM, it suggests that
the deformation of the TM is not linearly related to input pressure
when the P0 increases to a level of 35 kPa. Themiddle ear system, in
addition, is no longer responding as a linear system to blast over-
pressure and the blast waveform entering the ear canal plays a
critical role for energy transmission into the ear or peripheral
auditory system as reported by Gan et al. (2016, 2018b) in chin-
chillas and human temporal bones and predicted in 3D FE model of
the human ear by Leckness (2018).

Mechanical property change of the TM induced by blast expo-
sure is another reason for the change of the blast wave transmission
in the middle ear. As reported by Engles et al. (2017), the storage
and loss moduli of human TM were reduced after blasts, which
suggested a possible increased TM mobility after blast exposure
due to the reduced stiffness of the membrane. However, further
studies on the response of middle ear to blast exposure and the
mechanisms of system response to blast are needed through both
experiment measurement and modeling analysis.

4.2. FE simulation in comparison with experimental data

The comparison between Figs. 6 and 8 indicates that the
experimental results and 3D model-predicted data are generally in
an agreement. The FE model of the human ear is capable to predict
the response of the TM in response to the blast. Given the same P0
input, the peak value of the TM displacement predicted by the
model was about 92% of the experimental data and the P1
measured in TBs was slightly higher than the predicted by the
model. The values of DD from experiments and model suggest that
the middle ear structure of the FE model is appropriate to describe
the deformation of TM under blast exposure. The viscoelastic
properties of the soft tissues in FE model contribute to the
nonlinear behavior of the TM and middle ear under blast exposure.
For deformation at high-strain-rate, the viscoelastic material
properties result in an increase of the stiffness of soft tissues which
limit the deformation of the TM.

Table 2 and Fig. 8 also suggest some improvements are needed
for the FE model. The P1 level predicted by the FE model is lower
than the experimental data given the same P0 input. The geometry,
mechanical properties, and boundary conditions of the ear canal
and TM all affect the value of P1. Considering the relatively large
variation of P1 listed in Table 1, the variation of experimental data
may come from the difference of individual ear canal anatomy. The
geometry of the ear canal in themodel is also different from the TBs
used in experiments. The t2 in the model is shorter than the
experimental value but the time difference between t3 and t2 are
almost the same (0.05ms). As shown in Fig. 3, the input pressure P0
was applied at the ear canal boundary in the model, but in TB ex-
periments the P0 sensor was placed at 1 cm away from the entrance
of the ear canal (See Fig. 2). The actual distance between locations
of P0 and P1 sensors in experiments is longer than the model,
which requires a longer time for the front of blast wave to propa-
gate through. Secondly, the waveform of the experimental data is
smoother than the model predicted even with similar peak values.
The viscoelastic properties of the TM and middle ear soft tissues in
the FE model require further optimization based on biomechanical
measurements of the mechanical properties of tissues under high-
strain-rate deformation.

4.3. Mechanism of blast-induced TM damage and future studies

Results shown in Fig. 4d and Table 1 indicate that the blast-
induced high displacement can reach and remain at a level of
0.5e1.0mm for 2ms after the blast wave reaches the TM and is
quickly attenuated. The maximum velocity or displacement of the
TMmay not appear at the very beginning but occur later within the
first 2ms. Based on the assumption that the pattern of TM move-
ment reported in this study is similar to how the TM moves before
its rupture, the damage is likely to occur in TM at a time point
within the first 2ms after the overpressure reaches the ear. The
detailed mechanism of how the TM is ruptured during the blast
exposure still requires further investigations to conduct experi-
mental measurement or use the FE model to simulate the TM
movement at different quadrants in additional to the umbo
displacement. Tensile stress induced by the large deformation and
shear stress resulted by the phase difference between different
quadrants can both contribute to the rupture of the TM. It is also
expected that the damage to the peripheral auditory system, such
as the extremely high deformation of the ossicular chain, stapedial
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annular ligament, and abruptly change of the intracochlear pres-
sure, occur during the first 2ms period of time following blast
exposure. This is consistent with the 2e3ms long A-duration of the
intracochlear pressure resulted from the blast exposure reported by
Greene et al. (2018). This is the first time the TM movement under
blast exposure was measured experimentally and simulated in the
FE model. As a novel investigation of the methodology with the
dual-laser system on TM response to blast overpressure, the ex-
periments were limited in 5 TBs under an overpressure level about
35 kPa. In future studies, different blast intensity levels may be
tested to observe the nonlinear behavior of the TM under blast
overpressure. The length and size of the external ear canal may vary
among different temporal bones which contribute to the relatively
large variation of P1 value listed in Table 1. The surgery to expand
the entrance of the ear canal for laser beam passing through and the
insertion of the P1 sensor may also add some variations between
ears in this study. Moreover, to understand the detailed mechanism
of blast-induced TM rupture, the next step of the experiment is to
measure the movement at the center of each quadrant or the entire
TM surface under blast exposure. To understand the nonlinear
behavior of the middle ear under blast exposure, the real-time
movement of the stapes is necessary in addition to the TM
displacement.

5. Conclusion

This paper reports the first-ever approach using two laser
Doppler vibrometers to measure the motion of the TM when the
ear was exposed to blast at the overpressure around 35 kPa. The
deformation of TM was measured with a result of 22.9± 6.6 mm/
kPa. The frequency domain analysis on the velocity and displace-
ment signals indicate the frequency components of the TM vibra-
tion were below 3 kHz. The delayed movement of the TM with
respect to blast overpressure at the canal entrance was observed
and the time for the blast wave to propagate through the ear canal
to deform the TM was measured. The TM motion was then
compared with that calculated from the FE model of the human ear
with the measured P0 pressure wave applied at the ear canal
entrance. The FE model-derived TM displacement under blast
overpressure was consistent with the experimental results. This
study provides a new methodology to determine the behavior of
the middle ear in response to blast overpressure. The experimental
data are critical for validating the FE model of the human ear for
blast wave transduction and understanding the TM damage
induced by blast exposure.
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Characterization of Protection Mechanisms to Blast Overpressure
for Personal Hearing Protection Devices – Biomechanical

Measurement and Computational Modeling

Rong Z. Gan, PhD; Kegan Leckness, MS; Kyle Smith, MS; Xiao D. Ji, PhD

ABSTRACT Hearing damage induced by blast exposure is a common injury in military personnel involved in most
operation activities. Personal hearing protection devices such as earplugs come as a standard issue for Service mem-
bers; however, it is not clear how to accurately evaluate the protection mechanisms of different hearing protection
devices for blast overpressures (BOP). This paper reports a recent study on characterization of earplugs’ protective
function to BOP using human cadaver ears and 3D finite element (FE) model of the human ear. The cadaver ear
mounted with pressure sensors near the eardrum (P1) and inside the middle ear (P2) and with an earplug inserted was
exposed to BOP in the blast test chamber. P1, P2, and BOP at the ear canal entrance (P0) were simultaneously
recorded. The measured P0 waveform was then applied at the ear canal entrance in the FE model and the P1 and P2
pressures were derived from the model. Both experiments and FE modeling resulted in the P1 reduction which repre-
sents the effective protection function of the earplug. Different earplugs showed variations in pressure waveforms
transmitted to the eardrum, which determine the protection level of earplugs.

INTRODUCTION
Blast overpressure is a high intensity disturbance in the
ambient air pressure that is characterized by an intense
impulse pressure wave of over 170 dB SPL. Exposure to
high-intensity sound or blast overpressure waves is con-
sidered an intrinsic situation faced by military personnel.
The direct consequence of blast injury to the auditory system
is acute hearing loss. Personal hearing protection devices
(HPDs) such as earplugs (EPs) come as a standard issue for
Service members.

The protective function of different EPs to impulsive
noises at peak sound pressure level below 168 dB (0.75 psi
or 5.17 kPa) has been reported by using acoustic test fixtures
(ATFs).1,2 The ATF, an artificial head containing a human
ear simulator, was used in their studies to evaluate the per-
formance of different EPs. The impulse peak insertion loss
of the EPs or HPDs were measured over the range of
impulse levels at 134, 150, and 168 dB. However, the ear
simulator inside the ATF cannot accurately represent the bio-
mechanics of a real ear in response to blast overpressure
because the anatomic structure of the individual ear and the
tissue mechanical response to blast pressure such as the ear-
drum or tympanic membrane (TM) and the middle ear ossic-
ular chain are not included in ATF, which may affect the
accuracy of HPDs’ evaluation.

A “head block” attached with human cadaver ear or tem-
poral bone and mounted with two pressure sensors, one near

the TM in the ear canal and one inside the middle ear cavity,
was developed in our lab to measure the transmission of
blast overpressure through the ear.3 The head block provides
an accurate experimental setup to test the transfer functions
of the ear canal and middle ear in response to blast overpres-
sure (BOP) and characterize the relationship between the
TM rupture threshold and overpressure waveform with the
anatomic structure of the human ear.3–5 Using the head
block with cadaver ears, the changes of human TM tissue
mechanical properties after multiple blast exposures have
been reported by Engles et al4 and Lou et al5 with micro-
structural variations of the TM.

In this paper, we report a recent study on characterization
of EPs’ protective function to BOP using the head block
with human cadaver ears and the 3D finite element (FE)
model of the human ear for blast wave transmission.
Different EPs were inserted to cadaver ears and exposed to
BOP level around 189 dB (8 psi or 57 kPa) using a com-
pressed nitrogen-driven blast apparatus located inside the
anechoic chamber in our lab.3,6 The blast pressures at the
entrance of the ear canal (P0), near the TM in the canal (P1),
and behind the TM in the middle ear (P2) were simulta-
neously monitored during blast tests. The “effective protec-
tion” function of the earplug, defined as the P1 reduction in
dB, was measured to represent the amount of pressure reach-
ing on the TM reduced by inserting the earplug. The Combat
Arms, Battle Plugs, the foam, and the Lyric EPs were
included in the study. The established FE model of the
human ear was further developed to have the EPs simulated
in the ear canal and predict their protective function.7 This
study provides new methodologies for biomechanical char-
acterization of military EPs’ blast attenuation rating which is
currently not available.
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METHODS

Experimental Setup and Protocol
Human Cadaver Ear Specimen Preparation
Fresh human cadaver ear or temporal bone which includes a
complete normal organ of the ear was mounted with two
pressure sensors and then assembled to the head block inside
the blast chamber (Fig. 1A, set up for vertical exposure). A
third sensor was placed at the entrance of the ear canal. The
three pressure sensors simultaneously monitor the blast pres-
sure at the entrance of the ear canal (P0), near the TM in the
canal (P1), and behind the TM in the middle ear cavity (P2)
as shown in the schematic of Figure 1B. P0 sensor (Model
102B16, PCB Piezotronics, Depew, NY, USA) was placed
1 cm lateral to the ear canal opening and P1 and P2 (Model
105C02, PCB Piezotronics) were placed 3 mm from the TM
in the canal and inside the middle ear cavity through the
Eustachian tube, respectively. The surgical approach for
insertion of the P1 and P2 sensors was done carefully under
a surgical microscope to assure the P1 sensor’s surface was
edged at the ear canal wall and the P2 sensor was behind the
TM and extended from the Eustachian tube. It is important
to make sure P1 sensor’s position would not affect the trans-
duction pathway. In the ear without earplug, the P0 and P1
difference shows the transfer function of the ear canal in
response to blast wave; in the ear with an earplug inserted in
the canal, the difference between P0 and P1 indicates the
attenuation of the earplug to BOP.

HPDs or EPs Tested
Two types of military EPs, Combat Arms earplugs (CAEs,
Aearo Technologies, Indianapolis, IN, USA) and Battle
Plugs (Moldex Metrix Inc., Culver City, CA, USA), and the
commonly used foam earplugs (3M Co., St. Paul, MN,
USA) were selected for this study (Fig. 2A–C). Lyric hear-
ing aid/earplug (Phonak, LLC, Warrenville, IL, USA) was
also included in this study as a collaborative research with
Walter Reed National Military Medical Center (PI: Douglas
Brungart). As shown in Figure 2D, the Lyric earplug is deep
in the canal with an insertion depth between 4 and 16 mm
and the distance to the TM remaining 4 mm. Note that the
Lyric was tested as an inactive (without battery) in deep
canal position earplug like other HPDs in this study.

A total of 48 fresh human temporal bones (TBs) were
used in this study for testing four types of EPs: 14 TBs for
CAEs (donors’ age 79.3 ± 7.7), 15 TBs for Battle Plugs
(age 77.9 ± 8.7), 13 TBs for foam EPs (age 74.5 ± 7.6), and
6 TBs for Lyric EPs (age 79.7 ± 5.2). The TBs were
obtained from Life Legacy Foundation, a certified human tis-
sue supply source for military research. The study protocol
was approved by the U.S. Army Medical Research and
Material Command Office of Research Protections.

The CAEs, Battle Plug, and Foam EPs were inserted into
the ear canal as shown in Figure 3A–C. There were two set-
tings for CAE and Battle Plug: maximum (closed orifice)

and minimum (open orifice) protection settings. Figure 3D
shows the cadaver ear inserted with a Lyric earplug. Laser
reflective tape was placed on the lateral solid surface for
measuring the movement of Lyric earplug during blast expo-
sure, which is not included in this paper. Note that the Lyric
EPs were deeply inserted into the ear canal by an audiologist
from Phonak, LLC and other EPs were inserted by a
research technician in our lab. Figure 3E displays the experi-
mental setup. The blast exposure in the front setup (blast
wave from the front of the face) was used for all experiments
in this study.

Blast Overpressure Testing Procedure
The “head block” was exposed to open-field blast inside an
anechoic test chamber in Biomedical Engineering
Laboratory at the University of Oklahoma. A compressed
nitrogen-driven blast apparatus was utilized to produce blast
overpressure by rupturing a polycarbonate film (McMaster-
Carr, Atlanta, GA, USA). Blast overpressures level was con-
trolled by changing the thickness of the film, or the distance
from the blast reference plane. Overpressure level at the
canal entrance (P0) was controlled by varying the distance
of the head block from the blast reference plane and the blast
wave direction was along the front of the face with respect
to the head.

The pressure sensor signal was measured by cDAQ 7194
and A/D converter 9,215 (National Instruments Inc., Austin,
TX, USA) with the sampling rate of 100k/s (10 μs dwell
time). The LabVIEW software package (NI Inc.) was used
for data acquisition and analysis. Note that the sampling rate
is sufficient for the waveform recorded in this study.

Blast experiment with the TB without the earplug was
performed first and the pressure waveforms P0, P1 and P2
were simultaneously recorded. Then, the earplug was
inserted into the ear canal and the blast test was conducted
again. Note that the P0 pressure level recorded at the
entrance of the ear canal should be the same in the tests of
with and without EPs. The BOP level was maintained
around 189 dB or 8 psi or 57 kPa (188–190, 7–9, 56–58,
respectively) below the TM rupture threshold.3

Waveform Analysis
Blast pressure energy spectra analysis on recorded wave-
forms (P0 and P1) in the time domain was conducted in
MATLAB to determine the signal energy distribution over
the frequencies without an earplug and with four different
EPs. First, the recorded pressure waveforms were converted
to pressure distributions over the frequencies of 0.2–20 kHz
by using Fast Fourier Transform spectral analysis. Next, fol-
lowing the methods of impulse signal energy distribution
theory reported by Gan et al6 the total sound exposure was
divided by the standard characteristic impedance of the air
ρc as impulse energy flux (energy per unit area) and
expressed as:
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where p(t) is the instantaneous value of acoustic pressure in
Pa or N/m2, dt is the time increment for scanning of acoustic
pressure in seconds, T is the duration of P(t), and ρc =
406 mks rayls to produce a quantity with units of energy
flux (i.e., J/m2). Both ρ and c are pressure-dependent in the
shock front. The duration of T = 6 ms was used for calcula-
tion in the present study.

Eight octave band-pass filters with center frequencies at
125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, 8 kHz, and
16 kHz were designed. To catch signals at frequencies lower

than 125 Hz and higher than 16 kHz, additional low-pass
(L125, cutoff at 88 Hz) and high-pass (H16k, cutoff at
22.627 kHz) filters were designed. The MATLAB SPTOOL
was used to create all the filters (10 bands). The energy in
each band was normalized with respect to the total sound
energy in that band, and the resulting energy fluxes of the
experimental and predicted waveforms were compared. Note
that the energy analysis on P2 waveform was not reported
here because the P1 pressure waveforms are more important
than P2 due to their direct responsibility for TM damage and
ossicular chain motion and reflecting the protective function
of the earplug.

FE Modeling
3D FE Model of the Human Ear for Blast Wave
Transduction
A 3D FE model of the human ear for simulating the blast
wave transduction through the ear was recently developed in
our lab.3,7,8 The model consists of the ear canal, TM, TM
annulus (TMA), three ossicles connected by two joints: incu-
domelleolar joint (IMJ) and incudostapedial joint (ISJ), mid-
dle ear suspensory ligaments/muscle tendons, stapedial
annular ligament (SAL), and the middle ear cavity (Fig. 4).
The cochlea was not included in this model, but a cochlear
load was applied on the stapes footplate by a mass block-
dashpot system with the cochlear input impedance of
20 GΩ.9 The cochlear impedance was defined as the pressure
per unit volume velocity of the stapes footplate.

This FE model of the human ear was generated in
ANSYS Workbench (ANSYS Inc., Canonsburg, PA, USA)
where Fluent/ANSYS Mechanical coupled fluid-structure
interaction (FSI) analyses were employed to compute blast
overpressure transduction from the environment to the TM
and middle ear.8 Viscoelastic material properties were
assigned to soft tissues in the middle ear including the TM,
TMA, IMJ, ISJ, and SAL. The experimentally recorded P0
waveforms from the head block with cadaver TBs were

FIGURE 1. (A) Picture of experimental setup with the head block along the vertical blast wave direction inside the test chamber. (B) Schematic for simul-
taneously measuring blast overpressure transduction through the ear with three pressure sensors.

FIGURE 2. EPs tested with human cadaver ears. (A) Combat Arms ear-
plug; (B) Battle Plug; (C) foam earplug; (D) lyric earplug.
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applied onto the boundary at the entrance of the ear canal
and the pressure waveforms P1 and P2 were then calculated.

FE Modeling of EPs for Blast Wave Transduction
The original FE model published by Gan et al9 does not
have the canal skin. However, to simulate blast overpressure
transduction through the ear canal with the earplug inserted,
the ear canal skin was added to the model (Fig. 5).7 A layer
of skin with an average thickness of 1.5 mm was added to
the ear canal as an elastic isotropic solid with properties of:
0.42MPa (Young’s modulus), 1,050 kg/m3 (density), 0.43
(Poisson’s ratio), and 0.2 (loss factor). Material beta (β)

damping was applied to the skin to introduce loss factor, a
convenient value to represent viscoelastic behavior via fol-
lowing equation,

πf
(2)β η=

where β is the material beta damping factor, η is the loss fac-
tor, and f is frequency. A complication arises when prescrib-
ing beta damping in a transient analysis due to the frequency
component of the damping, thus, an average value was taken
from 0 to 10 kHz. Fluid-structure interfaces were applied

FIGURE 3. Pictures of the experimental setup with earplug in human cadaver ear attached to the head block in front setup (blast wave from the front of
the face). (A) Combat Arms, (B) Battle Plug, (C) foam, (D) lyric earplug, (E) entire head block attached with the human ear inside the blast chamber. Note
that the yellow taped pole was the P0 pressure sensor and the reflective tape pointed on the Lyric earplug was used for laser measurement of Lyric’s move-
ment under blast exposure, which is not included in this paper.

FIGURE 4. (Left) FE model of the human ear comprised of the ear canal, TM, middle ear ossicles, and middle ear cavity. The locations for pressure moni-
toring points are designated as P0, P1, and P2. (Right) Structural mesh of the model, showing the TM, TMA, middle ear ossicles, IMJ, ISJ, suspensory liga-
ments/muscle tendons (all Cs and SAL), and cochlear load.
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between the skin and fluid (air) of the ear canal in ANSYS
Mechanical and Fluent, respectively.

Two types of EPs were simulated in the FE model of the
human ear: the classic foam EP and the CAE which featured
a variable orifice and silicon triple-dome structure (Fig. 5).
To create the foam occlusion, the fluid domain of the ear
canal was modified in addition to generating the structure of
the foam EP to completely occlude the ear canal (Fig. 5A);
i.e., no leaks were present, and the nodes of the foam EP
and skin were coincident along the wall of the ear canal. The
foam EP insertion depth as measured from the entrance of
the canal to the EP’s apex was 12 mm. The foam EP was
assumed to be an elastic solid10,11 with Young’s modulus of
22.2 kPa and density of 228 kg/m3 reported by Leckness.7

During experiments of the CAE, it was observed that
only the first two domes were fully inserted into the ear
canal. The primary function of the third dome was to
obstruct the entrance to the ear canal and only the apex of
the third dome was set inside (Fig. 5B). Note that as the
hard-plastic core of the CAE terminates prior to the apex of
the third dome, the hard-plastic core was not included in the
FE model. There is truly no possible effect to the model nor
its outcomes of not including the core. The CAE was gener-
ated within the human FE model with a total length of
11.4 mm, the diameter of EP orifice of 2.1 mm. The dis-
tances between the first dome and second dome flanges and
that between the second and third dome flanges were 5 mm
and 6 mm, respectively. The detailed model of CAE can be
found in Leckness.7

Figure 5B shows the FE model of human ear with CAE
triple-dome occlusion. The applied silicon material proper-
ties were adapted from Viallet et al.12 The EP was defined as
elastic isotropic solid with properties: 1.2 MPa (Young’s
modulus), 1,150 kg/m3 (density), 0.48 (Poisson’s ratio), and
0.12 (loss factor). The loss factor here was also represented
as the average material beta damping factor from 0 to
10 kHz. Four FSIs were applied between the EP and air in
the ear canal. Since the CAE model does not include the
hard-plastic core, the CAE’ maximum and minimum protec-
tion settings’ exposure waveforms were not utilized in this

study. Triple-dome-only P0 blast exposure waveforms
obtained from one temporal bone (TB16-30R) were applied
to the skin and triple-dome EP at the entrance of the canal in
ANSYS Mechanical; in Fluent, the identical waveforms
were applied to the entrance of the EP orifice.

RESULTS

Effects of HPDs (EPs) on Blast Wave Transmission
Figure 6 shows the typical overpressure waveforms of P0,
P1, and P2 recorded from a cadaver ear or TB without the
earplug (Fig. 6A) and a TB with the earplug (CAE, Fig. 3A)
over 10 ms of time duration. The P0 or BOP waveforms
recorded in all cases with or without EPs were verified to be
consistent, serving as a baseline for comparison of different
EPs. The peak P0 level was around 57 kPa (48–70 kPa) or
189 dB (187–190 dB) for all tests. The P1 peak pressure
shows a substantial increase compared to the P0 pressure in
all the ears without protection devices (Fig. 6A), reflecting
the effect of the ear canal on enhancing the impulse pressure
level near the TM. In ears with EPs, the peak P1 pressure is
much lower than P0 (32 kPa reduction in Fig. 6B). P2 waves
are different from P1 and P0 waves with a much lower peak
pressure value than the P1 (Fig. 6).

Figure 7A displays the P1 waveforms recorded from ears
without EPs and ears with different EPs or attenuation set-
tings, including the Battle plugs, CAE, foam, and Lyric. The
waveform variation indicates the different effects of EPs on
the pressure wave reaching to the TM in the canal. To quan-
tify the EPs’ effects on Impulse Energy Flux (energy per
unit area in unit J/m2) over 10 octave frequency bands from
below 125 Hz to above 16 kHz, the impulse energy spectra
analyses on those waveforms were performed. Figure 7B
and C illustrates the comparison of energy fluxes of P1
waves obtained from seven ear cases in bar curves and in
line curves, respectively. The P1 energy distribution over
octave bands was altered when the earplug was placed in the
ear canal.

The peak P1 energy flux of the CAE (blue solid line) or
Lyric (purple line) were expanded between 2 kHz to 500 Hz

FIGURE 5. FE modeling of EPs in the ear canal. (A) The foam earplug simulated in the ear canal. (B) Combat Arms earplug named as “Triple-Dome”
simulated in the ear canal. The ear canal, canal skin, earplug (EP), EP orifice, TM, middle ear ossicular chain, middle ear (M.E.) cavity, and cochlear load
are displayed in the figure.
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at 0.28 and 0.2 J/m2, respectively, compared with a single
peak of 0.4 J/m2 at 2 kHz for no earplug case (black line).
The peak P1 energy flux for the CAE Min (blue dashed line)
even expanded to 250 Hz. However, the P1 energy resulted
from Battle plugs in both Max. and Min. settings (red solid
and dashed lines) was similar to the open ear (no earplug,
black line) with peaks at 1 kHz. For foam earplug (green
line), there was a clear shift to lower frequency at
250–500 Hz. The peak at f < 125 Hz for Lyric plug was also
shown in Figures 7B and C. These observations depict how
the EPs change energy distribution of pressure waves reach-
ing the TM. Further analysis of P1 energy distribution over
frequency bands is needed for understanding the protection
mechanisms of different EPs under blast exposure.

Table I lists the mean and standard deviation of experi-
mental data obtained from human cadaver ears with six ear-
plug cases, including the peak values of P0, P1, and P0-P1
in ears with earplug, the peak P1 and the ratio of P1/P0 in
ears without earplug, and the P1 reduction induced by the
earplug. The P1/P0 was the ratio of the first peak pressure
(amplitude) of P1 and P0. P1 reduction in dB, or insertion
loss, is the P1 pressure level with earplug subtracted from P1
level in ears without EPs. P1 reduction represents the effec-
tive protection function, the pressure level prevented from
reaching the TM by inserting the earplug. Table I shows that
the average P0–P1 (dB) in ears with five standard EPs was
12–13 dB and that for Lyric earplug was 16 dB. The average
P1 reduction for CAE, Battle, and foam was 17–18 dB and
that for Lyric was 21 dB.

It should be noted that the variation of P1 measurement is
usually greater than the P0 measurement because of the indi-
vidual ear canal difference (size and length), the depth of
insertion, the geometry of the earplug, and materials of the
earplug. We have also observed that the insertion quality of
the earplug in the ear canal affected the results of earplug’s
effective protection function. Thus, the extra care of fitting
the earplug was taken through the study. We did check the

consistency of P1 waveform for each blast test and one
research technician did the insertion for all different EPs
reported in this paper except the Lyric earplug which was
inserted by an audiologist.

FE Modeling of HPDs (EPs) in Comparison With
Experimental Data
The FE model of the human ear was used to predict the P1
and P2 pressures in ears with EPs: the foam and CAE as
illustrated in Figure 5. The model-predicted results were
compared with the experimental data obtained from human
cadaver ears (Fig. 8). Column (A) in Figure 8 displays the
resulting waveforms for P0, P1, and P2 from both experi-
ments (top panel) and human ear model (HEM) with foam
earplug (bottom panel). The P0 pressure wave used for the
model was the same as that recorded from the experiments
with a peak P0 level at 15 kPa (2.2 psi or 177 dB). The P1
reduction or insertion loss obtained from the cadaver ear and
FE model was 18 dB and 19 dB, respectively, but the P1 and
P2 waveforms from the experiments and FE model showed
some inconsistency. Although the linear elastic representa-
tion of the foam earplug has been implemented successfully
in other studies,10,11 this material model may be unsuitable
for the high pressure and high strain rate analyses inherent
when modeling blast exposures. A more appropriate nonlin-
ear material model is necessary to accurately predict the ear-
plug attenuation of foam materials subjected to blast
overpressures.

Columns (B) and (C) in Figure 8 show the results from
experiments and HEM with the CAE at two P0 pressure
levels: 14 kPa (2.0 psi or 177 dB) – mild-level blast exposure
in column (B) and 46 kPa (6.7 psi or 187 dB) – high-level
blast exposure in column (C). The top panels display the
experimentally recorded waveforms of P0, P1 and P2 from
TB15-36R and the bottom panels display the human ear
model-derived waveforms. Note that to be consistent with
the CAE simulated in the model, the blast experiment was
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FIGURE 6. Waveforms of P0 (black line), P1 (red), and P2 (green) recorded in the cadaver ear (TB15-35L) in the front setup test. (B) Waveforms
recorded from another cadaver ear (TB15-36R) inserted with Combat Arms earplug during the front test inside the blast chamber.
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conducted in CAE-only occluded ears, with the hard-plastic
core removed.

As displayed in columns (B) and (C), the predicted wave-
forms (P1) show that there is an obvious first peak pressure,

which agrees with the shape of the experimental pressure
profiles. However, the greatest discrepancy was in the duration
of positive P1 overpressure when compared to the relatively
short duration of initially positive overpressure observed in the
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FIGURE 7. (A) Comparison of P1 waveforms measured in the ear without an earplug and the ears with EPs: Battle plug at Max and Min settings, Combat
Arms at Max and Min settings, foam earplug, and Lyric earplug. (B) Normalized P1 wave energy flux distribution over 10 octave bands from below 125 Hz
to above 16 kHz in bar curves. (C) Normalized P1 wave energy flux distribution over 10 octave bands from below 125 Hz to above 16 kHz in line curves.

TABLE I. Experimental Results of EPs Tested in Human Cadaver Ears During Blast Exposure

Earplug Type
P0 (dB)
w/Earplug

P1(dB)
w/Earplug

P0 – P1 (dB)
w/Earplug

P1 (dB)
w/Out earplug

P1/P0 ratio
w/Out earplug

P1 (dB)
Reduction

Battle maximum (N = 15) 188.9 ± 1.8 176.1 ± 7.5 12.8 ± 7.1 194.3 ± 2.9 1.7 ± 0.4 18.2 ± 6.9
Battle minimum (N = 13) 188.1 ± 1.4 175.7 ± 8.1 12.4 ± 8.4 193.8 ± 3.0 1.6 ± 0.4 18.1 ± 7.4
Combat Arms maximum (N = 14) 189.8 ± 1.3 176.5 ± 6.9 13.4 ± 6.7 194.5 ± 2.6 1.7 ± 0.4 18.0 ± 7.0
Combat Arms minimum (N = 12) 188.3 ± 1.8 176.3 ± 6.5 11.9 ± 5.7 193.6 ± 3.1 1.7 ± 0.4 17.3 ± 5.9
Foam (N = 13) 189.1 ± 1.7 176.8 ± 7.2 12.3 ± 6.4 194.2 ± 3.1 1.7 ± 0.4 17.3 ± 6.8
Lyric (N = 6) 189.1 ± 1.3 172.8 ± 2.1 16.3 ± 1.7 193.7 ± 3.2 1.8 ± 0.8 20.9 ± 5.3

Note that the P0-P1 without earplug can be derived from the P0 and P1/P0 ratio.
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experiment (roughly 0.25ms). A portion of this is explained by
the initial drop in pressure level measured during experiment
that is likely due to experimental setup. The experimental P1
waveform also contains a higher degree of undulation than was
predicted, although this may be simply due to variations in
canal geometry. For mild-level exposure, predicted versus mea-
sured P1 reduction or insertion loss was 11.4 dB versus
11.3 dB. Predicted versus measured P1 reduction for high-level
exposure was 14 dB versus 12 dB.

DISCUSSION
Characterization of HPDs attenuation properties to blast
overpressure was reported in this study with experiments in
human cadaver ears and computational modeling in a 3D FE
model of the human ear. Four EPs including CAE, Battle
Plugs, foam, and Lyric earplug (inactive hearing aid) were
tested in fresh human cadaver ears attached to the head block
and exposed the BOP level of 189 dB (57 kPa or 8 psi) at the
ear canal entrance. The pressure near the eardrum (P1)
reduction or insertion loss of the earplug was used as a main
parameter to describe the attenuation of HPDs. The impulse
energy spectra of P1 waveforms provided the energy distri-
bution over frequencies. The CAE and foam earplug were
also simulated in the 3D FE model of the human ear with
the measured P0 waveform applied at the canal entrance to
calculate P1 and P2.

Biomechanical Characterization of HPDs in Human
Ears
The protective function of four EPs was tested in human
cadaver ears, which represent an ideal platform to character-
ize the attenuation provided by HPDs, as all nonlinearities
and biomechanics of peripheral auditory system for the BOP
wave transduction pathway are included. This contrasts with
use of the ATF, which does not include biological compo-
nents of the ear such as the TM, middle ear ossicular chain,
and cochlea.

Using the new testing method for HPDs, we can evaluate
the attenuation function of deeply inserted EPs, like Lyric.
In comparison of the Lyric with three standard EPs in this
study, 3 dB more P1 insertion loss for Lyric at BOP level of
189 ± 1.3 dB was. This result indicates that the Lyric ear-
plug is 3 dB more protective than the other plugs. Thus, the
earplug in deep canal position (4 to 16 mm insertion depth)
may provide an optimal protection mechanism to BOP at the
mild TBI level (69–138 kPa or 10–20 psi).

In addition to measurements of P1 peak insertion loss for
HPDs in the time domain, the impulse energy spectra analy-
ses on P1 waveforms recorded in open ears and the ears
inserted with EPs were performed in this study. Results from
all tested EPs shown in Figure 7 display the P1 energy distri-
bution over 10 octave bands from below 125 Hz to above
16 kHz. The CAE and Lyric shared some common properties
of the P1 energy distribution over 500 Hz to 2 kHz, and the

FIGURE 8. Waveform/Attenuation comparison between FE model and experimental data. The top panels display the experimentally recorded waveforms
of P0, P1 and P2 from TB15-35L (foam earplug) and TB15-36R (CAE). The bottom panels display the human ear model (HEM)-derived waveforms.
Column (A) shows the results with foam earplug and columns (B) and (C) show the results with the CAE at two different input overpressure P0 levels: (B)
14 kPa and (C) 46 kPa.
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Lyric had lower energy flux than that of CAE (Fig. 7C).
These findings suggest that the P1 waveform induced by dif-
ferent EPs reflects not only the peak pressure attenuation,
but also the impulse energy reaching to the TM over the fre-
quency range. The waveform analysis provides a useful
method to investigate the effects of EPs on P1 pressure
reaching to the TM from the time-domain measures to the
frequency-dependent protective behavior. However, the
mechanism of earplug-induced P1 waveform change on
energy transmission to the middle ear and cochlea needs fur-
ther studies. The FE model simulation of the HPDs may
serve as a promised approach for the research in this area.

Biomechanical Modeling of HPDs in Human Ears
The 3D FE model of the human ear has been developed and
utilized to simulate the BOP transduction through the ear8

and predict the TM injury in relation to blast wave direc-
tion.3 In these previous studies, the model was validated
with the experimental results obtained in human cadaver
ears. The new application of the human ear model to simu-
late the HPDs, including the foam and CAE EPs in the
canal, was conducted in the present study. The comparisons
of model-derived P1 and P2 waveforms and the peak P1
pressure reduction (insertion loss) induced by the foam and
CAE (Fig. 8) are promising for FE model’s future applica-
tions. It is expected that the material properties, structural
designs, and insertion depths can be evaluated in the FE
model.

The nonlinear earplug design requires strong fluid-
structure-interface coupling analyses conducted in Fluent/
ANSYS Mechanical as performed with both foam and CAE
in this study. However, improved modeling simulation is
needed, including the porous viscoelastic material model for
the foam and the involvement of hard plastic core for Triple-
Dome. It should be noted that the model-derived ear
response to the BOP applied at the ear canal entrance is not
only the P1 and P2 pressure waves; the utility of the human
ear model also includes the prediction of velocity streamlines
through the orifice of the Combat Arms into the ear canal
and the TM movement (results not shown here). The FE
model of the human ear and computational method show
great promise in providing enhanced means of designing and
optimizing advanced HPDs.

CONCLUSIONS
The function of four different EPs, including the CAE,
Battle, foam, and Lyric, to attenuate the blast overpressure
reaching to the eardrum has been characterized in human
cadaver ears or TB in this study. The CAE and foam earplug
were also simulated in the ear canal of the 3D FE model of
the human ear to predict blast overpressure transmission
through the ear. Both experiments and FE modeling resulted
in the reduction of P1 pressure (the pressure near the TM in
the ear canal) which represents the effective protection func-
tion of the earplug. Different EPs showed variations in

pressure waveforms transmitted to the TM, which determine
the protection level of EPs.

This is the first time of using cadaver ears to evaluate
HPDs’ function and compare the measurements with the FE
modeling results. The experimental measurements in the ears
with and without EPs provide a valuable database for under-
standing of human ear response to blast waves. These data
will be employed for further prediction of blast-induced
hearing damage and protection methods in the FE model.
Both experimental platform and FE model of the human ear
reported in this study provide new biomechanical characteri-
zation methodologies for HPDs function evaluation and
design improvement.
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a b s t r a c t 

The incudostapedial joint (ISJ) is a synovial joint connecting the incus and stapes in the middle ear. Me- 

chanical properties of the ISJ directly affect sound transmission from the tympanic membrane to the 

cochlea. However, how ISJ properties change with frequency has not been investigated. In this paper, we 

report the dynamic properties of the human ISJ measured in eight samples using a dynamic mechanical 

analyzer (DMA) for frequencies from 1 to 80 Hz at three temperatures of 5, 25 and 37 °C. The frequency–

temperature superposition (FTS) principle was used to extrapolate the results to 8 kHz. The complex mod- 

ulus of ISJ was measured with a mean storage modulus of 1.14 MPa at 1 Hz that increased to 3.01 MPa 

at 8 kHz, and a loss modulus that increased from 0.07 to 0.47 MPa. A 3-dimensional finite element (FE) 

model consisting of the articular cartilage, joint capsule and synovial fluid was then constructed to derive 

mechanical properties of ISJ components by matching the model results to experimental data. Modeling 

results showed that mechanical properties of the joint capsule and synovial fluid affected the dynamic 

behavior of the joint. This study contributes to a better understanding of the structure–function relation- 

ship of the ISJ for sound transmission. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

The incudostapedial joint (ISJ) is a synovial joint connecting the

incus and stapes in the middle ear. ISJ consists of the articular car-

tilage, meniscus, capsule, and synovial fluid [1–3] . The function of

the ISJ is to transmit mechanical vibration of the tympanic mem-

brane (TM) to the stapes and cochlea, and provide flexibility to the

middle ear ossicular chain [4] . The sound transmission function of

the middle ear is closely related to the mechanical properties of

the ISJ [4,5] . Abnormalities of the joint have been shown to im-

pose severe conductive hearing loss, which usually requires sur-

gical reconstruction of the ossicular chain to restore the hearing

[6–10] . Recent experimental studies suggested that the increased

ISJ stiffness (ankyloses) reduced the mobility of the TM and stapes

footplate at 0.5–1 kHz [11] , while the reduced ISJ stiffness (sep-

aration) was related to the stapes mobility loss at high frequen-

cies [12] . These experiments, however, were not specific enough to

characterize the relationship between the ISJ stiffness and middle

ear transfer function without providing the material properties of

the joint quantitatively. 

In addition to experimental studies, the lack of knowledge on

dynamic properties of the ISJ affects the accuracy of finite element
∗ Corresponding author. 

E-mail address: rgan@ou.edu (R.Z. Gan). 
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1350-4533/© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
FE) modeling of the human middle ear. The ISJ has been modeled

s an isotropic elastic solid body [1,13–16] , an isotropic viscoelas-

ic solid body [17,18] , and a synovial joint with viscoelastic capsule

4] in published FE models of the human middle ear. The mate-

ial properties of the ISJ used in these models were determined

hrough the cross-calibration process and had significant variation

cross the models [4,5,16] . 

Experimentally measured data on the mechanical properties of

he ISJ is very limited. Zhang and Gan [19] conducted quasi-static

niaxial loading tests on human ISJ samples and this is the only

ublished biomechanical measurement based on our knowledge.

heir results demonstrated that the ISJ shows viscoelastic behavior

ith nonlinear stress–strain relationship under quasi-static load-

ng. They used a FE model of ISJ to show that the behavior of the

oint was closely related to the mechanical properties of the joint

apsule, cartilage and synovial fluid. However, the human auditory

requency ranges from 20 Hz to 20 kHz which is the normal work-

ng frequency range of the ISJ. Thus, the dynamic properties of ISJ

ver the frequency range may provide a better understanding of

he joint’s transmission function and should be modeled more ac-

urately to describe the joint behavior. 

In this paper, we report the dynamic properties of human

SJ using a dynamic mechanical analyzer (DMA) with frequency–

emperature superposition (FTS). DMA is a widely used system to

easure dynamic properties of materials in the frequency domain.

https://doi.org/10.1016/j.medengphy.2018.02.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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owever, the frequency range of current DMA has limited high

requency access and a method to expand the testing frequency

o high frequency, the FTS principle, has been reported [20,21] .

he FTS principle is an empirical method which relates the effect

f temperature change on dynamic properties of some materials

e.g. polymers) to that of frequency change [22,23] . In the past

wo decades, researchers have applied FTS principle in dynamic

ests of biological tissues such as the bovine brain and vocal-fold

24–26] . Recently, our lab has reported the mechanical properties

f the human TM and stapedial annular ligament (SAL) and the

hinchilla SAL measured using DMA with FTS to extend measured

omplex modulus data of tissues to higher frequencies [27–29] . 

In the present study, the DMA with FTS was used for measuring

ynamic properties of the human ISJ. ISJ samples were measured

n the frequency range of 1–80 Hz at three different temperatures

5, 25 and 37 °C). The average complex modulus of the joints was

btained directly from the experiments. A 3D FE model of the ISJ

onsisting of the articular cartilage, joint capsule and synovial fluid

as then constructed to identify the mechanical properties of ISJ

omponents by matching the modeling results to the experimental

ata. The model was used to investigate the effect of the mechan-

cal properties of the ISJ (the capsule and synovial fluid) on the

ynamic behavior of the joint. 

. Methods

.1. Specimen preparation and experimental setup 

Eight (four left and four right) fresh human temporal bones

TBs) with an average donor’s age of 69 years were involved in this

tudy. All TBs were provided by Life Legacy Foundation, a certified

uman tissue supply source for medical and military research. The

xperiments were conducted within one week after the TB sam-

les were received. The TB samples were covered by wet paper

oaked in a prepared solution made of 0.9% saline and 15% povi-

one at 5 °C to maintain the physiological condition before the ex-

eriment. Each TB was examined using a light microscope to en-

ure that the middle ear appeared normal. The middle ear ossicles

ere then accessed by opening the tegmen tympani and remov-

ng the TM together with the malleus. The scala vestibule of the

ochlea was opened and the stapes footplate was exposed through

he medial side. The TB was then trimmed to a cube with a size of

.5 cm × 1.5 cm × 1.5 cm to expose the ISJ with incus and stapes. A

11 scalpel was used to cut along the SAL to separate the footplate

rom the oval window. Note that special care was applied to keep

he ISJ unstretched during the separation of the footplate from the

ony wall. Finally, the stapedial tendon was removed to assure the

SJ was the only stress-bearing soft tissue in the test. 

The schematic diagram of the experimental setup is shown in

ig. 1 A. The ISJ specimen was fixed onto a sample holder using

opper wire and melted paraffin. The load cell (5 lb, WMC-5-455

ose, Eden Prairie, MN) of the DMA (ElectroForce 3200, Bose, Eden

rairie, MN) was placed between the sample holder and the X –

 translational stage. The translational stage was used for aligning

he ISJ with the load cell in the Z axis under a surgical microscope

Zeiss, OPMI 1-FC), viewing from the front and lateral directions.

he long process of the incus was fixed to the middle ear bony

all using cyanoacrylate gel glue. This type of glue had been val-

dated by previous studies to provide stable fixation on the sur-

ace of biological tissues [19,27] . After the glue dried, a sharp-tip

weezer was used to assure the incus was completely immovable.

he specimen was then raised up to a position where the stapes

ootplate was directly in contact with the lower end of the adapter.

yanoacrylate gel glue was applied between the stapes footplate

nd the wooden adapter connected to the upper grip of the DMA

 Fig. 1 B). During this process, the ISJ stayed straight as shown in
ig. 1 B indicating the structure was intact before the experiment.

fter the glue dried, a preload of 0.02 N compression was applied

n the ISJ specimen before the experiment was started to assure all

amples were tested under the same initial conditions. The preload

as zeroed out before the start of the dynamic tests. The specimen

as placed in a temperature-controlled chamber with a size of

5 cm × 25 cm × 10 cm ( Fig. 1 A). The fluctuation of the temperature

nside the chamber during the test was controlled within ±1 °C by

 system consisting of a thermal couple, a negative feedback circuit

nd a fan delivering hot or cold air. 

For the dynamic measurements, sinusoidal displacements with

n amplitude of 0.1 mm at the frequencies of 1, 2, 5, 10, 20, 40, 60

nd 80 Hz were applied on the stapes footplate, and the force was

easured by the load cell. Each measurement was performed at

hree temperatures: 5, 25 and 37 °C. The moisture of the specimen

as maintained by adding 0.9% saline solution every five minutes

nto the specimen using a syringe. At each frequency and tem-

erature, results recorded in the first five seconds of the test were

bandoned to serve as the preconditioning process. Therefore, each

ynamic test itself included the preconditioning process with ex-

ctly the same testing conditions. 

.2. Dimensions and viscoelastic material model of ISJ specimen 

The ISJ was separated after the completion of the dynamic test.

he lenticular process of the incus and the head of the stapes

ere examined under a microscope. Images of the lenticular

rocess of the incus were captured by a digital camera through

he microscope ( Fig. 2 ). The stapes head was assumed to share

he same geometry with the lenticular process of the incus based

n the histological images provided by Zhang and Gan [19] . Under

he assumption that the cross section of the ISJ was elliptical [19] ,

he lengths of the long axis a and short axis b were measured

y image analysis software (ImageJ). The measurement was based

n calculation of the pixels with a scale calibrated by a standard

 mm scale bar next to the specimen as shown in Fig. 2 . The

argest values of a and b in perpendicular directions were accepted

nd the cross-sectional area of the ISJ was calculated by A = πab /4.

able 1 lists the geometry data from eight ISJ specimens with the

ean and standard deviation. The length of the ISJ could not be

easured by direct observation. Therefore, we used the value of

.28 mm, which was the length of the ISJ capsule measured from

 histology section reported by Zhang and Gan [19] . 

Based on the dimensions of each specimen, the ISJ was ini-

ially assumed as an isotropic viscoelastic body to derive its com-

lex modulus. Even though the quasi-static test of the ISJ reported

he nonlinear behavior of the ISJ, the material model of the joint

an still be considered as linear viscoelastic in this study because

he deformation is small. Both the displacement d applied on the

tapes footplate and the force F measured with the load cell were

inusoid signals for each frequency f , defined as 

 = d 0 e 
i 2 π f t (1) 

 = F 0 e 
i ( 2 π f t+ δ) (2) 

here d 0 and F 0 are the amplitude of the displacement and force,

espectively, and δ is the phase delay between the displacement

nd force. The complex modulus at frequency f is calculated by 

 

E ∗| = 

σ0

E 0 
= 

F 0 /A

d 0 /L 
(3) 

 

′ = | E ∗| cos δ (4) 

 

′′ = | E ∗| sin δ (5)
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Fig. 1. (A) Schematic diagram of the experiment setup. (B) ISJ specimen mounted on the machine observed under a microscope.

Table 1

Dimensions of the ISJ specimens.

ISJ specimen ( N = 8) ISJ-1 ISJ-2 ISJ-3 ISJ-4 ISJ-5 ISJ-6 ISJ-7 ISJ-8 Mean SD

Length: a (mm) 0.95 0.80 0.87 0.86 1.01 0.93 0.91 1.02 0.92 0.07

Width: b (mm) 0.65 0.57 0.65 0.60 0.71 0.68 0.75 0.70 0.66 0.06

Cross sectional area: A (mm 

2 ) 0.485 0.358 0.4 4 4 0.405 0.563 0.496 0.536 0.560 0.481 0.074

Fig. 2. Microscopic image of the lenticular process of the incus after the dynamic

test for geometric measurement.
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where σ 0 , E 0 , A, L, E ∗, E ′ and E ′ ′ are the stress amplitude, strain

amplitude, cross sectional area, length, complex modulus, storage

modulus, and loss modulus of the ISJ, respectively. The inner struc-

ture and the mechanical properties of joint components were not

taken into consideration at this step. 
.3. FTS principle 

The FTS principle was employed to expand the frequency range

f the experimental results. The FTS principle states that the curves

f the complex modulus E ∗ obtained at a reference temperature T 0 
37 °C) can be expressed by 

 

∗( T 0 , f ) = E ∗( T , f/ αT ) (6)

here T is a lower temperature (5 or 25 °C), αT is the shift fac-

or quantifying the temperature’s effect on a material’s dynamic

roperties. The shift factor αT must comply with the WLF equa-

ion which was first introduced by Williams et al. and widely used

or the FTS principle [21,25] : 

og 
αT 

10 = 

C 1 ( T − T 0 )

C 2 + T − T 0 
(7)

here T and T 0 are the absolute temperatures in Kelvin. c 1 is a

imensionless constant and c 2 is a constant with a unit of Kelvin. 

In order to use the FTS principle, the complex moduli mea-

ured from ISJ specimens at 5, 25 and 37 °C were first plotted as

 function of frequency in a logarithmic coordinate system. Then

he 25 °C curves were shifted together horizontally toward higher

requencies to align with the curves obtained from 37 °C (refer-

nce temperature). Subsequently, curves from 5 °C were shifted in

he same way further horizontally to connect with the points be-

onging to the shifted 25 °C curves. In adjacent areas, the high-

requency results obtained from the higher temperature tests were

onnected with the low-frequency results obtained from the lower

emperature tests. Note that the shapes of the curves were hori-

ontally stretched (37 °C) and shrunken (25 °C) in the shifting pro-

ess. Finally, the master curves of complex moduli at the reference

emperature were obtained. The values of αT , c 1 and c 2 could be

etermined by Eqs. (6) and (7) . There are three requirements in

his shifting process for the FTS principle to hold: (1) the shifted

urves in adjacent areas have to be matched perfectly with the

urves from the lower temperature; (2) the shift factors for both
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Table 2

Components and mechanical parameters of the ISJ FE model.

Components Young’s modulus (Pa) Poisson’s ratio Viscosity (cp)

Incus 1.41 × 10 10 0.3

Stapes head 1.41 × 10 10 0.3

Cartilage 1.00 × 10 7 0.3

Capsule E 0 = 2.9 MPa, E 1 = 1.25 MPa , E 2 = 1.9 MPa 

E 3 = 0.12 MPa , τ 1 = 2.6 ms, τ 2 = 0.14 ms 

τ 3 = 0.13 ms 

0.3

Synovial fluid 2.20 × 10 9 (Bulk modulus) 4 × 10 2 

Fig. 3. Axial cross section ( X –Z plane) of the 3D FE model of the ISJ with boundary

conditions.
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oss and storage modulus curves are the same; (3) the shift fac-

ors have to obey the WLF equation, or in other words, values of

 1 and c 2 should have a small standard deviation among all speci-

ens [22,23,27–29] . 

.4. Finite element modeling of ISJ 

ISJ is a synovial joint with a complex inner structure. The rela-

ionship between the measured mechanical properties of the joint

s an isotropic body and the mechanical properties of the compo-

ents inside the joint requires further investigation. In this study,

 3D FE model of the ISJ was developed to attempt to identify

he properties of the joint component. The structure of the FE

odel was similar to the one built in our previous study [19] .

ig. 3 shows the longitudinal cross sectional ( X –Z plane) view of

he model with boundary conditions. The X –Y plane cross section

f the model was elliptical and X -axis represented the long axis.

he length of the long and short axis was 0.92 and 0.66 mm, re-

pectively, which were the mean values listed in Table 1 . The thick-

ess of the incus and stapes in this model were assumed to be

.04 and 0.08 mm, respectively. The distance between the incus

nd stapes was L = 0.28 mm and the thickness of the capsule was

 = 0.08 mm. The thickness of the cartilage covering the lenticu-

ar process and stapes head was set as h = 0.08 mm. The distance

etween the two cartilage layers was D = 0.12 mm. The FE model

as meshed with hexahedral elements in ANSYS 15.0 (ANSYS Inc.,

anonsburg, PA). The lenticular process, stapes, and cartilage were

ssigned as linear elastic Solid 45 elements. The capsule was mod-

led by nonlinear Solid 185 elements of viscoelastic material and

he synovial fluid was modeled as Fluid 80 elements with a con-

tant viscosity. The mechanical properties used in the model are

isted in Table 2 . The Young’s modulus of 14.1 GPa was used for the

ony structures, incus and stapes [16] . The cartilage was consid-

red as a linear elastic material with Young’s modulus of 10 MPa,

he same value as that used by Funnell et al. [1] and Zhang and

an [19] . The bulk modulus and the viscosity of the synovial fluid

ere obtained from Gan and Wang [16] and Zhang and Gan [19] . 

Our previous studies reported that the function of the ISJ

argely depended on the properties of the joint capsule [19] , and

he viscoelastic properties of the joint capsule significantly affected

he behavior of the ISJ over a frequency range of 60 0–60 0 0 Hz [4] .
herefore, the capsule was assumed to be viscoelastic and the val-

es listed in Table 2 were determined by fitting the FE model-

erived force-displacement curves with the experimental results.

he generalized Maxwell model was used to represent the vis-

oelastic behavior of the capsule as 

 

′ ( ω ) = E 0 + 

∑ n

i =1 
E i τi 

2 ω 

2 / 
[
1 + τi 

2 ω 

2 
]

(8) 

 

′′ ( ω ) = 

∑ n

i =1 
E i τi ω/ 

[
1 + τi 

2 ω 

2 
]

(9) 

here ω is the circular frequency ( ω = 2 π f ) and n equals 3 (giv-

ng seven parameters E 0 , E 1 , E 2 , E 3 , τ 1 , τ 2 , τ 3 ) [27–30] . A harmonic

nalysis with the same boundary conditions and frequency was

onducted to simulate the dynamic test. An iteration process was

onducted to determine mechanical properties of the joint cap-

ule by comparing the model-derived curves with the experimen-

al data. 

. Results

.1. Complex modulus obtained from dynamic tests 

Dynamic tests were conducted on eight ISJ specimens to ob-

ain their storage modulus E ′ and loss modulus E ′ ′ . Two typical re-

ults obtained from specimens ISJ-6 and ISJ-8 are shown in Fig. 4 .

he storage and loss modulus measured at each frequency point at

ifferent temperatures were plotted in logarithmic coordinate sys-

em. Generally, the storage and loss modulus increased with in-

reasing frequency or decreasing temperature. The loss modulus

hanged rapidly at frequencies below 5 Hz at 37 °C tests. Relatively

arge slopes were observed at high frequencies ( f > 10 Hz) in both

torage and loss modulus at all three temperatures. The complex

odulus of other ISJ specimens showed similar curves to those

n Fig. 4 . 

The curves of the complex moduli at 5 and 25 °C were shifted

o high frequencies following the FTS principles. The master curves

f samples ISJ-6 and ISJ-8 are displayed in Fig. 5 A and B, respec-

ively. For specimen ISJ-6, the storage modulus was 1.63 MPa at

 Hz and increased to 5.97 MPa at 15 kHz, while the loss modu-

us increased from 0.10 MPa to 1.23 MPa. For specimen ISJ-8, the

torage modulus was 1.58 MPa at 1 Hz and increased to 4.15 MPa

t 15 kHz, while the loss modulus increased from 0.10 MPa to

.85 MPa. In Fig. 5 , the complex modulus-frequency curves were

moothly connected at the adjacent area without discernible dis-

ontinuities. Therefore, the master curves were generally well-

atched which satisfied the first requirement of the FTS principle.

ccasional fluctuations of the loss modulus curves were caused

y the instability of the DMA machine at 80 Hz tests. Both stor-

ge and loss modulus were shifted by the same αT for each speci-

en, which satisfied the second requirement of the FTS. The shift

actors, maximum frequencies and constants c 1 and c 2 obtained

rom eight samples were listed in Table 3 . The mean value with

D of the shift factor from 5 to 37 °C ( α5 ) was 183 ± 13.4. The

ean value with SD of the shift factor from 25 to 37 °C ( α25 ) was

5.5 ± 4.0. The maximum frequency ranged from 12.8 to 16.0 kHz,

hich could cover most of the human hearing frequency range.
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Table 3

The shift factors, c1 and c2 of WLF equation, and maximum frequency of human ISJ samples.

Specimen ISJ-1 ISJ-2 ISJ-3 ISJ-4 ISJ-5 ISJ-6 ISJ-7 ISJ-8 Mean ± SD 

α25 12 15 23 11 18 14 18 13 15.5 ± 4.0 

α5 195 190 177 160 170 184 189 200 183 ± 13.4 

ln α5 5.27 5.24 5.17 5.07 5.13 5.21 5.24 5.29 5.20 ± 0.07 

ln α25 2.48 2.70 3.13 2.39 2.89 2.63 2.89 2.56 2.71 ± 0.24 

c 1 16.1 11.9 8.4 15.3 9.6 12.5 10.2 14.6 12.4 ± 2.8 

c 2 (K) −65 −41 −20 −64 −27 −45 −30 −56 −44.1 ± 17.2

Maximum frequency (kHz) 15.6 15.2 14.1 12.8 13.6 14.7 15.1 16.0 14.6 ± 1.0

Fig. 4. The components of complex modulus curves obtained from the dynamic

tests of ISJ specimens. (A) Data acquired from ISJ-6. (B) Data acquired from ISJ-8.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Two representative master curves of the components of complex modulus at

a reference temperature (37 °C) obtained by FTS principle. (A) Data acquired from

specimen ISJ-6. (B) Data acquired from specimen ISJ-8.
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The SD of c 1 and c 2 were 2.8 and 17.2 K, respectively, which were

smaller than the values in published literature [28] . Therefore, the

third requirement of the FTS is satisfied. 

The master curves of the complex modulus of all eight ISJ sam-

ples were shown in Fig. 6 . The mean complex modulus was cal-

culated over the frequency range from 1 Hz to 8 kHz, the com-

mon frequency range for the eight ISJ samples. Frequencies below

8 kHz is a common range of interest in research on middle ear

mechanics [4,5,14,16,17] . At 1 Hz, the mean storage modulus with

SD was 1.14 ± 0.53 MPa and the loss modulus was 0.07 ± 0.04 MPa.

At 8 kHz, the storage modulus was 3.01 ± 1.06 MPa, and the loss

modulus was 0.47 ± 0.17 MPa. The mean curves in Fig. 6 indicate

that the storage and loss modulus gradually increased with the fre-

quency and the loss modulus had a larger slope than the storage

modulus, especially at frequencies below 20 Hz. This trend shared

some similarities with the viscoelastic behavior of other middle ear

soft tissues reported in the previous studies [27,28] . 
.2. FE model-derived data 

The magnitude and phase of the force on the incus can

e calculated by the complex modulus curves in Fig. 6 and

he geometry data of the ISJ in Table 1 using Eqs. (1 )–(5) . By

atching the FE model-predicted results to the experimental

ata, the mechanical properties of the joint capsule were deter-

ined and listed in Table 2 . The seven viscoelastic parameters

or the ISJ capsule solved from the FE model were E 0 = 2.9 MPa,

 1 = 1.25 MPa , E 2 = 1.9 MPa, E 3 = 0.12 MPa , τ 1 = 2.6 ms, τ 2 = 0.14 ms,

nd τ 3 = 0.13 ms. The black solid line in Fig. 7 A represents the mean

with SD) magnitude of force on the incus measured from eight

SJ samples and the red broken line represents the result ob-

ained from the FE model. The black solid and red broken lines

n Fig. 7 B represent the mean phase shift (with SD) between the
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Fig. 6. The master curves of the components of complex modulus at 37 °C from 8

ISJ samples and the mean master curves of the storage and loss modulus with SD.

Fig. 7. Comparison between the forces on the lenticular process of the incus ob- 

tained from experimental-derived master curves and the FE model simulation. (A)

The force magnitude–frequency curves. (B) The phase–frequency curves. (For inter- 

pretation of the references to color in the text, the reader is referred to the web

version of this article.)
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isplacement and the force obtained from the experiment and FE

odel, respectively. Overall, the model predicted results matched

he experimental data except for phase values at frequencies be-

ow 10 Hz. Since 10 Hz is lower than the normal auditory frequency

ange, the deviations are acceptable. Note that in the frequency

ange of 10–80 Hz where the results were directly obtained from

he experimental data without any extrapolation by the FTS prin-

iple, the experimental data and model prediction still matched

ell. The good matching between the experimental and model-

erived data suggested that the generalized Maxwell model ( n = 3)

as able to characterize the viscoelastic behavior of the joint cap-

ule over the auditory frequency range. 

. Discussion

.1. Comparison with published data 

To the best of our knowledge, though the mechanical properties

f human ISJ under quasi-static loading conditions were reported

19] , there was no published data on dynamic properties of the

SJ in human or experimental animals by the time this paper was

omposed. Results from tension, compression, and stress relaxation

ests by Zhang and Gan [19] demonstrated that the human ISJ ex-

ibited typical viscoelastic behavior. Considering the displacement

mplitude used in the present dynamic test was 0.1 mm, the av-

rage elastic modulus obtained from the 0.1 mm quasi-static ten-

ion and compression reported by Zhang and Gan was used for

omparison. The mean storage modulus at 1 Hz (lowest testing fre-

uency) in current experiment is 1.14 MPa ( Fig. 6 ) and the result

rom quasi-static tests was approximately 1.17 MPa. Considering the

train rate of the sample in 1 Hz dynamic test was comparable to

he condition of the quasi-static test, the mechanical properties of

SJ obtained in this study matched well to that reported in the pre-

ious study. 

.2. Contribution of the FE model of ISJ 

Even though the quasi-static properties of the ISJ [19] and the

nalysis of ISJ structural effect on middle ear transfer function

4] have been reported, the dynamic properties of the joint re-

ain unknown. In this study, the complex modulus of ISJ was ob-

ained experimentally, and the mechanical properties of the joint

apsule were predicted through the FE model of ISJ. To compare

he ISJ mechanical properties obtained in this study with those

sed in the published FE models of the human ear, the ISJ model

n Fig. 3 was replaced by two solid models of ISJ: linear elas-

ic and viscoelastic replaced by two solid models of the ISJ, lin-

ar elastic [16] and viscoelastic [18] , respectively. The linear elas-

ic model of ISJ was based on the material properties used by

an and Wang [16] with a Young’s modulus of 0.6 MPa. The vis-

oelastic ISJ model was based on the material properties reported

y Zhang and Gan [18] as the standard linear viscoelastic mate-

ial with E 0 = 0.4 MPa, E 1 = 20 MPa, and τ 1 = 20 μs. Fig. 8 shows the

esults of two material models of the ISJ in comparison with the

xperimental data and FE model results of this study. As shown

n Fig. 8 A, the linear elastic ISJ is unable to simulate frequency-

ependent behavior of the joint, and there is no phase shift for

he linear elastic ISJ in Fig. 8 B. The force magnitude derived from

he viscoelastic ISJ is lower than the experimental results at low

requencies and higher at high frequencies ( f > 800 Hz). The phase

ngle of the derived force on the joint shown in Fig. 8 B displays a

uge increase at f > 30 Hz when the ISJ was molded as viscoelas-

ic material. This indicates that the absence of the synovial fluid,

artilage, and viscoelastic joint capsule may not represent the dy-

amic behavior of the ISJ over a broad frequency range. However,

uture study on using dynamic properties of the ISJ in the human
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Fig. 8. Comparison between the forces on the lenticular process of the incus ob- 

tained from experimental-derived master curves and the FE models based on differ- 

ent material properties. (A) The force magnitude–frequency curves. (B) The phase–

frequency curves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Curves describing the force on the lenticular process of incus derived from 

the FE model simulation with different levels of synovial fluid viscosity. (A) The 

force magnitude–frequency curves. (B) The phase–frequency curves. 
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ear model may provide more insights for ISJ mechanical function

for sound transmission. Fig. 8 demonstrates that the model results

can be used to simulate the ISJ in the human middle ear model

with higher accuracy comparing to previous models over the audi-

tory frequency range. 

In addition to providing the values of mechanical properties of

the joint components, the FE model of the ISJ may also be used to

evaluate the contribution of each component to the overall stiff-

ness of the joint over the frequency range. The previous ISJ mod-

eling suggested that the behavior of the joint was sensitive to the

viscosity of the synovial fluid [4,19] . To confirm this observation,

we conducted an analysis in the current ISJ model by varying the

viscosity of the synovial fluid from 100 to 0.1 poise and calculating

the force induced on the incus over frequencies of 1 Hz to 8 kHz

as shown in Fig. 9 . The model-derived force magnitude in rela-

tion to frequency is shown in Fig. 9 A, and the phase shift between

the displacement and force is shown in Fig. 9 B. Note that the vis-

cosity of the synovial fluid inside the articular joint changed from

100 to 0.1 poise when the shear rate increased from 0 to 50 0 0/s

due to the shear-thinning effect of the synovial fluid [31] . Dur-

ing the deformation process of the ISJ, the synovial fluid experi-

enced shearing. Based on a broad frequency range of the results in

Fig. 9 (1–8 kHz), the shear rate of the synovial fluid would increase
ith the testing frequency which might make the shear-thinning

ffect unneglectable. Considering that the frequency of the results

n Fig. 9 was obtained by extrapolation, the values of the shear rate

f the synovial fluid was difficult to be determined quantitatively

rom the frequency values. Therefore, values between 0 and 50 0 0/s

ere used to make a qualitative estimation on the shear rate of the

ynovial fluid in the ISJs in this study to illustrate how the thinning

ffect of the synovial fluid will affect the behavior of the joint. Vis-

osity of 4 poise was used as the normal value for synovial fluid

sed in this study. As shown in Fig. 9 , there was no significant dif-

erence in magnitude or phase of the force at low frequencies. The

uid viscosity started showing effects on the force magnitude at

 kHz ( Fig. 9 A) and on the phase at 60 Hz ( Fig. 9 B). It can be said

hat the synovial fluid is a typical bioviscoelastic fluid whose stor-

ge and loss shear modulus increase with the shear rate [31] . In

his study, the shear rate of the fluid is proportional to frequency

n dynamic tests. Higher testing frequency results in higher storage

nd loss modulus of the synovial fluid, which increase the stiff-

ess and energy dissipation of the entire ISJ structure. The change

f mechanical properties of the ISJ was demonstrated by the in-

reased force magnitude and phase of the incus in the FE model.

onclusively, the viscosity of the synovial fluid contributes to dy-

amic behavior of the ISJ mostly at high frequencies. 
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This study is the first report on dynamic properties of the hu-

an ISJ and we attempt to describe the properties of ISJ com-

onents based on a FE model of the joint. However, the mea-

urement of the ISJ geometry was relatively coarse, especially the

arameters which are unable to be measured directly in this study,

uch as the m, L, h and D as shown in the model of Fig. 3 . Zhang

nd Gan [19] reported that the thinner cartilage ( h decreased)

ould result in a reduced compressive stiffness of the ISJ. There-

ore, if the h value used in the FE model is lower than the value

n the experiment, the viscoelastic parameters of the joint capsule

 E 0 , E 1 ) obtained from the simulation would be higher than the

rue values. Moreover, the thickness of the capsule m is not di-

ectly measured either. Given the displacement-force relationship

btained from the FE model unchanged, the stiffness of the joint

apsule would be negatively correlated with the value of m . In

ur future studies, we will explore the optic coherence tomogra-

hy technique for measuring the ISJ structure. The accurate mor-

hological data of ISJ will improve not only the experimental re-

ults, but also the FE model of the joint [32] . In addition to the

SJ’s geometry parameters, the material properties of some com-

onents such as the cartilage are simplified as linear elastic in FE

imulation. The frequent-dependent behavior of the cartilage was

ot involved in modeling analysis. The results provided by Zhang

nd Gan [19] indicated that the stiffness of the ISJ increased with

he elastic modulus of cartilage, but the effect was less significant

han that of cartilage thickness. Gan and Wang [4] suggested that

he effect of the elastic modulus of the cartilage on the mobility

f the incus was decreased with frequency if the cartilage was lin-

ar elastic. Another recent study indicated that the transfer func-

ion of the middle ear was closely related to the pretension inside

he ossicular chain [33] . In this study, the pretension of the ossic-

lar chain was released during the specimen preparation process

nd the initial status of the ISJ tested in the experiments was dif-

erent from the physiological condition. In future studies, we may

onsider conducting the mechanical measurement with an intact

ssicular chain. 

. Conclusion

Dynamic properties of human ISJ samples at 1–80 Hz were

easured by DMA and the frequency range of the results was ex-

rapolated by FTS principle to 8 kHz. The experimental data has

een analyzed with a FE model of the joint. The mean value of

torage modulus increased from 1.14 MPa at 1 Hz to 3.01 MPa at

 kHz and the loss modulus increased from 0.07 MPa at 1 Hz to

.47 MPa at 8 kHz. The 3D FE model of the human ISJ was used

or identifying mechanical properties of the joint components by

atching the model-derived data to the experimental results. The

iscoelastic properties of the joint capsule were determined by us-

ng a 7-term generalized Maxwell model. The FE analysis indicated

hat the mechanical properties of the ISJ capsule and the viscosity

f the synovial fluid affect the dynamic behavior of the joint. The

esults reported in this paper provide useful data for improving

he accuracy of FE models of the human middle ear and contribute

o a better understanding of the structure–function relationship of

he ISJ. 
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Biomechanical Measurement and Modeling of Human Eardrum
Injury in Relation to Blast Wave Direction

Rong Z. Gan, PhD; Kegan Leckness, MS; Don Nakmali, MS; Xiao D. Ji, PhD

ABSTRACT Rupture of the eardrum or tympanic membrane (TM) is one of the most frequent injuries of the ear
after blast exposure. To understand how the TM damage is related to blast wave direction, human cadaver ears were
exposed to blast waves along three directions: vertical, horizontal, and front with respect to the head. Blast overpres-
sure waveforms were recorded at the ear canal entrance (P0), near the TM (P1), and inside the middle ear (P2).
Thirteen to fourteen cadaver ears were tested in each wave direction and the TM rupture thresholds were identified.
Results show that blast wave direction affected the peak P1/P0 ratio, TM rupture threshold, and energy flux distribution
over frequencies. The front wave resulted in lowest TM rupture threshold and the horizontal wave resulted in highest
P1/P0 ratio. To investigate the mechanisms of TM injury in relation to blast wave direction, the recorded P1 wave-
forms were applied onto the surface of the TM in a three-dimensional finite element model of the human ear and distri-
butions of the stress in TM were calculated. Modeling results indicate that the sensitivity of TM stress change with
respect to P1 pressure (dσ/dP1) may characterize mechanical damage of the TM in relation to blast waves.

INTRODUCTION
Exposure to high-intensity sound or blast overpressure
waves is considered to be an intrinsic situation faced by mili-
tary personnel involved in combat operations. Over 60% of
wounded-in-action service members have tympanic mem-
brane (TM) injuries, tinnitus, and/or hearing loss.1,2 The pri-
mary blast injury to the ear is caused by direct effect of the
blast overpressure wave upon the TM and middle ear ossic-
ular chain. Rupture of the TM is one of the most frequent
injuries of the ear and has been investigated in animals and
humans with wide variability.3,4

A recent study on chinchilla blast model by Gan et al.5

reported the relationships between the TM rupture threshold,
the TM damage pattern, and the overpressure waveforms. The
results demonstrated that the TM rupture threshold was closely
related to pressure waveforms at the entrance of the ear canal.
The waveforms recorded under the shielded case had almost
equal positive–negative pressure phases while the waveforms
recorded in the open field had the positive pressure only. The
TM rupture threshold measured in the shielded case was much
lower than that in the open field. These findings in animal blast
model brought further research requests on identifying human
TM damage after blast exposure and the TM rupture threshold
in relation to blast overpressure wave direction.

This paper reports our current study of measuring blast
wave transmission through the human ear under three differ-
ent incident blast directions with respect to the head or ear.
In addition to experimental tests in human cadaver ears, a
three-dimensional (3D) finite element (FE) model of the

human ear for blast simulation was developed to simulate
blast overpressure transduction through the ear.6 The mecha-
nisms of TM damage in relation to blast wave direction were
characterized using this model.

The goal of this study is to determine the relationships
between the TM rupture threshold and blast wave directions.
Both the experimental measurements and computational model-
ing of blast wave transduction from the ear canal to middle ear
will provide important data for prediction of TM injury and
hearing damage induced by blast exposure in the battlefield.

METHODS

Experimental Setup and Protocol
A “head block” attached with human cadaver ear or temporal
bone and mounted with two pressure sensors has been devel-
oped in our lab to measure the transfer functions of the ear canal
and middle ear in response to blast overpressure. In addition to
two pressure sensors inside the ear, the third sensor is placed at
the entrance of the ear canal. The three pressure sensors are
simultaneously monitoring the blast pressure at the entrance of
the ear canal (P0), near the TM in the canal (P1), and behind
the TM in the middle ear (P2) as shown in Figure 1. The pres-
sure sensor P0 (Model 102B16, PCB Piezotronics, Depew, NY)
is placed at 1 cm lateral to the ear canal opening with the sens-
ing surface facing the blast. The other two sensors P1 and P2
(Model 105C02, PCB Piezotronics) are placed at 3mm from
the TM in the canal and inside the middle ear cavity through
the Eustachian tube, respectively. The P0 and P1 difference
shows the transfer function of the ear canal in response to blast
wave, and the difference between P0 and P2 or between P1 and
P2 shows the middle ear transfer function or indicate how much
sound pressure is transmitted into the middle ear in both time
and frequency domains, respectively.
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The “head block” was exposed to open-field blast inside
an anechoic test chamber along three directions: the vertical,
horizontal, and front with respect to the head as shown in
Figure 2. A total of 41 fresh human temporal bones (TBs)
were used in this study for testing of three wave directions:
from the top of the head – the vertical setup (13 TBs, donors’
average age 66.2 ± 6.6), from the lateral to the ear – horizon-
tal setup (14 TBs, donors’ average age 64.5 ± 9.6), and from
the front of the face – the front setup (14 TBs, donors’ aver-
age age 73.7 ± 7.1). The setups along these three directions
with the pictures of head block are displayed in Figure 2. The
TBs were obtained from Life Legacy Foundation, a certified
human tissue supply source for military research. The study
protocol was approved by the US Army Medical Research
and Material Command Office of Research Protections.

All experiments on human TBs were performed in the
Biomedical Engineering Laboratory at the University of

Oklahoma. A well-controlled compressed air (nitrogen) –

driven blast apparatus located inside an anechoic chamber
was used to create a blast overpressure wave in this study.5–7

Polycarbonate film (McMaster-Carr, Atlanta, GA, USA) of
either 130 μm or 260 μm thick was employed to generate
blast overpressure of at least 30 psi (207 kPa or 200 dB SPL).
The overpressure level was controlled by varying the distance
from the blast reference plane.

The pressure sensor signal was measured by cDAQ 7194
and A/D converter 9215 (National Instruments Inc., Austin,
TX, USA) with the sampling rate of 100 k/s (10 μs dwell
time). The LabVIEW software package (NI Inc.) was used for
data acquisition and analysis. The waveform of each blast test
was saved in a PC for further analysis.

It usually took three-to-four iterations of blast tests to reach
the TM rupture threshold defined as the peak pressure before
the TM rupture. That means if the TM ruptured after the third
blast, the threshold was the peak pressure level of the second
blast. The initial blast pressure level was selected based on the
system calibration using different films and changing the dis-
tance between the sensor surface and the blast reference plane.
The number of blast tests also varied with individual TBs due
to the variation among the human samples and setups. To
confirm the TM damage, an otoscopic examination of the ear
was performed first and further verification was done using
wideband tympanometry to determine whether the TM was
ruptured.5 When the TM was found without rupture, the next
blast test was conducted with an increase of overpressure
level. The testing stopped when the ear was ruptured. Note
that the TM rupture threshold is a parameter to describe TM
tissue damage in relation to the pressure force reaching the
TM surface during blast exposure, which may not only
depend on pressure level but also the exposure times before
the rupture. However, in this study, the time interval between
exposures was very short and the mechanical change of TM
tissue in previous exposure was neglected.

FIGURE 1. Schematic of simultaneously measuring blast overpressure
transduction through the ear with three pressure sensors.

FIGURE 2. Schematic of three blast wave directions with respect to the head and the pictures of experimental setup with the head block along the vertical,
horizontal, and front wave directions inside the test chamber. The blue arrow in each picture shows blast wave origination for the vertical, horizontal, and
front setup test, respectively.
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Waveform Analysis
Blast pressure energy spectra analysis on recorded wave-
forms (P0, P1, and P2) in the time domain was conducted in
MATLAB to determine the signal energy distribution over
the frequencies under three blast wave directions. First, the
recorded pressure waveforms were converted to pressure dis-
tributions over the frequencies of 0.2–20 kHz by using FFT
spectral analysis. Next, following the methods of impulse
signal energy distribution theory reported by Gan et al,5 the
total sound exposure was divided by the standard character-
istic impedance of the air ρc as impulse energy flux (energy
per unit area) and expressed as:

E
c

p t dt*
1

( ) , [J/m ] (1)

T

0

2 2∫ρ
=

where p(t) is the instantaneous value of acoustic pressure in Pa
or N/m2, dt is the time increment for scanning of acoustic pres-
sure in seconds, T is the duration of P(t), and ρc = 406mks
rayls to produce a quantity with units of energy flux (i.e., J/m2).
Both ρ and c are pressure-dependent in the shock front. The
duration of T = 6ms was used for calculation in the present
study.

Eight octave band-pass filters with center frequencies at
125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, 8 kHz, and
16 kHz were designed. A low pass filter L125 and a high pass
filter H16k were also designed to catch signals at frequencies
lower than 125Hz and higher than 16 kHz. The filtered signals
were then generated and the sound energy in each band was
calculated as the distribution of pressure energy flux over 10
bands. Instead of directly comparing the energy flux values in
the three wave directions, the energy in each band was normal-
ized with respect to the total sound energy in that band.

Finite Element Modeling
The 3D FE model of the human ear developed by Gan
et al8 for sound transmission and being used for TM per-
foration studies was employed to simulate the blast wave

transmission through the ear as shown in Figure 3. The FE
model consisted of the ear canal, TM, TM annulus (TMA),
three ossicles connected by two joints: incudomelleolar joint
(IMJ) and incudostapedial joint (ISJ), middle ear suspensory
ligaments/muscle tendons, stapedial annular ligament (SAL),
and the middle ear cavity. The cochlea was not included in
this initial model, but the cochlear load was applied on the
stapes footplate by a mass block-dashpot system with the
cochlear input impedance of 20 GΩ.8 The cochlear imped-
ance was defined as the pressure per unit volume velocity of
stapes footplate.

This FE model of the human ear was regenerated in
ANSYS Workbench (ANSYS Inc., Canonsburg, PA, USA)
where Fluent/ANSYS Mechanical coupled fluid–structure
interaction analyses were employed to compute blast over-
pressure transduction from the environment to the TM and
middle ear.6 Briefly, the viscoelastic material properties were
assigned to soft tissues in the middle ear including the TM,
TMA, IMJ, ISJ, and SAL. The experimentally recorded P0
waveforms from the head block with cadaver TBs were
applied onto the boundary at the entrance of the ear canal
and the pressure waveforms P1 and P2 were then calculated
and compared with those measured from the experiments.
Note that the detailed description and validation of the FE
model of the human ear for blast overpressure wave trans-
duction can be found in Leckness’ MS thesis (2016).6

The FE model was employed to investigate the mecha-
nisms of TM injury under recorded P1 profiles from the ver-
tical, horizontal, and front directions in this study. The P1
overpressure waveforms recorded from multiple iterations of
blast tests in 14 temporal bones (four from the vertical direc-
tion and five from the horizontal and front directions) were
applied to the surface of the TM in the FE model. The equiv-
alent (von Mises) stress was used as a measure of the stress
state of the TM and the maximum stress distributions on the
TM were calculated. The sensitivity of TM stress with
respect to P1 pressure increase, that is the TM stress gradient
with respect to P1, d dP/ 1σ , was then calculated from the
model based on experimental P1 waveforms of pre-threshold

FIGURE 3. (Left) FE model of the human ear comprised of the ear canal, TM, middle ear ossicles, and middle ear cavity. The locations for pressure moni-
toring points are designated as P0, P1, and P2. (Right) Structural mesh of the model, showing the TM, TMA, middle ear ossicles, IMJ, ISJ, suspensory liga-
ments/muscle tendons (all Cs and SAL), and cochlear load.
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up to rupture level. Usually two-to-four pressure waveforms
per cadaver ear or temporal bone were involved in modeling
calculation for d dP/ 1σ .

RESULTS

Blast Experiment
Figure 4 shows typical overpressure waveforms of P0, P1,
and P2 recorded from three cadaver ears in the vertical, hori-
zontal, and front tests (before the TM rupture). The pressure
waves are displayed in 2 ms of time duration and the positive
overpressure is followed by negative pressure. As shown in
Figure 4, the peak P0 level was around 50 kPa or 7.5 psi or
188 dB SPL for all three tests. The P1 peak pressure shows a
substantial increase compared to the P0 pressure in all wave
direction tests. The results demonstrate the ear canal effect
on enhancing the impulse pressure level near the TM in the
canal.

The otoscopic photos displayed in Figure 5 illustrate the
TM damages observed at the vertical (V), horizontal (H),
and front (F) tests with the peak P0 pressure level of 191,
186, and 189 dB SPL (or 11, 6, and 8 psi), respectively.
There is no consistent TM rupture pattern observed from the
experiments at different wave directions. However, in the
most ruptured TM samples, the damage along the TM-radial
fiber direction is observed, which is consistent with that the
circumferential fibers of the TM have lower fracture strength
and would break before the radial fibers. In some TM

samples, the rupture area is near the manubrium or inferior
side of the TM along the radial direction.

Table I lists the mean and standard deviation (SD) of P0,
P1, P2, ratio of P1/P0 and the TM rupture P0 and P1 thresh-
olds obtained from all tests along three blast wave directions:
V, H, and F. The P1 rupture threshold was determined by
multiplying the P1/P0 ratio and the P0 rupture threshold for
each direction. The results in Table I show that the P0 rup-
ture threshold for the V and F directions are comparable and
that the P0 threshold in H-direction is significantly lower
than the other two directions. Conversely, the P1/P0 ratio in
H-direction is well above the others. It is also observed from
Table I that the P1 rupture threshold (the pressure that is
directly responsible for TM damage) is similar for the V and
H directions, at 20.2 and 20.1 psi, respectively. Interestingly,
the results indicate that the F direction requires less pressure
as measured at P1 to rupture the TM.

Waveform Analysis
Figure 6 displays the comparison of impulse energy flux
(energy per unit area in unit J/m2) distributed in 10 frequency
bands from the below 125Hz to over 16 kHz obtained from
waveforms recorded in three wave direction tests. The results
demonstrate that (1) P0 pressure-induced energy is mainly dis-
tributed at frequencies below 1 kHz and there is a large peak
for V direction at 500 Hz as shown in Fig. 6A; (2) P1 pressure-
induced energy is distributed mainly at frequencies up to 4 kHz
as shown in Fig. 6B; and (3) blast waves at F and H directions

FIGURE 4. Overpressure waveforms of P0 (black), P1 (red), and P2 (green) recorded from three cadaver ears or temporal bones under the vertical
(V, left), horizontal (H, medium), and front (F, right) tests. TB15-13L, TB15-21L, and TB15-36R represent the temporal bone (TB) samples.

FIGURE 5. Otoscopic pictures of human TMs ruptured after blast exposure. (A) Vertical test, left ear, TM ruptured in the superior-posterior region; (B)
horizontal tests, left ear, TM ruptured in the inferior side; (C) front test, right ear, TM ruptured in the superior-posterior region.
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result in relatively large energy flux of both P0 and P1 at fre-
quencies below 125Hz.

FE Modeling
The average maximum stresses induced by the P1 rupture
threshold waveforms were 16.2 ± 3.0, 16.3 ± 2.4, and 14.3 ±
2.5MPa for the vertical, horizontal, and front directions,
respectively. The average maximum stresses induced by the P1
waveforms that caused visible TM damage were 20.3 ± 1.2,
18.8 ± 2.0, and 15.5 ± 3.5MPa for the vertical, horizontal, and
front directions, respectively. An example of TM stress distri-
bution at the time of maximum stress due to an applied P1
waveform of 134 kPa maximum pressure is displayed in
Figure 7. As shown in this figure, the maximum stress
reached 16 MPa and the regions of highest stress were
along the anterior portion of the TMA, the posterior to the
center of the manubrium, and the inferior to the bottom of
the manubrium. These locations may indicate potential
sites for TM rupture.

To understand the mechanism behind the experimental find-
ings, the sensitivity of TM stress with respect to P1 pressure
increase as the TM stress gradient with respect to P1, d dP/ 1σ ,
were calculated from the four cadaver ears at the V direction
test and five at the H and F direction tests, respectively. As an
example, Figure 8A–C show a series of P1 pressure waveforms
over 0.5ms duration from three temporal bone experiments in
V, H, and F direction test, respectively. The P1 waveforms

recorded from 3 to 4 blasts to reach TM rupture were used to
calculate d dP/ 1σ in V, H, and F directions using the model.

All the data points of the maximum stress in the TM vs.
the maximum (peak) P1 pressure obtained along the V, H,

TABLE I. Mean and SD of Peak Pressure Values P0, P1, and P2, Ratio of P1/P0 and the TM Rupture P0 and P1 Thresholds

Blast Wave Direction TB Sample P0 (psi) P1 (psi) P2 (psi) P1/P0 Threshold P0 (psi) Threshold P1 (psi)

Vertical Mean ± SD
(N = 13)

8.9 ± 1.8 19.3 ± 3.3 2.3 ± 1.6 2.2 ± 0.5 9.2 ± 1.7 20.2 ± 2.2

Horizontal Mean ± SD
(N = 14)

6.4 ± 2.1 19.0 ± 6.1 2.2 ± 1.4 3.0 ± 0.7 6.7 ± 1.2 20.1 ± 1.9

Front Mean ± SD
(N = 14)

9.8 ± 2.0 16.3 ± 3.3 2.1 ± 0.7 1.7 ± 0.4 9.8 ± 2.1 16.7 ± 2.5

FIGURE 6. Comparison of normalized energy flux over 10 octave bands from below 125 Hz to above 16 kHz between the waveforms recorded in vertical,
horizontal, and front tests. (A) Mean and SD of energy flux for P0 waveforms; (B) mean and SD of energy flux for P1 waveforms.

FIGURE 7. FE model-derived distribution of the equivalent (von Mises)
stress in the TM when the maximum stress was reached under the vertical
wave direction.
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and F blast direction tests were plotted in Figure 8D.
Statistical correlation was then applied to determine the
best-fit line for the data points at each direction. Figure 8D
shows the comparison of the slope (i.e., stress gradient)
d dP/ 1σ at three directions. The mean value of stress gradi-
ent with respect to pressure P1 was calculated as 74.1,
73.0, and 96.7 for V, H, and F direction, respectively.

DISCUSSION

Mechanisms of TM Rupture in Relation to Blast
Wave Direction
The energy analysis results shown in Figure 6 suggest that P1
pressure waveform should be considered as a primary factor
for blast-induced TM damage because P1 energy distributions
on octave bands are similar for all three wave directions and
concentrated from 500 Hz to 4 kHz. Moreover, the P1 pres-
sure is measured near the TM which represents the pressure
force reaching the TM surface during blast exposure. Thus,
the P1 threshold for TM damage is more accurately represent
the pressure applied to the TM than the P0 threshold. The
experimental results shown in Table I indicate that P1 thresh-
old in F direction is lower than V and H directions, or in other

words, the blast wave from front of the face (F direction) is
easier to cause TM rupture than other blast wave directions.
Now the question is: why does the front direction of blast
wave result in a lower P1 threshold for TM damage?

To answer this question and understand the mechanism
behind the experimental findings, the FE model of the human
ear was used to compute the distributions of the stress in the
TM and derive the sensitivity of TM stress with respect to P1
pressure increase as the TM stress gradient with respect to P1,
d dP/ 1σ . The results shown in Figure 8 indicate that the change
of maximum stress in the TM with respect to P1 peak pressure
increase in the front direction is higher than other two direc-
tions. The high sensitivity of TM stress with respect to the P1
pressure in front setup, or the blast wave coming to the face,
may characterize mechanical damage of the TM induced by
blast. The average maximum stress was lowest for the front
direction, as was the average P1 rupture threshold; this suggests
that neither stress level nor P1 level alone determines TM fail-
ure, but that TM failure is best predicted by the rate change of
stress with respect to maximum P1 pressure reaching the TM.

This finding agrees with the study reported in chinchilla
TM damage by Gan et al.5 The variation of TM stress in
chinchilla ear with respect to blast overpressure level showed

FIGURE 8. (A), (B), and (C) represent the P1 pressure waveforms with incremental peak pressure level from initial test 1 to TM rupture recorded from a
temporal bone sample TB15-3L in V direction test, from sample TB15-33L in H-direction test, and from sample TB15-36R in F direction test, respectively. (D)
Plots of FE model-derived maximum stress in the TM vs. P1 peak pressure obtained from V direction (N = 4), H direction (N = 5), and F direction (N = 5).
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obvious difference between the open and shielded exposures
in Gan’s paper (Figure 10 of that paper). The rapid change
of stress σ to the pressure loading p, or the higher dσ/dp
value in shielded case than the open case, resulted in a lower
threshold of TM rupture in chinchilla blast experiments. The
present study in human TM damage during the blast expo-
sure also shows that the rate of stress change with respect to
the overpressure loading is a parameter to characterize TM
tissue damage caused during the blast exposure.

Additional Insight from This Work
This is the first time the TM damage in relation to blast over-
pressure wave direction has been investigated using the
human cadaver ears and 3D FE model of the human ear. The
available studies in the literature on the effect of blast direc-
tion on tissue injury are mainly in the areas of brain
responses to different blast or impact directions using the
computational modeling approach. For example, a recent
study by Sarvghad-Moghaddam et al9 reported their FE
analysis of the human head model with the helmet and face-
shield under three blast wave directions: the front, back, and
side of the head. The calculated intracranial pressure and the
maximum shear stress were used as the major injury predic-
tors for evaluation of helmet and faceshield protections.
Sarvghad-Moghaddam et al found that the underwash inci-
dence overpressure greatly changed with the blast direction.
However, the main limitation of their study and probably
similar blast-head interaction studies is lack of validation of
the head model against blast loads as stated in their paper.

Compared with the published works in head injury in rela-
tion to blast direction, the present study includes both the
experimental tests in human cadaver ears and the FE modeling
of the TM maximum stress increasing with blast pressure
loads. The results and findings from this study have general
contributions for providing the TM rupture threshold data and
the mechanisms of TM damage during blast exposure. The
results reported in this paper can be used in clinics for under-
standing or explaining the TM damage in relation to blast
exposure for military Service members regarding their specific
experiences in the battlefield. However, there are still many
questions to be answered, including the TM damage after
repetitive blast exposures and the relationship between the
mechanical injuries of the TM and the cochlear damage during
blast exposure. The investigation along this direction on mech-
anisms of the TM and other ear tissue damages in relation to
blast overpressure waveforms is needed for development of
the failure criteria for TM, a multiple layer, viscoelastic mem-
brane tissue, in response to blast overpressure.

CONCLUSIONS
The relationship between the TM damage threshold and blast
overpressure wave direction has been investigated in human

cadaver ears or temporal bones and the FE model of the human
ear. The “head block” attached with the temporal bone was
exposed to open-field blast inside the test chamber at three inci-
dent wave directions: vertical, horizontal, and front with respect
to the head. Results demonstrate that blast overpressure P0 at
the ear canal entrance induced the highest peak pressure P1
near the TM in the canal, which determines the TM injury. The
P1 pressure differences in vertical, horizontal, and front tests
reflect the variations of energy flux distribution over frequen-
cies, peak P1/P0 ratio, and TM rupture threshold. FE modeling
results indicate that P1 threshold for TM rupture in front direc-
tion is the lowest because of the highest TM stress change rate
with respect to P1 pressure increase, δσ/δp1, compared with the
vertical and horizontal directions.
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Computational Modeling of Blast Wave Transmission Through
Human Ear

Kegan Leckness, MS; Don Nakmali, MS; Rong Z. Gan, PhD

ABSTRACT Hearing loss has become the most common disability among veterans. Understanding how blast waves
propagate through the human ear is a necessary step in the development of effective hearing protection devices (HPDs). This
article presents the first 3D finite element (FE) model of the human ear to simulate blast wave transmission through the ear.
The 3D FE model of the human ear consisting of the ear canal, tympanic membrane, ossicular chain, and middle ear cavity
was imported into ANSYS Workbench for coupled fluid–structure interaction analysis in the time domain. Blast pressure
waveforms recorded external to the ear in human cadaver temporal bone tests were applied at the entrance of the ear canal in
the model. The pressure waveforms near the tympanic membrane (TM) in the canal (P1) and behind the TM in the middle
ear cavity (P2) were calculated. The model-predicted results were then compared with measured P1 and P2 waveforms
recorded in human cadaver ears during blast tests. Results show that the model-derived P1 waveforms were in an agreement
with the experimentally recorded waveforms with statistic Kurtosis analysis. The FE model will be used for the evaluation
of HPDs in future studies.

INTRODUCTION
Hearing loss is the most common disability among veterans,
and is often caused by exposure to high-intensity sound or blast
overpressure waves that are considered to be an intrinsic even-
tuality faced by military personnel involved in most operational
activities. Blast overpressure is a high-intensity disturbance in
the ambient air pressure that is characterized by an intense
impulse sound wave of over 170 dB sound pressure level
(SPL).1 When exposed to a blast, the human auditory system is
vulnerable to both peripheral and central damage from the
overpressure.2,3

In a previous study by Gan et al,4 the experimental measure-
ment and finite element (FE) modeling methods were used to
investigate blast-wave-induced tympanic membrane (TM) rup-
ture in two cases in chinchillas: the open-field and shielded
cases. Eighteen animals were tested under two cases (nine for
each) and the stainless steel cup was used as a shield. A com-
pressed nitrogen-driven blast apparatus located inside an
anechoic chamber in the Biomedical Engineering Laboratory at
the University of Oklahoma was used to generate blast over-
pressure. The resulting waveforms were then recorded and TM
rupture was observed. Driven by experimentally measured
pressure waveforms, the FE model of the chinchilla middle
ear5 was used to develop the stress distributions in the TM for
the open-field and shielded cases. The stress gradients with
respect to the maximum incident pressure were then derived to
explain why the shielded chinchillas’ TMs ruptured at much
lower pressure levels than those without a shield.

In this article, we report our recently developed three-
dimensional (3D) FE model of the human ear to simulate
blast wave transmission through the ear. The purpose of this
study is to provide a 3D computational model for the improve-
ment of current auditory hazard assessment models and for a
better understanding of blast wave transmission through the
human ear.

A 3D human ear model published by Gan et al6 consisting
of the ear canal, TM, ossicular chain, and middle ear cavity
was used in this study. Fluent/ANSYS Mechanical coupled
fluid–structure interaction (FSI) analyses were employed to
compute blast overpressure transduction from the environment
to the TM and middle ear. Fresh human cadaver temporal
bones (TBs) with all soft tissue intacts were subjected to blast
exposures from three directions (vertical, horizontal, and front)
inside the test chamber. The pressures at the ear canal entrance
(P0), near the TM in the canal (P1), and behind the TM in the
middle ear cavity (P2) were simultaneously monitored. The P0
waveforms measured in cadaver ears were applied at the
entrance of the ear canal of the FE model. The P1 and P2 pres-
sures were calculated from the model. The model-derived
results were compared with experimentally measured P1 and
P2 waveforms from human cadaver ears. The comparisons
show that the FE model of the human ear is able to predict blast
overpressure transmission through the ear canal into the middle
ear. The model will be used for the evaluation of hearing pro-
tection devices (HPDs) in future studies.

METHODS

FE Model
Human ear FE model geometry built on a set of histological
cross-sectional images of a human TB reported by Gan et al6

was remeshed in HyperMesh 12 (Altair Engineering, Inc.,

School of Aerospace and Mechanical Engineering, University of
Oklahoma, 865 Asp Avenue, Norman, OK 73019.
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Troy, MI, USA) using tetrahedral and wedge elements. The
model consists of the ear canal, TM (pars flaccida and pars ten-
sa), TM annulus (TMA), manubrium, ossicles and associated
suspensory ligaments, incudo-malleolar joint (IMJ), incudosta-
pedial joint (ISJ), and stapedial annular ligament (SAL). The
middle ear structures, ear canal, and middle ear cavity consist
of 8,043, 13,805, and 11,884 elements, respectively.

The entire model (Fig. 1) was then imported into the ANSYS
Workbench v16.1 (ANSYS Inc., Canonsburg, PA, USA) envi-
ronment where the strongly coupled FSI analysis method was
developed. The structural calculations were carried out in
ANSYS Mechanical. Linear viscoelastic material properties
reported by Zhang and Gan7 were assigned to the middle ear
soft tissues including the TM, TMA, IMJ, ISJ, and SAL. The
manubrium, ossicles, and suspensory ligaments were presented
as elastic materials as reported by Gan et al.6 The TMA, SAL,
and ends of the suspensory ligaments where they meet the bony
wall were given fixed boundary conditions. As the cochlea was
not included in this initial model, its damping effect on stapes
footplate motion was modeled by introducing a mass block-
dashpot system, with parameters adjusted to reflect the cochlear
input impedance of 20GΩ.8 The middle ear structures were
assumed to react to the oncoming blast wave passively, and so
the only loads acting on the structures were transferred via fluid–
structure interface applied to both sides of the TM. The FSI
between the ossicular chain and middle ear cavity fluid (air) was
considered negligible and was not included in this study.

The computational fluid dynamics (CFD) software Fluent
was used to determine the air pressure propagation through the
ear canal and middle ear cavity. Computational fluid dynamics
packages have been shown to be useful in the prediction of blast
wave dynamics9 and Fluent, specifically, has been implemented
in impulsive flow studies.10 Fluent utilizes the finite volume
method to numerically solve the equations of mass, momentum,
and energy conservation and the equation of state. Standard
compressible air properties were employed and the operating
pressure was set to ambient air pressure at sea level, or 101,325 Pa
and the gravitational effects were neglected. The walls of the
canal and middle ear cavity were defined as rigid and a no-slip
boundary condition was applied. Fluid–structure interactions

were prescribed to the boundaries of the fluid domains coinci-
dent with the surfaces of the TM. Experimentally measured P0
pressure profiles from TB tests were applied directly onto the
boundary at the entrance of the canal as a pressure inlet. The
pressure waveforms at P1 and P2 were calculated. To keep the
fluid meshes’ cell quality sufficient for convergence under large
TM deformation, a dynamic smoothing and remeshing scheme
was employed. The FE modeling results included the pressure
distribution throughout the fluid domains (ear canal and middle
ear cavity) and the associated structural response.

Blast Test with Cadaver Ears
Human cadaveric temporal bones with intact pinna, TM, and
ossicular chain were mounted to a specifically designed “head
block” inside the blast chamber as shown in Figure 2A (setup
for vertical exposure). The temporal bones were divided into
three groups to test the blast direction effect: the vertical, hori-
zontal, and front directions (Fig. 2B). A compressed nitrogen-
driven blast apparatus was used to mimic blast exposure in this
study. Polycarbonate film of varying thicknesses (130 μm or
260 μm) was employed as a diaphragm under compressed
nitrogen, the rupture of which generated blast overpressure of
at least 207 kPa (30 psi or 200 dB SPL). Overpressure level at
the canal entrance was controlled by varying the distance of the
head block from the blast reference plane.

A pressure sensor (Model 102B16; PCB Piezotronics,
Depew, NY, USA) was placed at the entrance of the ear canal
(approximately 1 cm off the center of the ear canal opening) to
monitor the overpressure waveform entering the ear canal (P0).
Two holes were drilled into the temporal bone for the insertion
of additional pressure sensors. These additional sensors were
inserted to measure P1 and P2. The P1 and P2 sensors (Model
105C02; PCB Piezotronics) were placed at 3 mm from the TM
in the ear canal and inside the middle ear cavity through the
Eustachian tube, respectively. The pressure sensor signal was
measured by cDAQ 7194 and A/D converter 9215 (National
Instruments Inc., Austin, TX, USA) with the sampling rate of
100 k/s (10 μs dwell time). The LabVIEW software package
(NI Inc.) was used for data acquisition and analysis. The

FIGURE 1. (A) Finite element model of the human ear including ear canal, middle ear cavity, and middle ear structures. Shows the pressure monitor loca-
tions P0, P1, and P2 as they exist in the model. (B) The middle ear structures isolated.
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waveform of each blast test was then saved for further analysis.
Note that the sampling rate is sufficient for the waveform
recorded in this study.

Comparison of Model Data with Experimental
Results
The 3D FE model-predicted pressure waveforms were com-
pared with those measured in cadaver ears during experiments.
The P1 pressure waveforms were the most important because
this is the pressure directly responsible for TM damage and
ossicular chain motion. Three metrics of the P1 waveforms in
the time domain were considered for comparison: peak pres-
sure level, A-duration, and Kurtosis. These three parameters
describe the P1 waveforms from different aspects. The peak
pressure P1 represents the intensity of blast overpressure reach-
ing the TM; the A-duration is defined as the measure of time
(in ms) that the positive portion of the peak pressure is sus-
tained and describes the shape of the P1 peak wave; Kurtosis is
the statistics measure of impulse pressure wave shape to com-
pare two P1 waveforms: recorded from the experiment and
derived from the FE model. Note that Kurtosis analysis has
been used for prediction of human hearing loss in impulsive
noise environment.11–13 In this study, however, the statistic
Kurtosis was only employed to compare two P1 waveforms for
validation of the FE model. During the calculation, 1 ms of the
P1 pressure profile was enough to assess the characteristics of
the waveform.

Via FFT analysis, the impulse pressure spectra were then
obtained from the experimental and predicted P1 waveforms to
derive the energy spectra in the frequency domain. Next, fol-
lowing the methods of impulse signal energy distribution the-
ory reported by Gan et al,4 the total sound exposure was
divided by the standard characteristic impedance of the air ρc
as impulse energy flux (energy per unit area) and expressed as:

E
c

p t dt*
1

( ) , [J/m ]

T

0

2 2∫ρ
=

where p(t) is the instantaneous value of acoustic pressure in
Pa, dt is the time increment for scanning of acoustic pressure
in seconds, and ρc = 406 mks rayls to produce the quantity
with units of energy flux (i.e., J/m2). Both ρ and c are
pressure-dependent in the shock front. The duration T =
6 ms was used for calculation in the current study.

Eight octave band-pass filters with center frequencies at
125 Hz (88–177), 250 Hz (177–354), 500 Hz (354–707), 1 kHz
(0.707–1.414), 2 kHz (1.414–2.828), 4 kHz (2.828–5.657),
8 kHz (5.657–11.314), and 16 kHz (11.314–22.627) were
designed. To catch signals at frequencies lower than 125 Hz
and higher than 16 kHz, additional low-pass (L125, cutoff at
88 Hz) and high-pass (H16k, cutoff at 22.627 kHz) filters were
designed. The MATLAB SPTOOL was used to create all the
filters with IIR (infinite impulse response) Butterworth filter
with 6 order, signal sample rate Fs = 100,000. The impulse
pressure spectra were filtered and the sound energy in each
band was calculated as the distribution of pressure energy flux
over 10 bands. The energy in each band was normalized with
respect to the total sound energy in that band, and the resulting
energy fluxes of the experimental and predicted waveforms
were compared.

RESULTS
The experimentally measured and FE model-predicted pressure
waveforms for the vertical, horizontal, and front blast directions
are shown in Figure 3A and B, respectively. The peak pressure
level of waveforms (P0) ranged from approximately 50 kPa to
80 kPa across the incident wave directions of vertical, horizon-
tal, and front, and the A-duration for P0 waveforms ranged
from approximately 0.5 ms to 1.0 ms. Note that in the experi-
ment, the P0 sensor was placed 1 cm lateral to the canal
entrance, but in the model, the P0 waveform was applied
directly at the canal entrance; this resulted in experimental P1
response times (the time it takes for P1 to respond after initial
P0 response) that were longer than those predicted by the
model. As can be seen when comparing the P0 and P1 waveforms

FIGURE 2. (A) Cadaver temporal bone mounted on head block under blast apparatus in blast chamber. Shows vertical exposure setup. (B) Display of
blast exposure directions.
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in Figure 3A, the pressure magnitude increases significantly by
the time the wave has reached the TM; the model captures this
behavior. The peak pressure ratios, P1:P0, of the experimental
vs. predicted waveforms were 1.83 vs. 1.78, 3.37 vs. 2.72, and
2.42 vs. 1.92 for the vertical, horizontal, and front directions,
respectively. The experimental and model-derived P1 waveforms
from each direction are compared in Figure 3C, accounting for

the difference in P1 response time. Qualitatively, the three pre-
dicted P1 pressure profiles agree quite well with the experimen-
tal waveforms. Figure 3D shows the comparison of P2 pressure
waveforms recorded from experiments and derived from the
model in V, H, and F direction, respectively. As shown in this
figure, the P2 waves are no longer as the impulse pressure pro-
files and the peak-to-peak pressure values are lower than

FIGURE 3. (A) Experimental recordings of the P0, P1, and P2 waveforms from vertical, horizontal, and front blast exposures. (B) Predicted P1 and P2
waveforms induced by experimental P0 waveforms from each blast direction. (C) Comparison of experimental and model-predicted P1 waveforms from
each blast direction. (D) Comparison of experimental and model-predicted P2 waveforms from each blast direction.
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20 kPa or lower than 20% of P1 peak pressure value. The
experimental and modeling results overlap each other, which
indicates the model is also able to predict P2 pressure.
However, as pointed at the beginning of the 3rd Section under
’Methods’ that it is important to understand P1 waveform
behavior since it is the pressure that acts directly on the TM.

Table I lists the three quantitative metrics by which the
experimental and model-derived P1 waveforms were evaluated
and compared in peak pressure level, A-duration, and 1ms kur-
tosis. Percent error calculations were performed to assess the
FE model’s predictability. The model-predicted percent errors
in the peak pressure level, A-duration, and 1ms kurtosis were
found to be 3.0%, 9.1%, and 15%; 25%, 17%, and 1.0%; and
20%, 13%, and 9.8% for the vertical, horizontal, and front blast
directions, respectively.

Obtained from FFT analysis, the spectral behavior of the
vertical P1 waveforms (sample TB15-6R) in Figure 3C is dis-
played for comparison in Figure 4A. These data were utilized
to perform the energy flux analysis over 10 octave bands in
Figure 4B. Note that the data were normalized with respect to
the total signal energy and the total value was 1.0. Also note
that the P0 waveform applied as input to the FE model was
taken from the experiment, and so the energy flux for the
experimental and predicted P0 is the same for all octave bands.

The majority of the experimental P1 energy flux is in the 2 kHz
and 4 kHz octave bands, peaking around 0.3 J/m2 in the 2 kHz
band. The majority of the energy flux determined from the model-
derived P1 pressure spectra was also concentrated in the 2 kHz
and 4 kHz octave bands, with a maximum at 4 kHz. The results
demonstrate that the model is capable of predicting which fre-
quencies the majority of P1 energy flux occupies.

Figure 5 displays the displacement (Fig. 5A) and stress dis-
tributions (Fig. 5B) plotted onto the TM at the time maximum
displacement or maximum stress occurred, for the vertical
exposure. The maximum TM deformation of 1.4 mm occurs
approximately 2mm inferior and anterior to the umbo. The
stress contours indicate maximum stresses at three locations on
the TM (the anterior TMA, inferior to the umbo, and posterior
to the manubrium) and may indicate possible locations prone to
TM rupture. Structural stress, strain rates, and displacement dis-
tributions may be implemented in analyses of all modeled mid-
dle ear structures.

DISCUSSION
The peak pressure metric showed the most variability when
quantitatively comparing experimental and model-predicted P1
waveforms, with percent error ranging from 3.0% in the

TABLE I. List of P1 Waveform Metric Data from Experiment and FE Model at Vertical (V), Horizontal (H), and Front (F) Wave
Directions.

ID P1 Peak (kPa) Peak (dB SPL) A-Duration (ms) Kurtosis (1 ms)

V TB15-6R Experiment 139.3 196.9 0.22 3.85
Model 135.1 196.6 0.20 3.28

H TB15-28R Experiment 187.1 199.4 0.24 5.54
Model 139.8 196.9 0.20 5.50

F TB15-36R Experiment 128.4 196.2 0.23 4.48
Model 102.3 194.2 0.20 4.92
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FIGURE 4. (A) Spectral behavior of the model-predicted and experimentally measured P1 waveforms from vertical blast exposure. (B) Comparison of the
normalized energy flux distributions of model-predicted and experimental P0 (blue) and P1 (green) waveforms.
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vertical direction to 25% in the horizontal direction. This vari-
ability may be due to the entrance velocity effect. In experi-
ments with three incident wave directions, the blast wave front
enters the ear canal at different rates because of the orientation
of the ear canal with respect to wave front. It is possible that
the effects of ear canal geometry on overpressure amplification
(P1/P0) are magnified due to a higher entrance velocity in the hor-
izontal orientation (in which the ear canal is parallel to the wave
front). Future blast experiments designed to measure the velocity
at the ear canal entrance may provide additional data that will
allow for more accurate modeling of the initial conditions of the
blast wave propagation.

The percent error in the model-predicted P1 A-duration met-
ric ranged from 9.1% to 17% for the vertical and horizontal
directions, respectively. Interestingly, the predicted P1 A-
durations were determined to be 0.2 ms for all directions, sug-
gesting that A-duration near the TM is a function of ear canal
geometry. The best-predicted metric was 1 ms kurtosis, ranging
from 1.0% to 15% error for the horizontal and vertical direc-
tions, respectively. These results demonstrate that the statistic
Kurtosis method used in this study has fulfilled the quantitative
comparison of two signal shape measurements or waveforms,
one from the experiments and one from the model.

The model-predicted P1 energy flux was in general agree-
ment with the experimental energy flux, both showing the pres-
sure spectra being concentrated in the 2 kHz and 4 kHz octave
bands. The shift of the predicted P1 pressure spectra to higher
frequencies may be attributed to ear canal geometry or the
absence of skin in the model. The ear canal skin was not
included in the model because the original FE model published
by Gan et al6 does not have the canal skin. However, to simu-
late blast overpressure transduction through the ear canal with
the earplug inserted, the ear canal skin was added to the
model.8 The preliminary data showed that the effect of skin on
overpressure transmission through the ear canal was limited.
Although the addition of skin to the model did not significantly

alter the pressure magnitude or P1 waveform, it is not clear
how skin may affect the pressure spectra and the future study is
needed. Moreover, the model-derived P1 pressure spectra were
in greater agreement with the experimental data than were the
predicted P2 pressure spectra; however, due to the relatively
low pressure levels of the P2 waveforms, this disagreement
was not considered crucial.

No experimental data currently exist that detail the response
of the TM to blast exposure. The FE method is thus the best
available method to investigate impulse overpressure and its
effects on the TM. Future blast experiments will be designed to
measure TM motion under high-intensity pressure propagation;
those data will then be used to further verify the current FE
model.

CONCLUSION
A FE model of the human ear including the ear canal, TM,
ossicular chain, and middle ear cavity for blast wave transmis-
sion analysis has been developed. The FE model was used to
predict P1 and P2 pressures induced by P0 pressure applied at
the canal entrance. Further, the stress and displacement distri-
butions on the TM were also calculated. The model was valid-
ated against experimental data with the satisfied prediction of
P1 waveforms induced by P0 pressures from the vertical, hori-
zontal, and front directions.

This model can be used for the investigation of biomechani-
cal response of the human ear when exposed to blast overpres-
sure. The application of experimentally measured overpressure
waveforms as input to the entrance of the ear canal in the model
permits the user to investigate particular disturbance sources
and their impact on the ear, instead of simply the effect of
altered Friedlander waveforms. The level of detail afforded by
the FE method may allow for the model’s application in the
investigation of auditory blast injury, such as TM rupture.
Hearing protection devices may be introduced to the model to

FIGURE 5. (A) TM displacement distribution at the time of maximum displacement for vertical exposure. TM is fixed to the bony wall along its annulus
and experiences a maximum displacement of 1.4 mm approximately 2 mm inferior and anterior to the umbo. (B) TM stress distribution at the time of maxi-
mum stress. Displays three stress concentrations indicating possible locations for TM rupture.
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study the effect of earplugs’ material properties, structural
designs, and insertion depths. Additionally, this model may aid
in the evaluation and optimization of orifice geometries in non-
linear earplugs. This model promises to be of great value in the
investigation of ear injury and in providing means to test and
design protective measures for those subjected to high-intensity
blast overpressures in the armed forces.
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Biomechanical Changes of Tympanic
Membrane to Blast Waves

Rong Z. Gan

Abstract

Eardrum or tympanic membrane (TM) is a
multilayer soft tissue membrane located at the
end of the ear canal to receive sound pressure
and transport the sound into the middle ear
and cochlea. Rupture of the TM is one of the
most frequent injuries of the ear after blast
exposure in military service members. The
TM mechanical property changes induced by
blast waves also affect progressive hearing
loss in veterans. This chapter describes the
biomechanical measurements and modeling of
blast wave transduction through the ear and
the TM mechanical property changes after
blast exposure. The human TM rupture thresh-
olds were determined with a relationship to
blast wave direction. It is found that the sen-
sitivity of TM stress change with respect to
the pressure reaching on TM surface charac-
terizes the mechanical damage of the TM in
relation to blast waves. Mechanical properties
of the human TM after exposure to blasts were
measured using acoustic loading and laser
Doppler vibrometry with the inverse problem-
solving method. The complex modulus of the

R. Z. Gan (�)
Biomedical Engineering Laboratory, School of
Aerospace and Mechanical Engineering, University of
Oklahoma, Norman, OK, USA
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TM exposed to blast waves had significant re-
duction compared to normal tissue. The SEM
images of post-blast TM showed obvious mi-
crostructural changes from the normal TM
which indicate the tissue damage caused by
blast exposures. This chapter provides impor-
tant data on human TM damage and mechan-
ical changes induced by blast overpressure
waves.

1 Introduction

The eardrum or tympanic membrane is a soft
tissue membrane separating the ear canal from
the middle ear. The tympanic membrane (TM)
plays an important role in transmission of sound
pressure from the environment into mechanical
vibration of the ossicular chain in the middle ear,
which is transported into the inner ear or cochlea
and then to the brain for hearing. Exposure to
high-intensity sound or blast overpressure waves
causes injuries to auditory system and results in
acute hearing loss in military service members
and the long-term hearing disabilities in veterans
(Cave et al. 2007; Dougherty et al. 2013). The
primary blast injury to the ear is induced by direct
effect of blast overpressure waves upon the TM
and middle ear ossicular chain. Rupture of the
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TM is one of the most frequent injuries of the ear
and has been investigated in animals and humans
with wide variability (Cho et al. 2013; Fausti
et al. 2009).

The TM perforation induces the reduction of
energy transfer efficiency and has been measured
in human temporal bones (Voss et al. 2007;
Gan et al. 2009), animals (Bigelow et al. 1996;
Santa Maria et al. 2007), and clinical studies
(Ahmad and Ramani 1979; Mehta et al. 2006).
Gan et al. (2007, 2009) used a three-dimensional
finite element (FE) model of the human ear
including the external ear canal, middle ear,
and uncoiled cochlea with two straight fluid
channels separated by the basilar membrane
to predict the perforation-induced change of
middle ear function for sound transmission. The
acoustic-structure-fluid coupled FE analysis was
employed in the model to evaluate a complex
combination of two sound conduction routes: the
mechanical route through the ossicular chain and
the acoustic route through the air in the middle
ear cavity. Perforations created in the FE model
were also produced in human cadaver ears or
temporal bones to verify the FE model results
by Gan et al. (2009). A good agreement between
the model and experimental data indicated that
the TM perforation mainly affects the middle ear
transfer function at low frequencies for normal
sound.

Blast overpressure is a high-intensity distur-
bance in the ambient air pressure that creates
high-intensity sound (impulse) over 170 dB SPL.
In addition to TM perforation or rupture, any
damage induced by blast waves to the TM tissue
would affect its mechanical properties and alter
the normal performance of the TM for sound
transmission. There are two basic types of exper-
imental data which are used to assess the extent
and nature of blast-induced damage to the TM:
mechanical property changes and microstructural
variations of the TM (Engles et al. 2017; Liang
et al. 2017).

A recent study on chinchilla blast model by
Gan et al. (2016) reported the relationships be-
tween the TM rupture threshold, the TM damage
pattern, and the overpressure waveforms. The re-

sults demonstrated that the TM rupture threshold
was closely related to overpressure waveforms
at the entrance of the ear canal. The waveforms
recorded under the shielded case had almost
equal positive-negative pressure phases, while
the waveforms recorded in the open field had the
positive pressure only. The TM rupture threshold
measured in the shielded case was much lower
than that in the open field. These findings in ani-
mal blast model brought further research requests
on identifying human TM damage after blast
exposure and the TM rupture threshold in relation
to blast overpressure level and wave direction.

The first part of this chapter reports our cur-
rent study on measuring blast wave transmis-
sion through the human ear and the relationship
between the TM damage and the incident blast
wave direction. In addition to experimental tests
in human cadaver ears, a 3D FE model of the
human ear for blast simulation based on the
model published by Gan et al. (2004, 2007)
was developed to modeling blast overpressure
transduction through the ear (Leckness 2016).
The mechanisms of TM injury in relation to
blast wave direction were investigated using this
model. The study was completed in the Biomed-
ical Engineering Laboratory at the University of
Oklahoma, and the results were presented at the
2016 Military Health System Research Sympo-
sium (MHSRS).

The second part of this chapter reports the
changes of TM tissue mechanical properties after
multiple blast exposures of human cadaver ears
based on our recent study by Engles et al. (2017).
Microstructural variations of the TM were de-
tected by scanning electron microscopy (SEM)
images, which provide an insight into the struc-
tural aspects of the injury on the surface of the
TM. Changes of the structure and mechanical
properties of the TM directly affect sound trans-
mission and result in conductive hearing loss. We
have also measured the changes of TM mechan-
ical properties in chinchilla blast model using a
micro-fringe protection method, but the results
are not included in this chapter. The readers can
find the information from the current publication
by Liang et al. (2017).
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2 Part I. Human TM Rupture
in Relation to Blast
Overpressure Direction

2.1 Experimental Setup,
Procedure, and Results
from Blast Tests

A “head block” attached with human cadaver ear
or temporal bone and mounted with two pressure
sensors was developed in our lab to measure the
transfer functions of the ear canal and middle ear
in response to blast overpressure. Three pressure
sensors are simultaneously monitoring the blast
pressure at the entrance of the ear canal (P0),
near the TM in the canal (P1), and behind the
TM in the middle ear (P2). The P0 sensor (Model
102B16, PCB Piezotronics, Depew, NY) was
placed at 1 cm lateral to the ear canal opening
with the sensing surface facing the blast. The P1
and P2 sensors (Model 105C02, PCB Piezotron-
ics) were placed at 3 mm from the TM and inside
the middle ear cavity through the Eustachian
tube, respectively.

The “head block” was exposed to open-field
blast inside an anechoic test chamber in our lab
along three directions, the vertical, horizontal,
and front, with respect to the head as shown
in Fig. 1. A well-controlled compressed air
(nitrogen)—driven blast apparatus located inside
the test chamber—was used to create a blast
overpressure wave (Gan et al. 2016; Hawa and

Gan 2014). Polycarbonate film (McMaster-Carr,
Atlanta, GA) of varying thickness (0.13–1.0 mm)
was employed to generate blast overpressure of
at least 30 psi (207 kPa or 200 dB SPL). The
overpressure level was controlled by changing
the thickness of the film or the distance from
the blast reference plane. By increasing the blast
peak pressure P0, the TM was finally ruptured,
and all three pressure waveforms (P0, P1, and P2)
were recorded simultaneously at each pressure
level.

The pressure sensor signal was measured by
cDAQ 7194 and A/D converter 9215 (National
Instruments Inc., Austin, TX) with the sampling
rate of 100 k/s (10 μs dwell time). The LabVIEW
software package (NI Inc.) was used for data
acquisition and analysis. The waveform of each
blast test was saved in a PC for further analysis.

A total of 41 fresh human temporal bones
(TBs) were used in this study for testing of three
wave directions: from the top of the head (the
vertical setup), from the lateral to the ear (the hor-
izontal setup), and from the front of the face (the
front setup). The schematic of the setup along
these three directions is shown in Fig. 1a. Figure
1b displays the head block with a right cadaver
ear exposed to the vertical wave direction. The
P0 pressure sensor was fixed near the ear canal
entrance. All the TBs were obtained from the
Life Legacy Foundation, a certified human tissue
supply source for military research. The study
protocol was approved by the US Army Medical

Fig. 1 (a) Schematic of three blast wave directions with respect to the head. (b) The picture of experimental setup with
the head block along the vertical wave direction inside the test chamber

rgan@ou.edu



324 R. Z. Gan

Research and Materiel Command (USAMRMC)
Office of Research Protections (ORP).

It usually took 3–4 iterations of blast tests
to reach the TM rupture threshold defined as
the peak pressure before the TM rupture. That
means if the TM ruptured after the third blast,
the threshold was the peak pressure level of the
second blast. The initial blast pressure level was
selected based on the system calibration using
different films and changing the distance between
the sensor surface and the blast reference plane.
The number of blast tests also varied with in-
dividual TBs due to the variation among the
human samples and setups. To confirm the TM
damage, an otoscopic examination of the ear
was performed first, and further verification was
done using wideband tympanometry to determine
whether the TM was ruptured (Gan et al. 2016).
When the TM was found without rupture, the
next blast test was conducted with an increase of
the overpressure level. The testing stopped when
the TM was ruptured.

Figure 2a shows typical overpressure wave-
forms of P0 (black), P1 (red), and P2 (green)
recorded from three cadaver ears in the vertical,
horizontal, and front tests (before the TM rup-
ture). The pressure waves are displayed in 2 ms
of time duration, and the positive overpressure is
followed by negative pressure. As shown in Fig.
2a, the peak P0 level was around 50 kPa or 7.5 psi
or 188 dB SPL for all three tests. The P1 peak
pressure shows a substantial increase compared
to the P0 pressure in all wave direction tests. The
results demonstrate the effect of the ear canal on
enhancing the impulse pressure level near the TM
in the canal.

The otoscopic photographs displayed in Fig.
2b illustrate the TM damages observed at the
vertical (V), horizontal (H), and front (F) tests
with the peak P0 pressure levels of 191, 186,
and 189 dB SPL (or 11, 6, and 8 psi), respec-
tively. There is no consistent TM rupture pat-
tern observed from the experiments at different
wave directions. However, the damage along the

Fig. 2 (a) Overpressure waveforms of P0 (black), P1
(red), and P2 (green) recorded from three cadaver ears
or temporal bones under the vertical (left), horizontal
(medium), and front (right) tests. (b) Otoscopic pictures
of human TMs ruptured after blast exposure. (A) Vertical

test, left ear, TM ruptured in the superior-posterior region;
(B) horizontal test, left ear, TM ruptured in the inferior
side; (C) front test, right ear, TM ruptured in the superior-
posterior region
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TM-radial fiber direction is commonly observed
from the experiments. Another area is near the
manubrium or inferior side of the TM along the
radial direction.

Table 1 lists the mean and standard deviation
(SD) of P0, P1, and P2 ratio of P1/P0 and the
TM rupture P0 and P1 thresholds obtained from
all tests along three blast wave directions: V, H,
and F. The P1 rupture threshold was determined
by multiplying the P1/P0 ratio and the P0 rupture
threshold for each direction. The results in Table
1 show that the P0 rupture threshold for the V
and F directions are comparable and that the
P0 threshold in H-direction is significantly lower
than the other two directions. Conversely, the
P1/P0 ratio in H direction is well above the
others. It is also observed from Table 1 that the
P1 rupture threshold (the pressure that is directly
responsible for TM damage) is similar for the V
and H directions, at 20.2 and 20.1 psi, respec-
tively. Interestingly, the results indicate that the
F direction requires less pressure as measured at
P1 to rupture the TM.

The recorded waveforms (P0 and P1) from
blast tests in TBs are impulse pressure profiles
(short duration and nonperiodic). The impulse
pressure energy spectra analysis on recorded
waveforms in the time domain was conducted
in MATLAB to determine the signal energy
distribution over the frequencies (ten octave
frequency bands) under three blast wave di-
rections. First, the recorded pressure waveforms
were converted to pressure distributions over the
frequencies of 20–20 kHz by using FFT spectral
analysis. Next, following the methods of impulse
signal energy distribution theory reported by
Hamernik et al. (1991), Hamernik and Keng
(1991), Hamernik and Qiu (2001), and Gan et al.
(2016), the total sound exposure was divided by
the standard characteristic impedance of the air
ρc as impulse energy flux (energy per unit area)
and expressed as

E∗ = 1

ρc

T∫

0

p2(t)dt,
[
J/m2

]
(1)

where p(t) is the instantaneous value of acoustic
pressure in Pa or N/m2, dt is the time increment

for scanning of acoustic pressure in seconds, and
ρc = 406 mks rayls to produce a quantity with
units of energy flux (i.e., J/m2). Both ρ and c
are pressure-dependent in the shock front. The
duration of T = 6 ms was used for calculation
in the present study.

Eight octave band-pass filters with center fre-
quencies at 125 Hz, 250 Hz, 500 Hz, 1 kHz,
2 kHz, 4 kHz, 8 kHz, and 16 kHz were designed.
A low-pass filter L125 and a high-pass filter
H16k were also designed to catch signals at
frequencies lower than 125 Hz and higher than
16 kHz. The filtered signals were then generated,
and the sound energy in each band was calculated
as the distribution of pressure energy flux over
ten bands. Instead of directly comparing the en-
ergy flux values in the three wave directions, the
energy in each band was normalized with respect
to the total sound energy in that band.

The comparison of impulse energy flux (en-
ergy per unit area in unit J/m2) distributed in
ten frequency bands from below 125 Hz to over
16 kHz obtained from waveforms recorded in
three wave direction tests demonstrates that (1)
P0 pressure-induced energy is mainly distributed
at frequencies below 1 kHz and there is a large
peak for V direction at 500 Hz; (2) P1 pressure-
induced energy is distributed at frequencies up
to 4 kHz; and (3) blast waves at F and H di-
rections result in relatively large energy flux of
both P0 and P1 at frequencies below 125 Hz.
This energy analysis suggests that P1 pressure
waveform should be considered as a primary
factor for blast-induced TM damage because P1
energy distributions on octave bands are similar
for all three wave directions and concentrated
from 500 Hz to 4 kHz.

2.2 Finite Element Modeling
Prediction

The 3D FE model of the human ear developed by
Gan et al. (2004, 2007) for sound transmission
and being used for TM perforation studies (Gan
et al. 2009) was modified to simulate the blast
wave transmission through the ear as shown
in Fig. 3a. The FE model consisted of the ear
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Table 1 Mean and SD of peak pressure values of P0, P1, and P2, ratio of P1/P0, and the TM rupture P0 and P1
thresholds

Blast wave
direction TB sample P0 (psi) P1 (psi) P2 (psi) P1/P0

Threshold
P0 (psi)

Threshold
P1 (psi)

Vertical Mean ± SD(N = 13) 8.9 ± 1.8 19.3 ± 3.3 2.3 ± 1.6 2.2 ± 0.5 9.2 ± 1.7 20.2 ± 2.2

Horizontal Mean ± SD(N = 14) 6.4 ± 2.1 19.0 ± 6.1 2.2 ± 1.4 3.0 ± 0.7 6.7 ± 1.2 20.1 ± 1.9

Front Mean ± SD(N = 14) 9.8 ± 2.0 16.3 ± 3.3 2.1 ± 0.7 1.7 ± 0.4 9.8 ± 2.1 16.7 ± 2.5

Fig. 3 (a) (Left) FE model of the human ear comprised
of the ear canal, TM, middle ear ossicles, and middle
ear cavity. The locations for pressure monitoring points
are designated as P0, P1, and P2. (Right) Structural
mesh of the model, showing the TM, TMA, middle ear

ossicles, IMJ, ISJ, suspensory ligaments/muscle tendons
(all Cs and SAL), and cochlear load. (b) FE model-derived
distribution of the equivalent (von Mises) stress in the TM
when the maximum stress was reached under the vertical
wave direction
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canal, TM, TM annulus (TMA), three ossicles
connected by two joints (incudomalleolar joint
(IMJ) and incudostapedial joint (ISJ)), middle
ear suspensory ligaments/muscle tendons (Cs),
stapedial annual ligament (SAL), and middle
ear cavity. The cochlea was not included in
this initial model for blast simulation, but
the cochlear load was applied on the stapes
footplate by a mass block-dashpot system
with the cochlear input impedance of 20 G�

(Gan et al. 2004).
This FE model of the human ear was re-

generated in ANSYS Workbench (ANSYS Inc.,
Canonsburg, PA) where Fluent and ANSYS Me-
chanical coupled with fluid-structure interaction
analyses were employed to compute blast over-
pressure transduction from the environment to
the TM and middle ear (Leckness 2016). Briefly,
the viscoelastic material properties were assigned
to soft tissues in the middle ear including the
TM, TMA, IMJ, ISJ, and SAL. The experi-
mentally recorded P0 waveforms from the head
block with cadaver TBs were applied onto the
boundary at the entrance of the ear canal, and
the pressure waveforms P1 and P2 were then
calculated and compared with those measured
from the experiments. The FE model was then
employed to investigate the mechanisms of TM
injury under recorded P1 profiles from the ver-
tical, horizontal, and front directions. P1 over-
pressure waveforms recorded from multiple it-
erations of blast tests in 14 temporal bones (4
from the vertical direction and 5 from the hori-
zontal and front directions) were applied to the
surface of the TM in the FE model, and the
maximum stress distributions were calculated.
Note that the detailed description and validation
of the FE model of the human ear are not in-
cluded in this paper, which can be found from
Leckness ( 2016).

The equivalent (von Mises) stress was used as
a measure of the stress state of the TM. The aver-
age maximum stresses induced by the P1 rupture
threshold waveforms were 16.2 ± 3.00 MPa,
16.3 ± 2.44 MPa, and 14.3 ± 2.53 MPa for the
vertical, horizontal, and front directions, respec-
tively. The average maximum stresses induced by
the P1 waveforms that caused visible TM damage

were 20.3 ± 1.18 MPa, 18.8 ± 1.99 MPa, and
15.5 ± 3.46 MPa for the vertical, horizontal,
and front directions, respectively. An example of
TM stress distribution at the time of maximum
stress due to an applied P1 waveform of 134 kPa
peak pressure in the vertical wave direction is
displayed in Fig. 3b. As shown in this figure, the
maximum stress reached 16 MPa, and the regions
of the highest stress were along the anterior
portion of the TMA, the posterior to the center
of the manubrium, and the inferior to the bottom
of the manubrium. These locations may indicate
potential sites for TM rupture.

2.3 Mechanisms of TM Rupture
in Relation to Blast Wave
Direction

The P1 threshold for TM damage should more
accurately represent the pressure applied to the
TM than the P0 threshold. The experimental re-
sults shown in Table 1 indicate that P1 threshold
in F direction is lower than V and H direc-
tions, or in other words, the blast wave from
the front of the face (F direction) is easier to
cause TM rupture than other blast wave direc-
tions. Why does the F direction result in a lower
P1 threshold for TM damage? To answer this
question and understand the mechanism behind
the experimental findings, the FE model of the
human ear was used to compute the distributions
of the stress in the TM and derive the sensi-
tivity of TM stress with respect to P1 pressure
increase as the TM stress gradient with respect to
P1, dσ /dP1. The stress gradient was calculated
based on experimental P1 waveforms of pre-
threshold up to the rupture level, usually 2–4
pressure waveforms per cadaver ear or temporal
bone. Fourteen cadaver ears (four from the V
direction and five from the H and F directions)
were selected for calculation. As an example,
Fig. 4a–c shows a series of P1 pressure wave-
forms over 0.5 ms duration from three temporal
bone experiments in V, H, and F direction tests,
respectively. The P1 waveforms were used to
calculate dσ /dP1 in V, H, and F directions using
the model.
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Fig. 4 (a–c) represent the P1 pressure waveforms with
incremental peak pressure level from initial test 1 to TM
rupture recorded from a temporal bone sample TB15-3L
in V direction test, from sample TB15-33L in H direction

test, and from sample TB15-36R in F direction test, re-
spectively. (d) Plots of FE model-derived maximum stress
in the TM vs. P1 peak pressure obtained from V direction
(N = 4), H direction (N = 5), and F direction (N = 5)

All the data points of the maximum stress in
the TM vs. the maximum (peak) P1 pressure ob-
tained along the V, H, and F blast direction tests
were plotted in Fig. 4d. Statistical correlation was
then applied to determine the best-fit line for the
data points at each direction. Figure 4d shows
the comparison of the slope (i.e., stress gradient)
dσ /dP1 at three directions. The mean value of
stress gradient was calculated as 74.1, 73.0, and
96.7 for V, H, and F direction, respectively. This
indicates that the change of maximum stress in
the TM with respect to P1 peak pressure in F
direction is higher than the other two directions.
The high sensitivity of TM stress with respect to
the P1 pressure in F direction may characterize
mechanical damage of the TM induced by blast.
The average maximum stress was lowest for the
front direction, as was the average P1 rupture
threshold; this suggests that neither the stress
level nor P1 level alone determines TM failure
but that TM failure is best predicted by the rate

change of stress with respect to maximum P1
pressure reaching the TM.

3 Part II. TM TissueMechanical
Property Changes After
Exposure to Blast Waves

3.1 Summary of TMMechanical
Property Measurements

The TM or eardrum is a multilayer membrane
including the epidermal, collagen fibrous, and
mucosal layers from the lateral to the medial
side. The collagen fibers provide primarily the
mechanical stiffness of the TM. It consists of a
matrix of ground substance embedding approxi-
mately 22-μm-thick collagen fiber layer aligned
primarily along the radial direction emanating
from the umbo and approximately 15-μm-thick
collagen fiber layer along the circumferential di-
rection (Lim 1995). A major part of the TM is the
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pars tensa, which is within tympanic annulus ring
located at the boundary; the malleus manubrium
bone is attached in the central portion at the
medial side. The small dimensions of the TM
(about 70 μm thick and 9 mm in diameter) make
it difficult to measure the mechanical proper-
ties. Numerous investigations of the mechanical
behavior of human TMs have been performed
at static or low strain rates (von Békésy 1960;
Dirckx and Decraemer 2001; Fay et al. 2005;
Cheng et al. 2007; Huang et al. 2007; Daphala-
purkara et al. 2009).

The static properties of the human TM were
first reported by von Békésy (1960) as 20 MPa
from a bending test on a rectangular cadaver
TM strip. Further investigations into mechanical
properties of human TM have been performed
at quasi-static or low-frequency range (Cheng
et al. 2007; De Greef et al. 2014; Fay et al.
2005; Huang et al. 2007). However, the TM
works under the auditory frequency range of
20–20,000 Hz, and the dynamic properties of
the TM need to be measured over the audi-
tory frequency range. Kirikae (1960) determined
Young’s modulus in the circumferential direction
to be 40 MPa at 890 Hz. Zhang and Gan (2010)
reported an investigation on dynamic properties
of human TM using acoustic stimulation and
laser Doppler vibrometry (LDV) measurement.
Utilizing various techniques, the dynamic prop-
erties of the human TM in the auditory frequency
range have been further characterized (Luo et al.
2009; Zhang and Gan 2012). Nevertheless, there
are only a few investigations providing accurate
mechanical data for the damaged TM after expo-
sure to blast overpressure (Luo et al. 2015; Gan
et al. 2016; Engles et al. 2017).

A better understanding of dynamic properties
of the human TM exposed to blast waves is
of considerable interest for assessment of blast-
induced damage of the auditory system as well as
for hearing protection devices. Luo et al. (2015)
used a highly sensitive miniature split Hopkinson
tension bar (SHTB) to measure the mechanical
properties of the TM at high strain rates and
derive Young’s modulus changes of the TM after
multiple blast exposures. The SHTB provided a
uniaxial tensile test for TM strip specimens in

the time domain. The tensile strain of the TM
specimens in SHTB tests was typically 10–30%.
Due to the sensitivity of the TM’s stiffness char-
acteristics to strain rates, the results from SHTB
test can be utilized to characterize the failure
behavior and nonlinear stress-strain curve of the
TM in relation to impact loading. However, from
the view of TM transmitting sound vibration,
mechanical property changes of the TM induced
by blast waves should be quantified in response
to sound stimulation.

Despite the progress made in understanding
the change of mechanical properties induced
by blast exposure, accurate measurement of the
mechanical properties of damaged TM is still
needed as addressed (Engles et al. 2017). First,
due to the nonlinear stiffness characteristics
of the TM, the mechanical properties vary
with strain. It is necessary to determine how
mechanical stiffness of the TM decreases when
the TM is exposed to repeated blast exposures.
Second, the residual stiffness of damaged TM
reflects the severity of injury to the TM, and
the property data gives us an insight into the
mechanical state of the TM immediately after
exposure. Third, the material properties can be
used to validate the biomechanical modeling of
TM perforation induced by blast exposure. Thus,
the knowledge about residual TM stiffness after
blast exposure may assist emergency medical
personnel in the evaluation and treatment of
blast-injured TM, avoiding further auditory
injury.

3.2 Dynamic Properties of Human
TMAfter Blast Exposure

A study on dynamic properties of human TM
after exposure to blast waves by using acoustic
loading and laser Doppler vibrometry measure-
ment with an inverse problem-solving method
to determine the complex modulus of the TM
specimen was recently completed in our lab (En-
gles et al. 2017). The TM specimens were pre-
pared from human temporal bones following ex-
posures to blast overpressure using the estab-
lished methodologies described in Sections I–
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A and shown in Fig. 1b. It usually took three
iterations of blasts to reach the TM rupture. The
peak pressure before the TM rupture defined as
the TM rupture threshold ranged from 7.6 to
9.0 psi (52.4–62.1 kPa) from ten human cadaver
ears or temporal bones. The TM specimen for
mechanical test was the rectangular strip with
approximate dimensions of 6 × 2 mm cut from
either the posterior or anterior site of the pars
tensa with the tympanic annulus attached. The
specimen was then mounted to the material test-
ing system (MTS).

The experimental setup with LDV to mea-
sure dynamic properties of the TM specimen
can be found in Fig. 3 of Engles et al. (2017).
Briefly, the sound was delivered from a speaker
through a 1-mm-diameter sound delivery tube at
2 mm away from the center of the lateral side of
the specimen. A dynamic signal analyzer (DSA)
(PSA, HP 35670A, CA) coupled to a power
amplifier (B&K 2718, Norcross, GA) was used to
generate a pure tone sound of 90 dB SPL over the
frequency range of 200–8000 Hz. To monitor the
input sound pressure level, a probe microphone
(ER-7C, Etymotic Research, IL) was attached
to the sound delivery tube at 1 mm from the
TM surface. Specimen vibrations were measured
with the LDV (HLV-1000, Polytech PI, Austin,
CA) while focusing the beam at the reflective
tape. The vibration velocity of the specimen was
acquired by the DSA and recorded on a PC for
further analysis.

Dynamic testing of each specimen was simu-
lated in a FE model in ANSYS using acoustic-
structure coupled analysis. To mimic the vibra-
tion of the TM specimen in response to sound
stimuli in an open field, a FE model includ-
ing the solid structure of the specimen and a
spherical area of air surrounding the TM was
built. To facilitate acoustic pressure coupled to
the TM surface, the surface of acoustic elements
(air) in contact with the TM solid structure was
defined as a fluid-structure interface. The stan-
dard linear solid model or Weichert model was
used to describe the viscoelastic behavior of
the TM (O’Connor et al. 2008; Zhang and Gan
2010). The relaxation modulus of the TM can be
expressed as

E(t) = E0 + E1exp

(
− t

τ1

)
(2)

where E0 is the relaxed elastic modulus at t = ∞,
E0 + E1 is the initial elastic modulus at t = 0,
and τ 1 is the relaxation time. The relaxation
modulus in the time domain can be converted to
the complex modulus in the frequency domain.
The complex modulus E* is expressed as

E∗ (ω) = E′ (ω) + iE′′ (ω) (3)

where E
′
(ω) is the storage modulus, E′′(ω) is the

loss modulus, and ω is the angular frequency.
Further, E

′
(ω) and E′′(ω) can be expressed as

E′ (ω) = E0 + E1τ
2
1 ω2

1 + τ 2
1 ω2

(4)

E′′ (ω) = E1τ1ω

1 + τ 2
1 ω2

(5)

The loss factor η(ω) can be expressed as

η (ω) = tan (δ) = E′′ (ω)

E′ (ω)
(6)

where δ is the phase angle.
An iterative FE simulation of the dynamic test

was performed to find material constants that
achieve the best match between the modeling
results and actual measurements. A short descrip-
tion of the process was given by Engles et al.
(2017). An example of the experimental results
of the amplitude-frequency curve from two TM
samples (47 L and 41 L) compared with the FE
model-derived curves was shown in Fig. 6 of
their paper. The three parameters E0, E1, and
τ 1 for each specimen were determined through
the FE model, and the experimental curves were
represented by the resonance frequency fn and the
amplification ratio R (ratio between the ampli-
tude at the resonance frequency and the ampli-
tude at the lowest frequency measured).

To determine the effect of blast waves on
mechanical properties of the TM, the complex
modulus for post-blast TMs was plotted against
normal TMs published by Zhang and Gan (2010)
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using acoustic stimulation and LDV in Fig. 5.
The blast exposure caused the storage modulus
to become significantly reduced across the fre-
quency range. Similarly, the loss modulus for
post-blast TMs was also much lower than the
normal TMs. The decrease of loss modulus was
significant (Student’s t test, p < 0.0065). These
data reveal that the blast overpressure causes a
frequency-dependent stiffness reduction of the
TM. Loss factor is the ratio between the loss
modulus and storage modulus. The post-blast
TMs had a lower loss factor at frequencies below
2 kHz and a larger loss factor at frequencies over
2 kHz compared to the normal TMs. As shown in
Fig. 5, the blast resulted in a flat storage modulus
curve in the high-frequency range. This is one of
the reasons that caused the larger loss factor in
the post-blast TMs at high frequencies.

An additional insight from this study is the
data clearly show that retained complex modulus
of the TM after blast exposure was reduced more
than 50%. The TM rupture caused by blast expo-

sure includes perforation of the TM and reduction
of complex modulus in the remaining part of the
TM. The TM perforation and alteration in me-
chanical properties can contribute to a conductive
hearing loss. The effect of TM perforations on
sound transmission through the middle ear was
investigated in temporal bone models by Gan
et al. (2009). Their results indicated that TM
perforations caused more than 20 dB reduction
in the TM and stapes footplate displacements at
frequencies below 1 kHz.

3.3 Microstructural Changes
in Post-Blast TM

TM is a complex trilaminar membrane. Its mid-
dle layer, the lamina propria, has a composite
structure consisting of radially and circumferen-
tially oriented collagen fibers embedded in the
ground substance (Lim 1995). To evaluate the
microstructural changes of the TM after expo-
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sure to blast, the SEM images were obtained
for both pre- and post-blast human TMs and
examined with electron microscopes (NEON 40
EsB, Zeiss, Oberkochen, Germany; JSM-840,
JEOL Ltd., Tokyo, Japan) in the Samuel Roberts
Noble Microscopy Laboratory at the University
of Oklahoma.

Figure 6 shows the SEM image obtained from
a post-blast TM (left panel) and a normal TM
(right panel). The images were viewed from the
lateral side and focused on areas where the ep-
ithelial layer separated from the TM during SEM
preparation. The effect of blast waves on the fiber
bundles can be observed from Fig. 6 as shown
by the radial orientation of the post-blast TM
tears, which was a result of the circumferential
fiber fractures. The normal TM shows a generally
smoother appearance, reflecting the normal state
of the TM. The SEM images suggested that the
TM damage along the radial direction may be
more severe than that along the circumferential
direction after blast exposure.

In a study performed by Luo et al. (2015), the
results indicated that Young’s modulus is higher
in the radial direction than in the circumferential
direction and the fracture strength in the radial
direction is also higher than that in the circumfer-
ential direction under the condition of the same
strain rate. When the TM is exposed to blast
waves, it is more probable that the circumferen-
tial fibers, which have a lower fracture strength,
would break before the radial fibers. Figure 6
demonstrates that the post-blast TM tears were
oriented in the radial direction, indicating the mi-
crostructure changes caused by blast exposures.

However, it is difficult to quantify the extent of
microstructure damage of TM by using SEM
images. The weakened mechanical properties are
the reflection of microstructure damage, but it is
not applicable to build a direct relation between
microstructure damage of TM and changes of
macro-mechanical properties at the present stage.

4 Conclusions

1. The relationship between the TM damage
threshold and blast overpressure wave
direction has been investigated in human
cadaver ears and the FE model of the human
ear. The “head block” attached with the
temporal bone was exposed to open-field blast
inside the test chamber at three incident wave
directions, vertical, horizontal, and front, with
respect to the head. Results demonstrate that
blast overpressure P0 at the ear canal entrance
induced the highest peak pressure P1 near the
TM in the canal, which determines the TM
injury. The P1 pressure differences in vertical,
horizontal, and front tests reflect the variations
of energy flux distribution over frequencies,
peak P1/P0 ratio, and TM rupture threshold.
FE modeling results indicate that P1 threshold
for TM rupture in front direction is the lowest
because of the highest TM stress change rate
with respect to P1 pressure increase, δσ /δp1,
compared with the vertical and horizontal
directions.

2. The dynamic properties of post-blast TMs
were measured on ten human cadaver TM

Fig. 6 SEM images of the TM surface. The left image shows the damage of the post-blast TM. The right panel shows
the SEM image of the normal TM surface
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samples following the blast. Acoustic stimu-
lation was used as a driving force to induce
vibrations of the TM over a frequency range of
200–8000 Hz, and LDV was used to measure
the sample vibrations. The inverse problem-
solving method with the FE modeling of each
TM specimen test was used to determine the
complex modulus. Results include the stor-
age modulus and the loss modulus over the
frequency range of 100–8000 Hz obtained
from all TM specimens. The mean storage
modulus was ranging from 23.1 to 26.9 MPa
at frequencies from 100 to 8000 Hz. The mean
loss modulus was from 0.10 to 3.78 MPa
at frequencies of 100–8000 Hz. Compared
to the mechanical properties of normal TMs
determined previously using the same method,
the storage and loss modulus of the TMs
exposed to blast waves had significant re-
duction. The SEM images of post-blast TMs
compared with normal TMs showed obvious
microstructural changes which indicate the
tissue damage caused by the multiple blast
exposures. This study provides important data
on the human TM mechanical changes after
exposure to blast overpressure waves.
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a b s t r a c t

The rupture of tympanic membrane (TM) has long been viewed as an indicator of blast injury, especially
for hearing loss. However, little is known about damage to the TM caused by blast with pressure lower
than the rupture threshold. In this paper, we present our study on the effect of blast overpressure on the
static mechanical properties of TM. Chinchilla was used as the animal model and exposed to multiple
blasts with pressures lower than the rupture threshold of the TM. Using a micro-fringe projection
method, we observed the alteration of the static mechanical properties of post-blast chinchilla's TMs as
compared to those of control TMs. Specifically, after exposing to multiple blasts, the Young's modulus of
chinchilla TM decreased by ~53% while the ultimate failure pressure decreased by ~33%. Scanning
Electron Microscope (SEM) images show the damage formation in the post-blast TM as compared with
its control counterpart.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Blast injury is one of the common types of injury in the modern
military conflicts (Dougherty et al., 2013; Eskridge et al., 2012;
Vanderploeg et al., 2012). The high pressure shock wave and
overpressure blast wind generated in the battle field from the ex-
plosion can directly traumatize exposed victims’ organs that
encompass an air-fluid interface (Chaloner, 2005; Yeh and Schecter,
2012). Among these organs, the ear is the most vulnerable and
typically the first organ to incur primary blast injury. Exposure to
the high pressure of the blast wave can potentially cause a series of
otologic injuries including: perforation of tympanic membrane,
dislocation or fracture of ossicular chain, and gross trauma in co-
chlea such as rupture of basilar membrane and permanent loss of
hair cells (Cho et al., 2013; Darley and Kellman, 2010; Patterson and
Hamernik, 1997; Wani et al., 2016). Sequelae of the primary blast
traumas on the ear can affect immediate situational awareness and
cause permanent hearing disabilities (Darley and Kellman, 2010;
Ewert et al., 2012; Luo et al., 2017).

Rupture of tympanic membrane (TM) or eardrum is usually
al Engineering, University of
ardson, 75080-3021, TX, USA.
considered as an indicator for blast induced otologic injury.
Locating between outer ear and middle ear, TM is the first vulner-
able tissue exposed to the overpressure wave. TM rupture may
occur at a blast pressure as low as 35 kPa while a pressure of
105 kPa leads to rupture in 50% of eardrums in adults (Sprem et al.,
2001). It is observed that the transmission function of the TM can
be remarkably altered if the TM is ruptured (Gan et al., 2016).
However, a TM is a complex tri-laminar membrane. Its acoustic
functional layer, the lamina propia has a composite structure con-
sisting of radially and circumferentially oriented collagen fibers
embedded in the ground substance (Lim, 1995). Due to the
arrangement and the viscoelastic characteristic of the collagen fi-
bers, the mechanical properties of TM, in whole, vary significantly
depending on the orientation and the strain rate (Daphalapurkar
et al., 2008; Luo et al., 2009). In a blast exposure, even before the
overpressure reaches its rupture threshold, a TM has already
experienced deformation at an extremely high strain rate, which
could induce damage at the collagen fiber level. The damage is
usually too small to observe directly but still severe enough to alter
the overall mechanical properties and thus the transmission func-
tion of TM (Luo et al., 2016). Unlike other injuries with explicit
symptoms, such a subtle effect of alteration of material properties
of TM tends to be overlooked or hidden by some more observable
sequelae from other damages of the auditory system. Nevertheless,
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it is important to investigate the change of mechanical properties of
TM because it provides the foundation to understand the effect of
structural change of the TM from the blast wave on the sound
transmission. This subsequently will help to evaluate and diagnose
conductive hearing loss induced by blast exposure.

In this paper, we describe our animal study on the change of
mechanical properties of TM caused by the exposure to over-
pressure blast wave. Chinchillas were used in this study because
the size of their TM and the frequency range of their hearing are
similar to those of humans (Heffner and Heffner, 1991; Jensen and
Bonding, 1993; Richmond et al., 1989). The adult chinchillas were
exposed to blast waves multiple times in vivo with pressure lower
than the rupture threshold (9.1 psi) of TM (Gan et al., 2016). The
mechanical properties of post-blast TMs were measured and
compared with control (normal) TMs using a micro-fringe projec-
tion method. In this method, deformation of an intact TM in situ
was measured by projecting fringes with submillimeter pitch onto
the TM as quasi-static air pressure was applied. Mechanical prop-
erties were determined by an inversemethodwith the assistance of
finite element simulations.
2. Methods

2.1. Blast chamber

A compressed air (nitrogen)-driven blast apparatus located in-
side an anechoic chamber in the Biomedical Engineering Labora-
tory at the University of Oklahoma was used to generate a blast
overpressure wave in this study (Gan et al., 2016). Fig. 1 shows the
schematic of the blast apparatus with an animal holder placed at
the center. A polycarbonate film (McMaster-Carr, Atlanta, GA) was
used to induce initial blast overpressure of ~200 kPa (200 dB SPL) or
higher at the exit of the pressure reservoir. The overpressure level
on the animal was controlled by varying the thickness (0.13 mm
and 0.26 mm) of the film as well as the distance from the sample to
the blast reference plate.

Blast overpressure was monitored using a high-frequency pie-
zoelectronic pressure transducer (PCB Group Inc., Model102B16)
with the face of the sensor toward the incident blast wave. The
recorded pressure signal was amplified by a Piezotronic Signal
Conditioner (PCB Group Inc., Model 482C) and acquired by a data
acquisition system with LabView interface (National Instrument,
Fig. 1. Schematic of the blast testing chamber and the animal experimental setup. For
demonstration purpose, the components are not drawn in scale.
N1 cDAQ-9174). Two typical pressure waveforms of blasts are
demonstrated in Fig. 2. In this study, 0.26 mm thickness of poly-
carbonate film was used to produce a blast with a peak pressure
between 21 kPa and 48 kPa lasting approximately 1.0 ms at 30 cm
from the blast reference plate. It was found that chinchilla TMs
exposed to this level of blast wave multiple times did not rupture
but experienced enough damage for observing the changes of
mechanical properties.

2.2. Animal exposure to the blast

Six healthy adult chinchillas weighed from 500 to 800 g were
used in this study. The study protocol was approved by the Insti-
tutional Animal Care and Use Committee of the University of
Oklahoma and met the guidelines of the National Institutes of
Health and the United States Department of Agriculture (USDA). All
animals were raised to be free frommiddle ear disease, as evaluated
by wideband tympanometry. An animal holder made of 4 inch in-
ner diameter polyvinyl chloride (PVC) pipe was used to protect the
body of a chinchilla below the neck from the force of the blast and
to maintain the position of the head of chinchilla. The chinchilla
was deeply anesthetized with 35mg/kg of ketamine and 7mg/kg of
xylazine and placed into the holder with only its head exposed to
the base of the pinna, securing with a c-shaped clamp around its
neck. As shown in Fig. 1, the animal holder with the chinchilla was
placed inside the test chamber. The pressure transducer was then
positioned at the entrance of the ear canal of chinchilla as described
in Gan et al. (2016). Multiple blasts were subsequently applied to
simulate the battlefield environment where deployed military
members in the front line are frequently exposed to multiple blast
waves. Repeated blast exposures were given 3 times at 2 min in-
tervals. Following the final exposure, the animal ear was examined
using an otoscope to confirm the TM was intact. TMs with
observable rupture were excluded from the study.

2.3. Sample preparation

After blast, the chinchillas were euthanized by the intraperito-
neal (IP) administration of 1.0 mL Euthasol (390 mg/mL pentobar-
bital sodium, 50 mg/mL phenytoin sodium). Intact bullas were
harvested 10 min post mortem. The medial side of the TM was fully
exposed by opening the bulla wall from the middle ear side and
removing the cochlea, stapes, and tensor tympani muscle. The
Fig. 2. Typical waveforms of the blast overpressure as measured by a piezo pressure
transducer at the entrance of ear canal close to the TM of a chinchilla. The two blast
waveforms demonstrate the repeatability.
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malleus-incus complex was then immobilized by applying a
droplet of gel type superglue (Superglue, Co. Find the Right Glue,
Fast™) between the incus section and the petrous wall behind to
maintain the conical geometry of the TM. A PVC tubing with 1/16
inch inner diameter, 1/8 inch outer diameter, and about 3 inch long,
was inserted into the ear canal and hermetically fixed on the bulla
by applying two-part epoxy (Illinois Tool Works, Devcon 5 Minute)
at the entrance of the ear canal. The ear canal and the TM formed a
concealed chamber and the PVC tube was then connected to a
pressure monitor system to either inflating or deflating the TM
from the lateral side. During the sample preparation, a droplet of
saline solution was applied on the TM every 5 min to prevent the
TM from desiccation. Meanwhile, a small piece of Kimwipes paper
saturated with saline solution was used to cover the TM during the
curing period of the two-part epoxy.

Micro-fringe projectionwas used tomeasure deformation of the
TM in terms of volume displacement. This technique requires the
object to have a diffusive reflecting surface to form fringes with
sharp contrast for imaging. Therefore the medial side of TM was
coated with a thin layer of titanium oxide in saline solution
(100 mg/ml) to improve the reflectiveness of the surface. Titanium
oxide was chosen because it has good reflection and is a non-toxic
material commonly used for cosmetic (Dirckx and Decraemer,
1997).

As TM, like other soft tissues, is a viscoelastic material (Fung,
1993; Cheng et al., 2007; Ladak et al., 2004), preconditioning
needs to be carried out to allow the TM to reach a steady state. For
our case, each TM sample was preconditioned by applying five
cycles of a small alternating (negative and positive) pressures with
magnitudes less than 100 Pa. For each preconditioning cycle, a
negative pressure was applied first to the bulla, then the pressure
was increased to a positive value, and finally the pressure was
released back to zero. Here, the negative pressure was introduced
by applying a vacuum pressure from the lateral side of TM, causing
the pressure on the medial side of the TM to be higher than the
pressure applied on the lateral side. The positive compressed air
pressure was introduced into the bulla from the lateral side of TM,
causing the pressure on the medial side of the TM to be lower than
the pressure applied on the lateral side of the TM. The total duration
of preconditioning lasted approximately 1 min.

2.4. Measurement procedure with micro-fringe projection

Each bulla specimen was positioned on a gimbal sample holder
mounted on a xyz translation stage which allowed the adjustment
of the orientation and position of the bulla with six degrees of
freedom. A self-developed projection system was used to project
the parallel line pattern of a grating with a pitch of 20 cycles/mm to
form micro-fringes onto the TM surface (Liang et al., 2016). The
image of distorted fringes on the TM surface containing the
topography information of the TMwas captured by a digital camera
(Nikon D7000, 4928 � 3264 pixels) connected to a surgical mi-
croscope (Carl Zeiss, OPMI-1). The acquired images were analyzed
for 3-dimensional reconstruction of the TM surface using a five
phase-shifting algorithm (Ortiz and Patterson, 2005). During the
measurement, the bulla was first secured with molding clay in the
sample holder and coarsely positioned with the xyz translation
stage so that the entire TM faced the microscope and stayed within
the field of view of the camera. Next, the bulla was fixed with the
swivel screws in the gimbal sample holder and the angle was finely
adjusted until a full view of the TM free of shadow can be seen in
the camera through the microscope.

Air pressure was applied to the bulla using a syringe in a pres-
sure monitoring system. Both positive and negative pressures were
applied to the bulla for measuring the response of the TM to the
pressures to determine mechanical properties of the TM. Pressure
was applied with a magnitude between �1.0 kPa and 1.0 kPa with
an increment of 0.125 kPa inside the bulla. The stopcock in the
pressure monitoring system was set to lock-up mode and a con-
stant pressure was maintained at each step for a few seconds. Due
to the reduction of the strength of the TM after experiencing
multiple blasts, some TM samples failed before the pressure
reached 1.0 kPa. As air pressure was used as loading, the middle ear
cavity needed to be air-tightly sealed. The TM must remain intact
and free from any perforation. To ensure this condition, for
measuring the post-blast chinchilla TMs, the applied pressure cycle
was different from that in the previous work on control chinchilla
TMs. The pressure started with zero and was ramped up in the
positive direction until the TM sample failed or pressure reached
1.0 kPa. The pressure was subsequently released back to zero and
ramped up in the negative direction. If the TM sample did not
rupture in a full measurement cycle, a failure test immediately
followed: positive pressure was applied on the TM continuously
until the TM was ruptured, and the final value of pressure was
recorded and reported as the ultimate failure pressure. For those
TM samples ruptured in the measurement cycle, data were only
collected in the pressure rangewhere the TMwas not ruptured, and
the maximum positive pressures applied were recorded as the
failure pressure. If the TM sample was ruptured when a negative
pressure was applied, it was excluded from the failure data.

2.5. Finite element model and inverse method

To determine the mechanical properties of the post-blast TMs
with an inverse method, a finite element method (FEM) model was
developed using the surface typography of a TM at zero-pressure
state on ANSYS15.0 (ANSYS, Inc.). The boundary and the location
of manubrium were determined by the optical image of the TM
sample. The malleus was constructed as a part of the TM but with
properties of a bone tissue (with 10 GPa Young's modulus, and 0.2
Poisson's ratio). The rest of the TMwasmodelled as a homogeneous
and isotropic hyperelastic membrane with the boundary, the
annulus, completely fixed for all degrees of freedom. The entire
model (including the membrane and the manubrium) was dis-
cretized with 10,000 4-node tetrahedral shell elements (shell-181)
with a thickness of 10 mm.

For each specimen, the dimensions of the FEM model were
adjusted according to the experimental measurement (Table 1).
Uniaxial form of 2nd-order Ogden model was used as the consti-
tutive model to describe the mechanical behavior of the TM. The
uniaxial form of 2nd-order Ogdenmodel is given as (Aernouts et al.,
2010; Wang et al., 2002)

TU ¼
X2
i¼1

2mi
ai

�
lai�1
U � l�0:5ai�1

U

�
(1)

where TU is the uniaxial stress; lU is the uniaxial stretch ratio, and
lU ¼ 1þ εU , with εU being the uniaxial strain. Parameters mi and ai
are constants representing the material hyperelastic properties.
Under uniaxial stretch, assuming incompressibility of the TM, the
principal stretch ratios li (i ¼ 1, 2, 3) are given as l1 ¼ lU ,

l2 ¼ l3 ¼ l
�1

2
U .

During the inverse method process, values of mi and ai were first
set to be identical to those of normal chinchilla TM reported by
Liang et al. (2016). Uniform pressure in the range of 0 kPae1.0 kPa
was applied on the medial side and the lateral side, corresponding
to the pressures used in the experiments. The volume displacement
under each static pressure was calculated. An iteration procedure
was used to modify mi and ai until the volume displacement



Table 1
Dimensions, average pressures for the blasts and parameters of Ogden model for each Chinchilla TM.

Sample
Number

Superior-inferior
Diameter (mm)

Anterior-posterior
Diameter (mm)

Average Blast
Pressure (Psi)

m1 a1 m2 a2

16-3-2L 8.24 8.13 4.95 1.5 4.4 3.2 �7.0
16-3-2R 8.86 9.26 4.95 1.1 3.7 2.9 �6.1
16-3-11L 8.58 9.30 4.90 1.0 2.7 2.8 �5.6
16-3-11R 8.16 9.23 4.90 1.4 3.7 3.1 �6.8
16-3-5L 8.81 7.91 5.56 1.6 4.0 3.2 �6.9
16-3-6R 8.38 8.56 4.05 1.5 3.3 3.2 �6.3
16-3-7R 7.41 8.93 4.75 1.5 3.1 3.2 �6.2
16-3-10L 8.40 9.12 4.23 1.1 2.6 2.9 �5.0
Average 8.36 ± 0.43 8.81 ± 0.51 4.79 ± 0.65 1.3 ± 0.2 3.4 ± 0.6 3.1 ± 0.2 �6.2 ± 0.6
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computed from the FEMmodel agreedwell with the corresponding
experimental volume displacement.

To compare with the mechanical properties of control chinchilla
TMs from our previous work, the data was also analyzed to deter-
mine the Young's modulus and the tangent modulus. The former is
defined as the slope in the linear region of stress-strain curve under
small deformations. The latter is the slope of the stress-strain curve
at any point. The Young's modulus and the tangent modulus are
identical at the initial linear portion of a stress-strain curve. For
hyperelastic material, the tangent modulus can be obtained by
taking derivative of stress with respect to strain from Equation (1),
given as

dTU
dεU

¼
X2
i¼1

2mi
ai

h
ðai � 1Þð1þ εUÞai�2

þ ð0:5ai þ 1Þð1þ εUÞ�0:5ai�2
i

(2)

Additional details of the FEM model and the procedure of the
inverse method can be found in our previous work (Liang et al.,
2015; 2016).

3. Results

The pressure-volume displacement relationships of eight post-
blast chinchilla TMs were calculated from the topographies
reconstructed with micro-fringe projection. The applied pressures
were plotted against the volume displacements as shown in Fig. 3.
The volume displacements were calculated from the TM surface
Fig. 3. Pressure-volume displacement relationships for eight post-blast chinchilla TMs. The
smooth curves show the FEM simulation results. Data were plotted in two figures for the c
profiles during the pressure ramping-up phase.
Closely observing this plot reveals a short initial linear stage

where the TM deforms significantly with the increase of pressure
followed by a nonlinear stage where the deformation of TM be-
comes stable. At the initial stage of the loading, linear behavior is
observed and it is due to the relaxed collagen fibers and the elastic
behavior of the TM's soft tissue. As the loading increases, however,
the collagen fibers start to align in the loading direction to bear the
loads, causing an alternation in stiffness. The strong nonlinearity
exhibited in the pressure-volume displacement curves is similar to
our previous reported results on control chinchilla TMs (Liang et al.,
2016).

The curves shown in Fig. 3 are overall fairly asymmetrical with
respect to the origin. The average lower volume displacement in
the positive direction is about 29% lower than that in the negative
direction. The asymmetry is attributed to the nearly conical ge-
ometry of the TM and the boundary structure: the malleus on the
medial side of the TM holding the convex geometry of TM in a pre-
stretched condition hinders the TM to further deform as pressure
increases in the positive direction (Dirckx and Decraemer, 1992; Qi
et al., 2008). Even though the tensor tympani muscle has been
removed, the immobility of the malleus-incus complex from sam-
ple preparation still serves as a strong constraining boundary for
the TM deformation under positive pressure. This can also be the
reasonwhymost of the TM samples fail under the positive pressure
loading. The asymmetrical deformation under volume-
displacement overpressure agrees with our previous work (Liang
et al., 2016) and findings from TMs of other mammals such as
gerbil (Gea et al., 2010), cat (Funnell and Decraemer, 1996).
makers show the experimental results during of ramping up of the pressure and the
onvenience of reading.



Fig. 4. Comparison of surface profile of a typical TM sample between experimental (Exp) results and FEM simulation under �1.0 kPa, 0 kPa and þ1.0 kPa pressures. The three dash-
dot lines along anterior-posterior direction in the schematic in (a) shows the cross-sections for comparison in the right figure. The labels in the schematics are: A (anterior
quadrant), P (posterior quadrant), S (superior quadrant), I (inferior quadrant) and U (umbo).
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The dimensions and the material properties parameters for
Ogden model of each TM are listed in Table 1. These parameters
were obtained with the entire pressure history of the measurement
for each sample. Simulated pressure-volume displacement curves
are plotted with the solid lines in Fig. 3 to compare with their
experimental counterparts. The simulation results generally agree
well with the experimental data with less than 10% error. For
validation purpose, height profiles of a typical sample are also
compared between experiment and simulation in three cross-
sections at three different pressure levels (�1.0 kPa, 0 kPa
and þ1.0 kPa) shown in Fig. 4. With positive pressure applied,
simulation height profiles are almost identical to the experimental
results with error less than 5%, while with negative pressure the
error is relatively large-at around 15%. The reasonable good
agreement between the simulation results and experimental data
Fig. 5. Uniaxial tensile stress-strain curves of eight chinchilla TMs post blast (deter-
mined from an inverse method using the 2nd order uniaxial Ogden hyperplastic
model).
shows that the non-uniformity of TM were reduced through the
summation process in the calculation of volume displacement.

The stress-strain relationships of the eight post-blast chinchilla
TMs determined using Equation (1) and the parameters from
Table 1 are shown in Fig. 5. The curves shown in Fig. 5 indicate that
the material properties of chinchilla TM are highly nonlinear above
10% strain. The TM first becomes softer between 10% and 20% strain
and then gradually stiffens after 20% strain.

The tangent modulus is plotted against the uniaxial strain as
shown in Fig. 6. The curves in this figure indicate that, as the strain
increases, the tangent modulus exhibits a decrease followed by a
gradual increase in value. At 46% strain, which is the maximum
strain on the TM determined by FEM model, the maximum stress
reaches an average of 1.0 MPa as shown in Fig. 5.

The average Young's modulus is also calculated based on the
Fig. 6. Tangent modulus as a function of strain for eight post blast chinchilla TMs
(determined from an inverse method using the 2nd order uniaxial Ogden hyperplastic
model).



Fig. 7. Pressure-volume displacement relationships for post-blast and control chin-
chilla TMs (n ¼ 10 for the control group and n ¼ 8 for the post-blast group). The error
bar in the figure shows the standard deviation. Note that the average and the standard
deviation for the post-blast samples are calculated from the available data at each
pressure level (See Fig. 3). Thus n may be smaller than 8 at some pressures due to pre-
mature rupture of some samples.

Fig. 8. Uniaxial tensile stress-strain relationships for post-blast and control chinchilla
TMs (n ¼ 10 for the control group and n ¼ 8 for the post-blast group. The error bar in
the figure shows the standard deviation.).

Fig. 9. Tangential modulus for post-blast and control chinchilla TMs (n ¼ 10 for the
control group and n ¼ 8 for the post-blast group. The error bar in the figure shows the
standard deviation.).

Table 2
Comparison of failure pressures between control chinchilla TMs and post-blast
chinchilla TMs (p ¼ 0.036).

Group Number of
Samples

Failure Pressure
(kPa)

Standard Deviation
(kPa)

Control 10 1.14 0.3
Post-blast 8 0.77 0.37
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results obtained from eight TMs using Equation (2). At strain close
to zero, the tangent modulus is 12 MPa. Then it decreases to
7.0 MPa at 46% strain. The average tangent modulus, at strains less
than 25%, is chosen as the representative Young's modulus.
Therefore, the average value of ~9 MPa is quoted as the Young's
modulus for the post-blast TMs.

4. Discussion

4.1. Comparison between post-blast and control TMs

The mechanical properties of chinchilla TMs without exposure
to a blast (control samples) have been measured and reported
previously (Liang et al., 2016). In this study, we make a comparison
between the mechanical properties of control and post-blast
chinchilla TMs. Specifically, in order to investigate the effect of
the blast on the chinchilla TM, the average value of pressure-
volume displacement relationships, stress-strain relationships
and tangential modulus of TMs of two groups of animals (control
and post-blast chinchilla) are plotted in Figs. 7e9 respectively. The
results are based on the average values for eight post-blast TMs and
ten control samples respectively. The comparison indicates notable
differences as described below.

When comparing the pressure-volume displacement relation-
ship between the post-blast and the control TM (Fig. 7), indepen-
dent two sample t-test at each pressure level shows that there is a
significant difference between these two groups of data (p < 0.05)
except at the pressure of 1.0 kPa (p ¼ 0.123). In the positive direc-
tion, the volume displacement significantly increases below 0.5 kPa
and this increase gradually drops down. At 1.0 kPa, the volume
displacements of control and post-blast TMs are similar. Pressure-
volume displacement relationship reflects the mechanical
response of the entire structure including TM and the malleus-
incus complex. The notable rise of volume displacement of the
post-blast TMs at the low pressure level indicates the decrease of
the stiffness of the structure. As the pressure increases, malleus
starts to carry more load and becomes the major constraint for the
TM deformation, thus the difference of volume displacements be-
tween control and post-blast TMs becomes small. The volume
displacement in the negative pressure range generally shows a
similar pattern except for the pressures at�0.875 kPa and�1.0 kPa.
This is probably due to uncertainty associated with small sample
size (n ¼ 2). As pointed out in measurement procedure section,
some TM samples ruptured before themaximumpositive pressures
were applied, or ruptured at magnitude of low pressure levels
when negative pressure was applied. Only two of the post-blast



Fig. 10. Typical SEM images for post-blast and control chinchilla TMs. The grey box in
the schematic on the top shows the location where the SEM images were acquired. The
labels in the schematics are: A (anterior quadrant), P (posterior quadrant), S (superior
quadrant), and I (inferior quadrant).
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TMs were able to provide the volume displacement at these two
pressure levels. The increase in volume displacement generally
occurs as the TM-malleus structure becomes less stiff after expe-
riencing multiple blasts.

To further investigate the change of material properties of the
TM instead of alternation of the structural properties of the system,
a comparison is made on the stress-strain curves of TM determined
from the inverse method. Fig. 8 confirms the hypothesis that the
TM becomes softer after experiencing multiple blasts, in that the
stress is lower in post-blast samples when compared to the control
samples at the same strain. The difference of stresses between
normal and post-blast TMs at strain levels above 20% is generally
identical (p < 0.01 at all the strain levels), although at high strain
both control and post-blast TMs show large scattering and the
scattering areas partly overlap with each other.
Fig. 9 shows that the tangent modulus has a pronounced
decrease (p < 0.006 at all the strain levels) after the TM has expe-
rienced multiple blasts especially below 20% strain. Above 20%
strain, the difference in modulus gradually decreases, which also
agrees with the pattern of the difference in volume displacement
between control and post-blast TMs. Within the linear range
(below 25% strain), tangential modulus decreases about 10 MPa,
which is about a 53% decrease when compared to the control
samples.

Table 2 shows the comparison of ultimate failure pressures be-
tween control and post-blast chinchilla TMs. The ultimate failure
pressure decreases significantly: the ultimate failure pressure drops
down from 1.14 kPa to 0.77 kPa (p ¼ 0.036), representing a 33%
reduction. This implies that TMs were generally significantly
weakened through the exposure to multiple blasts, even though
the blast pressure level does not reach the rupture threshold.

The decrease of the stiffness of the structure and the weakening
of the TM are related to the microscopic damages that were caused
by the multiple blasts. Fig. 10 shows the Scanning Electron Micro-
scope (SEM) image of the TM in the control case and post-blast
case. The surface layers of post-blast TM are much rougher than
the control counterpart. While the blast was not severe enough to
perforate the entire TM structure, it clearly damaged the surface of
the TM as well as inducedmicro-cracks in the fiber layers. Damaged
epidermis is also clearly observed all over the post-blast TM sur-
face. Due to the in vitro nature of the measurement in the present
study, it is unclear whether these microstructural damages of the
TM by blast are recoverable or long-term in a live chinchilla.
Investigation of the effect of damage on the threshold and transfer
function of the hearing in live chinchillas can potentially address
this issue.

4.2. Comparison with other studies

The results reported herein are in line with other results avail-
able in the literature. Although there are various researches on blast
induced traumas in brain (Alshareef et al., 2015; Elliott et al., 2008;
Ling et al., 2009), eyes (DeMar et al., 2016; Jones et al., 2016), and
auditory system (Gan et al., 2016; Wani et al., 2016), to the best of
our knowledge, studies on change of mechanical properties of
auditory tissues are very rare. Most recently, Luo, et al. reported the
mechanical properties of human eardrum at high strain rates after
exposure to blast waves (Luo et al., 2016), which is the only work on
change of TM mechanical properties after blast. In their study, it
was found that the average Young's moduli of the human TMs
exhibit 27% reduction after exposure to blast in radial direction but
remain nearly identical in circumferential directions at strain rates
below 300s�1. Our finding on decrease of Young's modulus of
chinchilla TM after blast agrees with Luo's observation on human
TM. The decrease of mechanical properties of the chinchilla TM
reported in this work is larger than that was found in human as
reported by Luo et al. This is probably due to the thickness differ-
ence of TMs between chinchilla and human (15 mm of chinchilla vs.
70 mm of human). Exposing to similar level of blast pressure may
generate more damage to chinchilla TM than to human TM.

Compared to Luo's work, the method in this study has two ad-
vantages: Firstly, animal study allows investigation of TM exposed
to blast in vivo. It is well known that the stapedius and tensor
tympani muscles of the middle ear contract when the ear is
exposed to high-intensity sound (Fox, 2006), potentially reducing
the damage to the TM. Therefore, the decrease of TM properties
could be smaller in the in vivo case than that in the post mortem
case. Secondly, the micro-fringe projection used in this study is a
non-contact technique. The procedure of the method does not
require cutting the TM into strips or harvesting the TM as in some
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other mechanical testing techniques (Cheng et al., 2007; Huang
et al., 2008; Luo et al., 2009; Zhang and Gan, 2013). Therefore the
potential damage to the TM structure caused by sample preparation
is excluded from damage caused by blast overpressure. It is worth
noting that fringe projection measurement requires the scarifica-
tion of the chinchilla to harvest the bullas, thus individual TM was
used either in control or blast exposure experiment. The observa-
tion of effect of the blast is based on group comparison. In this
study, micro-fringe projection is used to determine the surface
topography of the TM, this technique is not sensitive enough to
detect the damage that is highly localized. As a result, the ho-
mogenized (or effective) mechanical properties are determined
under the assumption that the TM behaves as an isotropic material.
The values of mechanical properties reported herein globally
represent the average alternation of mechanical performance of the
TM after blast exposure. This work should be considered as a
supplement to the existing study on the effect of blast overpressure
on human TM properties. Future study is needed to identify local
damage, and its effect on the local mechanical properties, including
the alteration of material anisotropic properties.

5. Conclusion

The effect of blast overpressure on mechanical properties of the
TM in chinchillas were reported in this paper using a micro-fringe
projection system with pressure as loading. FEM models of the
chinchilla TMs were developed to characterize the mechanical
properties of the TMs through an inverse method. Compared to the
results from previous work on the control chinchilla TMs, it is found
that Young's modulus of the post-blast chinchilla TMs decreased by
about 53% while the failure pressure reduced by about 33%. Based
on the measured post-blast mechanical properties of TM, more
accurate simulation model of the middle ear for blast wave trans-
mission can be established for further investigating hearing
damage.
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Abstract—Blast overpressure causes dynamic damage to
middle ear components, and tympanic membrane (TM)
rupture is the most frequent middle ear injury. However, it is
unclear how the blast waves change mechanical properties of
the TM and affect sound transmission through the ear. This
paper reports the current study on dynamic properties of the
TM after exposure to blast waves by using acoustic loading
and laser Doppler vibrometry (LDV). The TM specimens
were prepared from human temporal bones following expo-
sures to blast overpressure. Vibration of the TM specimen
induced by acoustic loading was measured by LDV over a
frequency range of 200–8000 Hz. An inverse-problem solving
method with finite element modeling was used to determine
the complex modulus of the TM specimen. The post-blast
storage modulus ranged from 23.1 to 26.9 MPa, and loss
modulus ranged from 0.09 to 3.78 MPa as frequency
increased from 200 to 8000 Hz. Compared to the complex
modulus of normal TM reported in the literature, the post-
blast storage and loss modulus decreased significantly across
the frequency range. The scanning electron microscopy
(SEM) images of the post-blast TM samples showed
microstructural changes of the tissue, which explained the
alteration of mechanical properties of the TM samples.

Keywords—Tympanic membrane, Complex modulus, Blast

overpressure, Ear injury.

INTRODUCTION

Auditory damage is one of the primary blast injuries
in service members on the battlefield and civilians that
suffered from blast exposure. Dougherty et al.7

reported a study on 3981 military personnel that suf-
fered a blast-related injury and found that tympanic

membrane (TM) perforation occurred in 8% of the
individuals. Other studies of blast-exposed patients
showed the incidence of TM rupture ranged from 10 to
20%.12,13,25 In addition to TM rupture, the blast
overpressure can also interrupt the ossicular chain, and
damage the cochlear hair cells.4 While the mechanisms
of blast-induced hearing loss are not well understood,
mechanical damage to TM has been associated with a
higher chance of hearing loss at medium and high
frequencies.7,21

The TM is located at the end of the external ear
canal and forms the boundary between the outer ear
and middle ear. The TM plays an important role in
transmitting sound from the environment to the mid-
dle ear and inner ear. As a multi-layer membrane tis-
sue, mechanical properties of the TM directly affect its
vibration response to sound pressure. Any damage to
the TM would affect its mechanical properties and
alter the normal performance of the TM for sound
transmission.

There are two basic types of experimental data
which are used to assess the extent and nature of blast-
induced damage to the TM: mechanical property
changes and microstructural variations of the TM.
Mechanical properties provide an indication of the
residual stiffness of the damaged TM as a function of
the frequency. By comparing mechanical properties at
various frequencies before and after an exposure, it is
possible to derive a stiffness shift measure of the TM.
Microstructural variations can be detected by scanning
electron microscopy (SEM) images, which provide an
insight into the structural aspects of the injury on the
surface of the TM, but SEM images are difficult to
quantify the damage throughout TM.

Mechanical properties of the TM under normal
conditions have been characterized by numerous
researchers. The static properties of the human TM
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were first reported by von Békésy24 as 20 MPa from a
bending test on a rectangular cadaver TM strip. Fur-
ther investigations into mechanical properties of
human TM have been performed at quasi-static or low
frequency range.3,5,8,14,24 However, the TM works
under the auditory frequency range of 20–20,000 Hz,
and the dynamic properties of the TM need to be
measured over the auditory frequency range. Kirikae
determined Young’s Modulus in the circumferential
direction to be 40 MPa at 890 Hz.16 Zhang and Gan
reported an investigation on dynamic properties of
human TM using acoustic stimulation and laser
Doppler vibrometry (LDV) measurement.27 Utilizing
various techniques, the dynamic properties of the
human TM in the auditory frequency range have been
further characterized.18,27,28 Nevertheless, there are
only a few investigations providing accurate mechani-
cal data for the damaged TM after exposure to blast
overpressure.11,19

A better understanding of dynamic properties of the
human TM exposed to blast waves is of considerable
interest for assessment of blast-induced damage of the
auditory system as well as for hearing protection de-
vices. Luo et al.19 used a highly sensitive miniature split
Hopkinson tension bar (SHTB) to measure the
mechanical properties of the TM at high strain rates,
and derive the Young’s modulus changes of the TM
after multiple blast exposures. The SHTB provided an
uniaxial tensile test for TM strip specimens in the time-
domain. The tensile strain of the TM specimens in
SHTB tests was typically 10–30%.19 Due to the sen-
sitivity of the TM’s stiffness characteristics to strain
rates, the results from SHTB test can be utilized to
characterize the failure behavior and nonlinear stress–
strain curve of the TM in relation to impact loading.
However, from the view of TM transmitting sound
vibration, mechanical property changes of the TM
induced by blast waves should be quantified in
response to sound stimulation.

Despite the progress made in understanding the
change of mechanical properties induced by blast
exposure, accurate measurement of the mechanical
properties of damaged TM is still needed. First, due to
the nonlinear stiffness characteristics of the TM, the
mechanical properties vary with strain. It is necessary
to determine how mechanical stiffness of the TM de-
creases when the TM is exposed to repeated blast
exposures. Second, the residual stiffness of damaged
TM reflects the severity of injury to the TM, and the
mechanical property data give us an insight into the
mechanical state of the TM immediately after expo-
sure. Third, the material properties can be used to
validate the biomechanical modeling to predict TM
perforation induced by blast exposure. Finally, the
knowledge about residual TM stiffness may assist

emergency medical personnel in the evaluation and
treatment of blast-injured TM, avoiding further audi-
tory injury.

The goal of this study is to determine the mechan-
ical properties of damaged human TMs in response to
sound stimulation. After the TM was exposed to
multiple blast waves, a technique coupling LDV mea-
surement with acoustic stimulation was utilized to
measure the dynamic response of the TM specimen
over the auditory frequency range following the pre-
viously established methodologies.27 Then an inverse-
problem solving method with finite element (FE)
modeling was employed to determine the complex
modulus of the TM samples. The results quantified the
stiffness characteristic of the TM after it suffered
multiple blast exposures.

METHODS

TM Specimen Preparation

Exposure of Human Temporal Bones to Blast Waves

Fresh human cadaveric temporal bones were sup-
plied by LifeLegacy Foundation, a certified human
tissue supply source for military research. The study
protocol was approved by the US Army Medical Re-
search and Material Command (USAMRMC), Office
of Research Protections (ORP). 10 fresh temporal
bones (6 female and 4 male) from 7 donors with an
average age of 73.7 ± 5.8 years, ranging from 66 to
84 years, were involved in this study. Comparing the
TM samples reported by Zhang and Gan,27 they used 8
specimens from 5 donors with a mean age of 67.5 years
yielding a 8.8% difference. All temporal bones pro-
vided by LifeLegacy Foundation were shipped with
dry ice to our laboratory within 12 h. The experiments
were conducted within one week after the temporal
bones arrived. The samples were processed with a
solution of 0.9% saline and 15% povidone at 5 �C to
maintain the physiological condition before the
experiment. Each sample was examined under an
operating microscope (OPMI-1, Zeiss, Thornwood,
NY) to confirm a normal ear canal and an intact TM.

As shown in Fig. 1 a temporal bone including a
complete normal organ of the ear was mounted to a
‘‘head block’’ inside an anechoic test chamber in our
lab at the University of Oklahoma. Following previ-
ously established methodologies, a compressed nitro-
gen-driven blast apparatus was utilized to produce
blast overpressure by rupturing a polycarbonate film
(McMaster-Carr, Atlanta, GA).11 Blast overpressure
level was controlled by changing the thickness of the
film, or the distance from the blast reference plane. A
pressure sensor (Model 102B16, PCB Piezotronics,
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Depew, NY) was mounted on a column to monitor the
blast pressure. The pressure sensor was positioned
approximately 1 cm lateral to the ear canal opening.
The pressure signal was acquired using a sampling rate
of 100 kilo-samples per second (10 ls dwell time) by
the cDAQ 7194 and A/D converter 9215 (National
Instruments Inc., Austin, TX), and acquired by the
software package LabVIEW (NI Inc.). The pressure
waveform of each blast had a single positive over-
pressure peak, and the peak pressure was used to assess
the pressure level of blast. Following the previously
established method,19 it usually took three iterations of
blasts to reach the TM rupture. The peak pressure
before the TM rupture was defined as the TM rupture
threshold. For this study, the TM rupture threshold
ranged from 7.6 to 9.0 psi (52.4–62.1 kPa), which is
representative of an explosion of 0.45 kg of TNT at
distance 3.35 m from the person.15 The perforations
were mainly observed in the anterior or inferior por-
tion of the TM along the radial direction.

TM Specimen Preparation

A rectangular strip cut from the pars tensa of the
TM was used to identify material properties. The
human middle ear includes the TM or eardrum, three
ossicular bones connected by two joints, and suspen-
sory ligaments. If an intact middle ear is used to
measure the material properties of TM, a large number
of unknown variables including the shape of the TM,
the material properties of the malleus–incus joint, in-
cus–stapes joint, and suspensory ligaments will be
involved. To reduce the number of variables and the
difficulty of parameter identification, a rectangular
strip TM specimen was utilized.

After the temporal bone was exposed to blast waves,
the tympanic annulus was detached from the tympanic
sulcus. The TM was then removed with an intact
malleus, and placed in 0.9% saline solution. A rect-
angular strip with approximate dimensions of
6 9 2 mm was cut from either the posterior or anterior
site of the pars tensa as shown in Fig. 2a. A total of ten
TM samples were collected for this study.

Experimental Setup for LDV Measurement

The TM specimen was fixed to two aluminum fix-
ture adapters with cyanoacrylate liquid glue (Super
Glue), and two plastic panels were used to support the
fixture adapters during the mounting process. A laser
reflective tape (3 M Co., St. Paul, MN) with an area of
0.5 mm2 and a mass of 0.04 mg was placed at the
center of the specimen to serve as the laser target for
LDV measurement. Once the specimen was aligned in
the grips of the material testing system (MTS)
(TestResource, MN), the support panels were cut. The
initial state of a mounted specimen was setup as shown
in Fig. 2b.

Figure 3 is a schematic diagram of the experimental
setup with LDV to measure dynamic properties of the
TM specimen. The sound was delivered from a speaker
through a 1 mm diameter sound delivery tube at 2 mm
away from the center of the lateral side of the speci-
men. A dynamic signal analyzer (DSA) (PSA, HP
35670A, CA) coupled to a power amplifier (B&K 2718,
Norcross, GA) was used to generate a pure tone sound
of 90 dB SPL over the frequency range of 200–
8000 Hz. To monitor the input sound pressure level a
probe microphone (ER-7C, Etymotic Research, IL)
was attached to the sound delivery tube 1 mm from the
TM surface. Specimen vibrations were measured with
a LDV (HLV-1000, Polytech PI, Austin, CA) while
focusing the beam at the reflective tape. The vibration
velocity of the specimen was acquired by the DSA and
recorded on a personal computer for further analysis.

It is well known that the stabilized mechanical state
of biological soft tissue can be reached through pre-
conditioning. In this study, preconditioning was
achieved by conducting five loading and unloading
cycles in the MTS. The specimens were elongated at
0.5 mm/s with a longitudinal stretch ratio of 10%. The
TM specimens were moistened with a saline solution
during the testing process to maintain physiological
conditions.

Determination of Complex Modulus

Dynamic testing of each specimen was simulated in
a FE model in ANSYS (ANSYS, Inc., Canonsburg,
PA) using acoustic-structure coupled analysis. The

FIGURE 1. Setup to induce blast waves on human temporal
bones.
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inverse-problem solving method was applied to deter-
mine the dynamic properties of the TM sample using
the experimental data.

FE Model

To mimic the vibration of the TM specimen in
response to sound stimuli in an open field, a FE model
including the solid structure of the specimen and a
spherical area of air surrounding the TM was built. To
facilitate acoustic pressure coupled to the TM surface,
the surface of acoustic elements (air) in contact with
the TM solid structure was defined as a fluid–structure

interface (FSI). The air had a density of 1.21 kg/m3,
and the specimen was simplified to a rectangular strip
and assumed as a homogeneous isotropic material with
a density of 1200 kg/m3 and Poison’s ratio 0.3.9 A
review of computational studies of human TM
biomechanics was conducted by Volandri et al.23 (see
Table 2 of their paper) with the TM Poisson’s ratio
values reported in the literature. There was a general
agreement on setting a value of 0.3 for the TM Pois-
son’s ratio in the absence of experimental data. Al-
though some researchers used TM Poisson’s ratio close
to 0.5 to approximately simulate incompressibility,1

the Poisson’s ratio of the TM has never been experi-
mentally measured.

Four-node tetrahedral solid elements (Type 185 in
ANSYS) were used for the meshing of the TM in
ANSYS. The air surrounding the TM within 0.1 m
radius was meshed using four-node tetrahedral fluid
elements (Type 30 in ANSYS). The exterior surface of
the air sphere was covered in three-node triangular
fluid elements, which simulated the sound absorbance
effect in an infinite open field.25

The TM specimen was considered to be fully
clamped at either end. The input sound pressure
delivered through the tube was considered to be
acoustic loading applied at 1 mm away from the
specimen surface. The real pressure distribution to
drive the specimen vibration was solved by the FE
modeling.

Before the FE model was used for determination of
complex modulus, convergence tests were performed
to assess the adequacy of the mesh density. The

FIGURE 2. (a) TM sample harvested from blast exposed temporal bone. The black rectangle shows the area where the specimen
was cut from. (b) TM strip specimen fixed to a metal adapter and mounted into the MTS.

FIGURE 3. The schematic of the experimental setup for
dynamic testing of TM specimens.
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elements of the TM sample were refined three times.
The number of elements along width for the specimen
was 13, 20 or 40, and the number of elements along
length were 34, 60 or 80. The increase of the resulting
displacement varied across the range of input sound
frequencies. The difference of the first resonance fre-
quency between the initial mesh and the first refine-
ment was less than 15%, and the difference between
the first and second refinement was less than 7%. The
peak displacement magnitudes for the first refinement
deviated by 44%, but for the second refinement the
displacement deviated by less than 5%. Thus, we used
the mesh resulting from the second refinement for
simulations.

In FE model, the TM specimen was surrounded by
the air without net flow. The continuity conditions
between the structure (TM) and the air were well de-
fined by Bouillard and Ihlenbury2 and the acoustic
fluid–structure interaction was used in published works
on TM dynamic properties by Yokell et al.26 and
Zhang and Gan.27 In this study, the air surrounding
the TM was meshed with four-node tetrahedral
acoustic elements. The well-known rule for the linear
elements is to resolve a wavelength k by six elements.
Following this ‘rule of the thumb’ that at least six
elements per shortest acoustic wavelength should be
adopted for acoustic scattering.2 The maximum
acoustic element edge size of 0.0071 m was estimated
at 8000 Hz, i.e., 1/6 k = 1/6 (c/f) = 1/6 (343 m/s/8000/
s) = 0.0071 m, where c is the sound speed in air and f
is the frequency. Thus, the maximum element edge size
in this study was much smaller than 0.007 m and the
mesh was fine enough.

Figure 4 displays a typical model of TM specimen
with plane and lateral views. The figure shown was the
initial meshes, and the mesh density was coarser than
that of the final refinement.

Sound pressure of 90 dB SPL over the frequency
range of 200–8000 Hz was applied at 1 mm away from
the surface of the TM. The harmonic analysis was
conducted in the model using ANSYS, and the pre-
dicted displacement at the center of the TM specimen
was derived to compare with the measured result.

Constitutive Equation of TM Specimen

The standard linear solid model or Weichert model
was used to describe the viscoelastic behavior of the
TM.20,27 The relaxation modulus of the TM can be
expressed as

EðtÞ ¼ E0 þ E1exp � t

s1

� �
; ð1Þ

where E0 is the relaxed elastic modulus at t = ¥,
E0 + E1 is the initial elastic modulus at t = 0, and s1 is

the relaxation time. The relaxation modulus in the time
domain can be converted to the complex modulus in
the frequency domain. The complex modulus E* is
expressed as

E�ðxÞ ¼ E0ðxÞ þ iE00ðxÞ ð2Þ

where E¢(x) is the storage modulus, E¢¢(x) is the loss
modulus, and x is the angular frequency. Further,
E¢(x) and E¢¢(x) can be expressed as

E
0
xð Þ ¼ E0 þ

E1s21x
2

1þ s21x
2

ð3Þ

E00ðxÞ ¼ E1s1x

1þ s21x
2
: ð4Þ

The loss factor g(x) can be expressed as

gðxÞ ¼ tanðdÞ ¼ E00ðxÞ
E0ðxÞ ; ð5Þ

where d is the phase angle.

Inverse-Problem Solving

The inverse-problem solving method was used to
obtain the complex modulus, following the methods

FIGURE 4. The FE model of dynamic experiment on the TM
specimen. (a) Plane view of the FE model with fixed boundary
condition (triangles) at both ends of the TM specimen and the
acoustic pressure applied at the central area of the specimen.
(b) Lateral view of the FE model including the TM specimen,
sound delivery tube, and surrounding acoustic elements.
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reported by Zhang and Gan27 of measuring dynamic
properties of human TMs. An iterative process was
used to determine the three viscoelastic parameters E0,
E1, and s1 in Eqs. (3), (4), and (5) through comparing
each experimental displacement-frequency curve with
the curve derived from the FE model of each specimen.
The comparison was focused on four primary features:
the resonance frequency xn, the amplitude displace-
ment at low-frequency (f = 200 Hz), the displacement
amplification ratio R of peak amplitude to low-fre-
quency amplitude, and the bandwidth at the peak
amplitude. Finally, E0, E1, and s1 were substituted into
Eqs. (3), (4), and (5) to calculate the storage modulus,
loss modulus, and loss factor.

An iterative FE simulation of the dynamic test was
performed to find material constants that achieved the
best match between the modeling results and actual
measurements. A short description of the process is
given below. (1) The loss factor at the resonance fre-
quency was assumed with various values, the storage
modulus at the resonance frequency was determined by
comparing the computed resonance frequency and the
amplitude ratio R with those of the actual measure-
ment. This was implemented by a golden-section in the
MATLAB program. The values best matching between
computed and actual measurements were used as the
storage modulus and loss factor at resonance fre-
quency. (2) An iterative process was used to find the
estimation of E0, E1, and s1 by matching the storage
modulus and loss factor that obtained from step (1).
The storage modulus E¢(x) and loss factor g(x) were
calculated over the frequency range of 200–8000 Hz
using Eqs. (3) and (5). (3) The calculated displacement-
frequency curve from the model was compared to the
experimental data based on the primary features de-
scribed above. If the lower frequency displacement and
bandwidth did not match well with the experimental
data, the iteration continued until the two curves fit
well. The process was terminated when the mean per-
centage error between two iterations or between com-
puted and actual measurements were lower than a pre-
specified tolerance of 10%.

SEM Images

To evaluate the microstructural changes of the TM
after exposure to blast, SEM imaging was performed
for both pre- and post-blast TMs. TMs were fixated
using paraformaldehyde, dehydrated in ethanol, dried
using Hexamethyldisilizane solution, and sputter
coated with gold palladium. Finally, the prepared
samples were examined with electron microscopes
(NEON 40 EsB, Zeiss, Oberkochen, Germany) (JSM-
840, JEOL Ltd., Tokyo, Japan) in the Samuel Roberts
Noble Microscopy Laboratory at the University of
Oklahoma.

RESULTS

The length, width, and thickness of ten TM speci-
mens are listed in the first three rows of Table 1. The
length ranged from 5.2 to 6.3 mm with a mean of
5.9 ± 0.3 mm, the width ranged from 2.0 to 2.2 mm
with a mean of 2.1 ± 0.1 mm, and the thickness ran-
ged from 0.08 to 0.12 mm with a mean of
0.10 ± 0.1 mm. Figure 5 displays the measured fre-
quency-displacement response curves from ten speci-

TABLE 1. Dimensions, resonance frequency, amplitude ratio, and viscoelastic parameters of post-blast TM specimens (n 5 10).

TM specimen 35L 36R 38R 39L 41L 43L 44R 47L 48R 49L Mean ± SD

Length (mm) 5.9 5.7 6.0 6.1 6.3 5.9 6.0 5.9 6.2 5.2 5.9 ± 0.3

Width (mm) 2.1 2.2 2.2 2.1 2.2 2.2 2.1 1.9 2.2 2.0 2.1 ± 0.1

Thickness (mm) 0.09 0.10 0.10 0.10 0.09 0.12 0.12 0.09 0.08 0.09 0.10 ± 0.01

fn (Hz) 707 707 1019 707 778 1214 1311 811 712 1019 899 ± 277

R 17.3 11.1 20.8 21.2 15.3 17.6 28.9 13.5 17.4 14.6 17.8 ± 5.0

E0 (MPa) 17.1 12.9 29.4 20.7 26.5 29.7 33.0 19.9 21.2 20.8 23.1 ± 6.3

E1 (MPa) 7.0 5.0 5.9 9.9 11.6 5.3 3.5 7.6 9.0 10.7 7.6 ± 2.7

s1 (ls) 20.0 20.0 21.8 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.2 ± 0.6

FIGURE 5. Vibration amplitude measured from dynamic
tests on ten TM specimens over the frequency range 200–
8000 Hz.
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mens. The resonance frequency fn and the amplifica-
tion ratio R (ratio between the amplitude at the reso-
nance frequency and the amplitude at the lowest
frequency measured) are both listed in Table 1. The
average resonance fn was 899 ± 277 Hz, and the
median for the group occurred at 795 Hz. The ampli-
tude ratio R averaged 17.8 ± 5.0 with the maximum
value of 28.9 corresponding to the specimen with the
highest resonance frequency of 1311 Hz.

FE models were generated to simulate the dynamic
experiments of all TM samples. As an example Fig. 6
shows the experimental results of the amplitude-fre-
quency curve from two TM samples 47L and 41L
(solid lines), compared with the FE model-derived
curves (dashed lines). The three parameters E0, E1, and
s1 for each specimen determined through the FE model
are listed in Table 1. E0 ranged from 12.9 to 33.0 MPa
with a mean of 23.1 ± 6.3 MPa, E1 ranged from 3.5 to
11.6 MPa with a mean of 7.6 ± 2.7 MPa, and s1 ran-
ged from 20.0 to 21.8 ls with a mean of 20.2 ± 0.6 ls.
Discrepancies across the specimens can be a result of
either differences in the blast history of the temporal
bone, geometry of the specimens, or experimental set-
up.

Figure 7 shows the storage modulus E¢, loss mod-
ulus E¢¢, and loss factor g as functions of frequency of
all ten specimens based on their viscoelastic parameters
of E0, E1, and s1 listed in Table 1. In Fig. 7a, the
storage modulus remained generally constant from 100
to 2000 Hz, but in frequencies over 2000 Hz there was
a slight increase. The storage modulus for post-blast
TMs ranged from 12.9 to 33.0 MPa at 100 Hz, and at
8000 Hz the storage modulus ranged from 15.4 to
34.8 MPa. On average the storage modulus was
23.1 ± 6.3 MPa at 100 Hz and was 26.9 ± 6.1 MPa at
8000 Hz.

The loss modulus (Fig. 7b) showed a gradual in-
crease from 100 to 1000 Hz, followed by a rapid in-
crease to 7000 Hz without further variation to
8000 Hz. The value increased with increasing fre-
quency until 6000–7000 Hz, where the loss modulus
reached its maximum value. The loss modulus at
100 Hz for post-blast TMs ranged from 0.04 to
0.15 MPa. At 8000 Hz the loss modulus ranged from
1.77 to 5.79 MPa. On average the loss modulus was
0.10 ± 0.03 MPa at 100 Hz and was 3.78 ± 1.34 MPa
at 8000 Hz.

The loss factor (Fig. 7c) featured a similar trend as
the loss modulus except a peak occurred from 6000 to
7000 Hz afterwards it had a gradual decrease with
increasing frequency up to 8000 Hz. The loss factor
increased steadily until 6000–7000 Hz, after which the
loss factor decreased with increasing frequency. The
loss factor at 100 Hz ranged from 0.001 to 0.0065, and
at the peak the loss factor ranged from 0.050 to 0.210.
On average, the loss factor was 0.004 ± 0.002 at
100 Hz and was 0.150 ± 0.054 at the peak frequency
of 6500 Hz.

Figure 8 shows the SEM image obtained from a
post-blast TM. As a comparison, a SEM image of the
normal TM was displayed in the same figure. The
images were viewed from the lateral side and focused
on areas where the epithelial layer separated from the
TM during SEM preparation. The effect of blast waves
on the fiber bundles can be observed from Fig. 8 as
shown by the radial orientation of the post-blast TM
tears, which was a result of the circumferential fibers
fractures. The normal TM shows a generally smoother
appearance, reflecting the normal state of the TM.
Figure 8 suggested that the TM damage along the ra-
dial direction may be more serious than that along the
circumferential direction after blast exposure.

FIGURE 6. The FE fitting results obtained from two typical specimens in comparison with the corresponding experimental
curves.
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DISCUSSION

Microstructural Changes in Post-Blast TM

The TM is composed of three distinct layers. The
lateral side is an epidermal layer, and the medial side is
a mucosal layer. The middle layer is comprised of
collagen fibers, aligning primarily along the radial and
circumferential directions.17 In a study performed by
Luo et al.,18 the results indicated that the Young’s
modulus is higher in the radial direction than in the
circumferential direction, and the fracture strength in
the radial direction is also higher than that in the cir-
cumferential direction under the condition of the same
strain rate.19 When the TM is exposed to blast waves it
is more probable that the circumferential fibers, which

have a lower fracture strength, would break before the
radial fibers. Figure 8 demonstrates that the post-blast
TM tears were oriented in the radial direction, indi-
cating the microstructure changes caused by blast
exposures. However, it is difficult to quantify the ex-
tent of microstructure damage of TM by using SEM
images. The weakened mechanical properties are the
reflection of microstructure damage, but it is not
applicable to build a direct relation between
microstructure damage of TM and changes of macro-
mechanical properties at the present stage.

Effect of Exposure to Blast Waves on the Complex
Modulus of the TM

The earlier work of Zhang and Gan reported dy-
namic properties of the normal TM using acoustic
stimulation and LDV.27 The same technique was used
in this study. A comparison between Zhang and Gan’s
data and the present results allows us to observe the
difference of TM properties and stiffness shift before
and after blast exposure. To determine the effect of
blast waves on mechanical properties of the TM, the
complex modulus for post-blast TMs was plotted
against normal TMs in Fig. 9. The mean storage
modulus at 100 Hz was 23.1 MPa for the post-blast
TMs and 53.8 MPa for normal TMs. At 8000 Hz the
mean storage modulus of post-blast TMs was
26.9 MPa, and the normal was 65.5 MPa. The blast
exposure caused the storage modulus to become sig-
nificantly reduced across the frequency range. Simi-
larly, the loss modulus for post-blast TMs was also
much lower than the normal TMs. At 100 Hz the mean
loss modulus was 0.09 MPa for post-blast TMs, and
1.37 MPa for normal TMs. At 8000 Hz the loss
modulus of post-blast TMs was 3.78 MPa while that of
the normal TMs was 6.11 MPa. The decrease of loss
modulus was significant (Student’s t test, p< 0.0065).
These data reveal that the blast overpressure causes a
frequency-dependent stiffness reduction of the TM.

Loss factor is the ratio between the loss modulus
and storage modulus. The post-blast TMs had a lower
loss factor at frequencies below 2 kHz and a larger loss
factor at frequencies over 2 kHz compared to the
normal TMs. As shown in Fig. 9, the blast resulted in a
flat storage modulus curve in the high frequency range.
This is one of reasons that caused the larger loss factor
in the post-blast TMs at high frequencies.

Comparing the resonance frequencies of the speci-
mens collected in this study to those in Zhang and
Gan,27 there is also a large alteration between the post-
blast specimen and the normal. The mean resonance
frequency of the post-blast TMs was 899 ± 277 Hz,
ranging from 707 to 1311 Hz. For the normal TMs, the
mean resonance frequency was 2681 ± 277 Hz for

FIGURE 7. Dynamic properties of specimens (n 5 10)
determined from the FE modeling over the frequency range of
100–8000 Hz. (a) Storage modulus, (b) loss modulus, and (c)
loss factor.
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eight specimens. A reduction of mean resonance fre-
quency in the TMs exposed to blast was up to 66%.
Although the specimen geometry is nearly identical
between Zhang and Gan’s study and the current one,
the resonance frequencies of the TM specimens
obtained in this study were much lower than those
measured by Zhang and Gan, supporting the conclu-
sion that the Young’s Modulus is reduced in the post-
blast TM.

In a recent SHTB test performed by Luo et al.,19 the
mechanical properties of post-blast human TM were
measured in the radial direction and circumferential
direction. Luo et al.19 reported that Young’s modulus
of the post-blast TMs was reduced in the circumfer-
ential direction across the whole strain rate range,
while the modulus in the radial direction was reduced
only at low strain rate. In this study, the cutting ori-
entation of the rectangular strips was mainly along the
circumferential direction as shown in Fig. 2a, which
resulted in a greater number of circumferential fibers
retained in the specimen than radial fibers. Therefore,
the present results should be more closely related to the
TM mechanical properties in the circumferential
direction. The blast-induced change of storage modu-
lus in the circumferential direction followed the same
trend as that of the measurements by Luo et al., but the
reduced magnitude was larger in the present study. The
reason for the different change of dynamic modulus
between the two experiments in the blast-exposed TM
needs further study. However, it should be noted that

the deformation direction and strain rate for samples
in two experiments were different. In the SHTB study,
the TM specimen was tested for axial tensile at a high
strain rate, while the post-blast specimen in this study
experienced transverse vibration in a small deforma-
tion.

Additional Insight from This Study

In this study, the data clearly show that retained
complex modulus of the TM after blast exposure was
reduced more than 50%. The TM rupture caused by
blast exposure includes perforation of the TM and
reduction of complex modulus in the remaining part of
the TM. The TM perforation and alteration in
mechanical properties can contribute to a conductive
hearing loss. The effect of TM perforations on sound
transmission through the middle ear was investigated
in temporal bone models by Gan et al.9 Their results
indicated that TM perforations caused more than
20 dB reduction in the TM and stapes footplate dis-
placements at frequencies below 1 kHz.

The reduction of TM complex modulus affects the
middle ear dynamic behavior in two ways due to the
weakened TM stiffness: change of the magnitude and
phase of the TM vibration and alteration of the motion
correlation between the umbo and other locations of
the TM. The middle ear transfer function or frequency-
displacement response of stapes footplate is directly
related to the TM motion. The reduction of TM stiff-

FIGURE 8. SEM images of the TM surface. (a) An image of the whole TM with the indicated location where the SEM image was
taken, (b) image showing the damage of the post-blast TM, and (c) image showing the normal TM surface. S., P., I., and A. represent
the superior, posterior, inferior, and anterior, respectively.
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ness resulted in an increased displacement of the stapes
footplate at low frequencies and a decreased displace-
ment at high frequencies.10 The changes of the TM
stiffness and damping properties affect the TM vibra-
tion waveforms or modes.6 Such a change in vibration
waveforms may result in an alteration of the motion
correlation between the umbo and other locations of
the TM from the normal condition. The spatially or
temporally altered TM motion correlation may inter-
rupt the efficient transduction of sound energy from a
given portion of the TM to the umbo and malleus, and
affect the acoustic input to the cochlea. O’Connor
et al.20 investigated the significance of TM fiber layers
in high frequency sound transmission, and their results
showed that radial collagen fibers of the TM play an
important role in the conduction of sound above

4 kHz. Accordingly, the weakened stiffness in the ra-
dial direction also affects high-frequency sound con-
duction.

Tympanoplasty can restore the anatomic integrity
of the TM. Various materials have been used in clinical
practice for reconstructing the ruptured TM including
different types of fascial grafts, cartilage, fat, etc. The
stiffness of the resulting TM reconstructions varies
with a wide range. It should be mentioned that the
weakened stiffness of the residual TM may affect
hearing outcomes when tympanoplasty is performed
for closure of the TM perforation due to blast expo-
sure. Further study of tympanoplasty for restoration
of hearing in the blast damaged TM is needed.

A series of studies have demonstrated the similari-
ties of sound transmission through the ear between live
human and the cadaveric temporal bones.22 Human
temporal bones are the major source for measuring
mechanical properties of the ear tissues and evaluating
functions of various middle ear implants or
implantable devices. The limitations of this study can
also be related to the viscoelastic material model. The
TM material in this study was assumed to be isotropic
and homogenous, and the directional TM damage was
also ignored. In reality, these collagen fibers of TM are
aligned primarily along the radial and circumferential
directions, and the tears in the TM due to blast
exposures were along radial direction. It should be
mentioned that the proposed approach is good enough
to describe at least the first resonance frequency of the
TM specimen. However, the measurement of multiple
points will probably obtain multiple resonance fre-
quencies and provide more complete data for calcu-
lating the frequency dependent properties of the TM.
In this condition, the multiple constant model will
improve the estimation of the complex modulus.

In addition, the Poisson’s ratio of the TM may still
be an open question due to the difficulties in measuring
this value. Currently, the value of Poisson’s ratio of 0.3
can be seen as a compromise between an incompress-
ible material and a material composed of parallel fibers
without lateral interaction among the fibers. It has
been shown that Poisson’s ratio was necessary as input
data for determination of the complex modulus in this
process. Therefore, the identified complex modulus
was closely related to the value of Poisson’s ratio se-
lected in the inverse-problem solving.

CONCLUSIONS

The dynamic properties of post-blast TMs were
measured on ten TM samples after exposure to blast
waves in this study. Acoustic loading was used as a
driving force to induce vibrations on the TM over a

FIGURE 9. Comparison of complex modulus between blast-
exposed and normal TMs over the frequency range of 100–
8000 Hz. (a) Storage modulus, (b) loss modulus, and (c) loss
factor.
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frequency range of 200–8000 Hz, and LDV was used
to measure the resulting vibrations. FE models were
created for each TM specimen and the inverse problem
solving method was used to determine the complex
modulus. The storage modulus and the loss modulus
over the frequency range of 100–8000 Hz were
obtained from all ten specimens. The mean storage
modulus was 23.1 ± 6.3 MPa at 100 Hz and
26.9 ± 6.1 MPa at 8000 Hz. The mean loss modulus
was 0.10 ± 0.03 MPa at 100 Hz and 3.78 ± 1.34 MPa
at 8000 Hz. Compared to the mechanical properties of
normal TMs determined previously using the same
method, the storage and loss modulus of the TMs ex-
posed to blast waves had significant reduction. The
SEM images of post-blast TMs compared with normal
TMs showed obvious microstructural changes which
indicate the tissue damage caused by the multiple blast
exposures. This study provided important data on the
human TM mechanical changes after exposure to blast
overpressure waves.
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Abstract: Full-field thickness measurement for a thin transparent film is of interest for 
biological, medical, electronic, and packaging materials. It is a challenging task when the film 
is curvy, delicate and its thickness varies with location. We report herein a method to measure 
the thickness of a transparent (flat or curved) material and its topography using a stereo 
fluorescent profilometry technique. In this technique, two different types of fluorescent 
particles are deposited to both sides of the transparent film. Selected fluorescent excitation 
and emission are used to allow the observation of each one surface of the film at a time to 
determine the surface profile using stereo-based digital image correlation techniques. After 
the surface profiles for both surfaces are determined, subtraction of one surface profile from 
the other provides accurate thickness distribution of the film. Validation experiments were 
conducted using transparent films with known thickness. As an application, a measurement 
on a contact lens was conducted. The technique is appropriate for measurement of the full-
field thickness of objects at other scales, such as soft transparent or translucent biofilms, with 
which thickness can hardly be measured accurately with other techniques. 
© 2016 Optical Society of America 
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(180.2520) Fluorescence microscopy; (180.6900) Three-dimensional microscopy; (160.1435) Biomaterials. 
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1. Introduction 

Thickness of a thin film is an important geometric parameter that needs to be measured 
accurately in various situations, such as in the mechanical characterization of a tympanic 
membrane (TM) [1]. The available options for appropriate thickness measurement techniques 
are often times limited, especially when the thickness is small and the material is soft and 
delicate, or under moisturized conditions. In the case of a biofilm, or bio-membranes, the 
surface is curved, and the thickness varies with locations. Examples of such materials include 
TMs for human and animals (e.g., chinchilla, guinea pig), and cornea and lenses in eyes. The 
role of the thickness is important; an example is the assessment of retinal thickness, which is 
vital to understand the macular pathologies. It is very difficult to measure the location-
dependent thickness of those curvy and delicate films. Existing techniques [2] for thickness 
measurement include micrometer, caliper, stylus profilometry, interferometry, reflectometry, 
ellipsometry, spectrophotometry, ultrasound, advanced light focused microscopy, laser 
scanning microscopy, optical coherence tomography (OCT) [3], ion beam analysis, X-ray 
refelctometry and tomography, electron microscopy and others. Some of these contacting 
methods are point-to-point measurement technique. Most of the existing thickness 
measurement techniques are used at the nanoscale for solid-state samples or relatively stiff 
samples. It remains a challenge for thickness measurement for a soft material at the 
microscale. Taking the full-field thickness measurement of the chinchilla eardrum as an 
example, the thickness is in the neighborhood of 20 μm, and varies with location. The 
thickness is out of capability of the ultrasonic method, which is in the range above 0.1 mm. 
Because eardrums are soft and delicate, a contact method is not appropriate. Instead, a non-
contact method should be used. Non-contact methods, such as interferometry and 
reflectrometry, have a capability for thickness measurement in the range of visible light 
wavelength. They are not suitable for samples with a thickness of tens of μm. A commercial 
OCT has resolution approximately 6 μm [4], it is not accurate enough for thickness 
measurement in many situations, such as measurement of TMs. Although OCT has been 
applied for measurement of the thickness of retinal, the standard deviation is on the order of 
10 μm [5]. A sensitive method is needed to measure the thickness of a variety of films as 
described above. For a typical commercially available X-ray micro-computed topography, the 
highest resolution is approximately 2 μm/voxel [6–8]. In addition, a TM, like many other bio-
tissues, is not X-ray sensitive, so that it is difficult to detect the surface edges of an eardrum 
for accurate thickness measurement. Laser scanning microscope will work for a sample cut 
from a TM, in which case the sample thickness can be different from the thickness of an 
intact TM [9]. In addition, it is very tedious, and as a result it is not possible to use it to 
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determine the thickness map of a TM. Other alternative methods such as scanning electron 
microscope (SEM), and transmission electron microscope, measure only thickness at edges in 
particular locations for a sample that is not in physiological condition. The thickness can be 
different from an intact full-size TM. Transmission electron microscope is suitable for very 
thin small samples, which are subject to very high-energy electronic beam bombarding, 
making it vulnerable to the beam damage. Currently, none method is available for non-
contact, accurate, and full-field measurement of location-dependent thickness for a relatively 
soft, delicate and transparent material. 

In this study, we report a new technique for full-field thickness measurement, and also the 
surface profile for a transparent, soft material at the microscale. The technique is based on a 
three-dimensional (3D) fluorescent stereo technique we developed for surface shape 
measurement at the microscale [10]. In the sequel, we describe the principal and the 
experimental setup for the technique, followed by validation and an example for application. 

2. Principles and setup

The technique reported herein for thickness measurement for a transparent material with 
thickness on the order of microns or thicker is based on stereo digital image correlation of 
dual-path fluorescent images acquired for both surfaces of the film. This technique, referred 
to as stereo digital image correlation (also referred as 3D digital image correlation), is based 
on the principle of binocular stereo vision. It has been widely used in the research in 
experimental mechanics and materials science [11–13]. 

Figure 1 shows a schematic diagram for a binocular stereo-vision system. In a local 
Cartesian frame, a point (e.g., P1) at the top surface of the film is projected into two points 
(P1

L, P1
R) in the imaging planes of the left and right cameras, respectively. Digital image 

correlation is used to find the corresponding points in the two images acquired by the two 
cameras. The binocular system is calibrated to determine parameters of cameras, so that the 
coordinates of the projected points in both images are obtained. Subsequently, the world 
coordinates for P1 are reconstructed using triangulation method. 

Fig. 1. A schematic diagram of the multi-fluorescent imaging system for thickness 
measurement on transparent materials. 

In a previous study [10], we extended fluorescent digital image correlation for in-plane 
deformation measurement [14] to 3D profilometry and deformation measurements using the 
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fluorescent stereo microscopy based on stereo digital image correlation. The fluorescent 
particles are randomly sprayed onto the surface of a biofilm to form unique speckle pattern 
surrounding each point, and appropriate filters for excitation and emission are installed in the 
stereomicroscope. 

In the biomedical imaging fields, tissues dyed with different fluorescent particles are 
observed using multi-path fluorescent imaging [15]. Two kinds of fluorescent particles are 
used to separate the top and the bottom surface. Dual-path fluorescent imaging provides an 
active technique to control the exciting of the particles. Thus, the dual-path fluorescent 
imaging technique is adopted for purpose of thickness measurement. 

We refined a fluorescent stereo microscope (FSM) to allow the use of two fluorescent 
imaging paths for a transparent specimen. Two types of fluorescent particles are sprayed onto 
the top and bottom surfaces of a transparent curvy film as shown in Fig. 1. When turning on 
one excitation light, and the emission filter is rotated to match the excitation light, one 
particular layer of sprayed fluorescence is excited and the images are acquired by both left 
and right cameras. Using stereo digital image correlation, the 3D coordinates of the excited 
layer, representing geometry of one surface are reconstructed. Then the excitation layer for 
this particular surface is turned off. Subsequently the excitation light on the other surface is 
turned on, and the images are acquired by both cameras, and analyzed to determine surface 
topography of the other surface. With the coordinates for both top and bottom surfaces 
determined, by subtracting the 3D coordinates of the bottom surface from those for the 
bottom surface in Z-direction, the thickness distribution of the specimen can be obtained. For 
more complicated curvy transparent objects, the thickness can be determined using the 
coordinates in three directions accordingly. 

Two appropriate fluorescent particles were selected in order to distinguish themselves 
under different excitation and emission wavelengths. Two types of fluorescent particles with 
diameter of 1 μm are chosen; they are blue-green fluorescent particles (430/465, Life 
Technology Corp., #F13080) and red fluorescent particles (580/605, Life Technology Corp., 
#F13083). Excitation and emission filters are used for fluorescent imaging. It is noted that the 
primary function of the emission/barrier filter in any fluorescent imaging system is to block 
the excitation wavelengths used and allow only the excited light from the fluorescent particles 
to pass. For the blue-green fluorescent, the matching filters are selected as the excitation 
filters EX420/40x and ET480/40m (Chroma Technology Corp.). For the other fluorescent 
particles, the matching filters are ET560/40x and ET615/40m. 

 

Fig. 2. Band filters and properties of two types of fluorescent particles. 
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The properties of the band filters and fluorescent particles used in the setup are shown in 
Fig. 2. Blue and red are selected because the two colors are relatively far away from each 
other in the visible light spectrum. As shown in Fig. 2, the intensities associated with the two 
fluorescent imaging paths are clearly visible. The excitation band filter-1, and filter-2, and 
emission band filter-1, and filter-2 are used for the fluorescent imaging for fluorescent 
particle-1, and fluorescent particle-2, respectively. 

Fig. 3. Experimental setup of dual-path fluorescent stereo microscope for thickness 
measurement (Green excitation light is turned on). 

Figure 3 shows the experimental setup, which is modified from a Zeiss OPMI stereo 
microscope to include dual fluorescent imaging paths. This microscope has a large working 
distance, up to 150 mm (the objective lens is 150 mm), and up to 5 mm depth of field. The 
viewing field is 5~18 mm in diameter, to allow measurements of relatively large surface 
profile and deformations. Two Nikon D7100 cameras are installed on the observation tubes of 
the stereomicroscope to acquire images of speckle patterns on either top or bottom surface of 
the sample. A beam splitter base is used to place the emission filters. A pair of 
aforementioned emission filters is placed under the base of the splitter base. Two different 
excitation filters (excitation band filter-1 and excitation band filter-2) are installed on the 
filter wheel on the white light illuminator Leica L5. When the fluorescent excitation filter is 
switched by rotating the filter wheel on the illumination, the pair of the emission filters can be 
removed and replaced with the other pair. 

3. Experiments and application

A transparent glass slide is placed at the stage as shown in Fig. 3. The top surface of the 
sample is randomly sprayed with blue-green fluorescent particles and the bottom surface is 
sprayed with red fluorescent particles. The fluorescent random texture patterns on both 
surfaces are generated by an airbrush (Iwata Inc.). Before conducting the measuring 
experiment, it should take care to set the parameters for both cameras, such as exposure time, 
setting of ISO, and the intensity of illumination light should be adjusted for different 
fluorescent imaging paths, in order to eliminate the residual fluorescence effects under the 
unmatched fluorescent imaging paths. In this system, the residual fluorescent effect occurs as 
blue-green fluorescent particles (fluorescent particle-1) is excited when the red fluorescent 
imaging path (excitation band filter-2 and emission band filter-2) is used and vice versa. It is 
noted that it is important to detect the residual fluorescent effects in the system. For example, 
if the excitation band filter-2 and emission band filter-2 are used, the cameras should see 
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nothing of a sample covered with only the blue-green fluorescent particles, and vice versa. If 
there is an effect on certain extent of residual fluorescent, the imaging parameters must be 
altered to eliminate the residual fluorescence effects. Figure 4 shows the fluorescent images 
of a sample acquired by the left and right cameras using the dual fluorescent imaging paths. 
The images have a resolution of 6000 × 4000 pixels. Figures 4(a) and 4(b) show the speckle 
patterns of the excited blue-green fluorescent particles using excitation band filter-1 and 
emission band filter-1. Then the excitation filter was changed to excitation filter-2 and the 
pair of emission filter-2 was replaced at the splitter modified base. Figures 4(c) and 4(d) show 
the speckle pattern of the excited red fluorescent particles using excitation band filter-2 and 
emission band filter-2. While the fluorescent paths are switched, the sample stays at the same 
position. The stereo microscope (with modified splitter base as shown in Fig. 3), provides an 
overall field of view of 8.22 × 5.48 mm with a resolution of 1.37 μm/pixel. 

 

Fig. 4. Fluorescent images acquired by left and right cameras. (a)(b) blue-green fluorescent 
particles covering the top surface; (c)(d) red fluorescent covering the bottom surface. 

It is seen clearly that the speckle patterns formed at the top and bottom surfaces are 
different. It shows that the two surfaces are distinguishable using the setup with dual-path 
fluorescent imaging. To obtain the thickness of the transparent sample, the same area of 
interest, as indicated by the yellow rectangle area, is viewed in Figs. 4(a) and 4(c). 

If the X-Y plane is built on the glass slides, the Z-direction is in the thickness direction. 
After calibration of the system and stereo matching, the 3D coordinates of the top and bottom 
surfaces in the rectangle area can be reconstructed. Thus, the thickness is determined by 
subtracting the coordinates in Z-direction. 

Additional experiments were conducted to examine the technique. A series of thin 
polyester films (McMaster, #8567k14, #8567k24 and 8567K44) with known thickness of one, 
two and four thousandth of inch (milliinch), were used. The top surface was sprayed with 
random blue-green fluorescent particles and the bottom surface was spared with red 
fluorescent particles. Two glass slides with thickness of 0.15 mm and 0.96 mm were also used 
for validation. Table 1 shows the data from experiments. 

Table 1. Thickness results on five transparent films. 

Sample thickness Measured thickness 
1 milliinch (25.4 ± 2.54 μm) 23.8 ± 2.8 μm 
2 milliinch (50.8 ± 5.08 μm) 48.2 ± 4.6 μm 
4 milliinch (101.6 ± 10.2μm) 97.6 ± 7.3 μm 
150 ± 20 μm 157.7 ± 13.2 μm 
960 ± 20 μm 893.3 ± 34.7 μm 
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Table 1 shows that the measured results are very close to the thicknesses of the samples 
except for the glass slide with a thickness of 0.96 mm. The large error on the glass slide of 
0.96 mm thickness is due to the fact that while one surface is in focus, the other surface is not 
in focus. Once the speckle pattern on the surface is out-of-focus, it causes the decorrelation 
for the stereo-matching using digital image correlation. In our algorithm, the Newton-
Raphson iterative method [13, 16] and reliability-guided digital image correlation [17] are 
employed to identify the corresponding points in matching images. It is noted that the 
accuracy of this thickness measurement technique should be at the same order as the 
displacement measurement of an object translated in Z-direction because the principles are 
the same [10]. The determination of the accuracy of the stereo digital image correlation could 
be very complex. Many factors play a role, these include quality of cameras, fluorescent 
particle size, speckle patterns, optical accessories, calibration, system configuration, stereo 
matching and algorithms [18, 19]. In this system, a modified base for the emission filters may 
affect the results. In addition, the fluorescent particle size is approximately 1 µm. The 
aggregate of the particle size can be even larger, so that the accuracy cannot be lower than the 
size of the aggregated fluorescent particle size. Furthermore, the residual fluorescent effects 
could affect the accuracy, despite that we have already set the exposure time and ISO setting 
carefully. However, there is room for further improvement in accuracy. For example, 
commercially available stereo digital image correlation system at the microscale, such as 
VIC-3D stereo microscope measurement system manufacture by Correlated Solutions, Inc 
[20]. can achieve out-of-plane displacement resolution of ± 120 nm. Thus, the potential for 
improvement in accuracy is promising. 

Fig. 5. Measurement of thickness of a contact lens. (a)(b) images for the inner surface covered 
with red fluorescent particles acquired by left and right cameras, respectively; (c)(d) images for 
the outer surface with blue-green fluorescent particles by left and right cameras, respectively; 
(e) 3D reconstructed shape of the inner and outer surfaces. 

For application, we conducted thickness measurement on a contact lens. Contact lenses 
are transparent. The thickness distribution and surface shape are vitally important to achieve 
the desired optical properties. As an example for application of this technique, a measurement 
of the thickness of a contact lens (Bausch + Lomb, Daily disposable contact lens −4.00, 
diameter 14.2 mm) was conducted. The inner surface making contact with an eye was 
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covered with red fluorescent particles. The outer surface making contact with air is covered 
with blue-green yellow fluorescent particles. Figure 5 shows the red and blue fluorescent 
images, and the 3D reconstructed surfaces. The same area of interest was chosen as shown in 
Figs. 5(a) and 5(c). Using this technique, both surfaces of the contact lens are reconstructed. 
The full-field thickness is obtained as shown in Fig. 5(e). The average thickness in the central 
region is 76.0 ± 6.6 μm. 

4. Conclusions 

In conclusion, a new optical technique for measurement of full-field thickness and also 
surface topography of a transparent material was developed. In this technique, a combination 
of dual-path fluorescent imaging and stereo digital image correlation were used. Compared 
with other thickness measurement techniques, this technique is a non-contact full-field, and 
robust method for measurement of a soft transparent sample with complex and curvy 
surfaces. It is noted that in addition to measurement at the microscale, this technique is 
suitable for thickness and surface profile measurement at larger scales. With the use of stereo 
imaging at larger scales the method can be used for thickness measurement in the range of 
millimetres to meters. 
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a b s t r a c t

Mechanical damage to middle ear components in blast exposure directly causes hearing loss, and the
rupture of the tympanic membrane (TM) is the most frequent injury of the ear. However, it is unclear
how the severity of injury graded by different patterns of TM rupture is related to the overpressure
waveforms induced by blast waves. In the present study, the relationship between the TM rupture
threshold and the impulse or overpressure waveform has been investigated in chinchillas. Two groups of
animals were exposed to blast overpressure simulated in our lab under two conditions: open field and
shielded with a stainless steel cup covering the animal head. Auditory brainstem response (ABR) and
wideband tympanometry were measured before and after exposure to check the hearing threshold and
middle ear function. Results show that waveforms recorded in the shielded case were different from
those in the open field and the TM rupture threshold in the shielded case was lower than that in the open
field (3.4 ± 0.7 vs. 9.1 ± 1.7 psi or 181 ± 1.6 vs. 190 ± 1.9 dB SPL). The impulse pressure energy spectra
analysis of waveforms demonstrates that the shielded waveforms include greater energy at high fre-
quencies than that of the open field waves. Finally, a 3D finite element (FE) model of the chinchilla ear
was used to compute the distributions of stress in the TM and the TM displacement with impulse
pressure waves. The FE model-derived change of stress in response to pressure loading in the shielded
case was substantially faster than that in the open case. This finding provides the biomechanical
mechanisms for blast induced TM damage in relation to overpressure waveforms. The TM rupture
threshold difference between the open and shielded cases suggests that an acoustic role of helmets may
exist, intensifying ear injury during blast exposure.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Exposure to high intensity sound or blast overpressure waves is
considered to be an intrinsic situation faced by military personnel
involved in most operational activities. The direct consequences of
high-intensity noise and blast injuries to the auditory system are
acute hearing loss, which immediately affects the normal func-
tioning of soldiers in combat operations, and the resultant long-
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anic Membrane; TMA, Tym-
on
Mechanical Engineering and
Asp Avenue, Room 200, Nor-
term hearing disabilities that occur in a significant fraction of vet-
erans (Patterson and Hamernik, 1997; Garth, 1994; Karmy-Jones
et al., 1994; Gondusky and Reiter, 2005; Fausti et al., 2009).

Blast overpressure is a high intensity disturbance in the ambient
air pressure that creates high intensity sound (impulse) over 170 dB
SPL. When exposed to a blast, the human auditory system is
vulnerable to both peripheral and central damage from the over-
pressure (Patterson and Hamernik, 1997; Mayorga, 1997). Rupture
of the eardrum or tympanic membrane (TM) is the most frequent
injury of the ear and has been investigated in animals and humans
with wide variability (Hirsch, 1966; Patterson and Hamernik, 1997;
Richmond et al., 1989). The literature indicates that mechanical
damage to components of the auditory system is the major cause
for hearing loss after blast exposure. However, it is not clear how
the severity of injury graded by different patterns of TM rupture is
related to the overpressure waveforms induced by blast exposure.
Particularly, no quantitative study on biomechanical changes of the
TM in response to different pressure waveforms has been reported
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in the literature.
In this paper, we report our currently completed study on re-

lationships between the TM rupture threshold, the TM damage
pattern, and the overpressure waveforms using a chinchilla animal
model. The chinchilla is a commonly used animal model for audi-
tory research with large TMs, ossicular dimensions, and middle ear
spaces for an animal of its size. The chinchilla's range of hearing is
similar to that of humans (Heffner and Heffner, 1991; Richmond
et al., 1989; Jensen and Bonding, 1993). In the present study, two
groups of animals were exposed to high intensity sound pressure
under two conditions: the open field without a shield and the
shielded case with a stainless steel cup covering the animal head.
By increasing the blast peak pressure level, the TM was finally
ruptured and the pressure waveforms at the entrance of the ear
canal were recorded simultaneously. The goal of this study was to
determine whether there is a change of overpressure waveform
under the shield and how the waveform change affects the TM
rupture threshold.

In addition to experimental testing in animals, impulse pressure
energy spectra analysis of the waveforms recorded under open and
shielded conditions was performed to determine signal energy flux
over 10 frequency bands. The 3D finite element (FE) model of the
chinchilla middle ear recently developed in our lab was employed
to calculate the distributions of the stress and strain in the TMwith
impulse pressure profiles recorded in open and shielded condi-
tions. The FE modeling results reveal that a waveform pattern
consisting of both positive and negative pressures in the shield case
(under a stainless steel cup) contributesmore greatly toTM damage
than the positive overpressure in the open case. This finding pro-
vides the biomechanical mechanisms for blast induced TM damage
in relation to overpressure waveforms. The TM rupture threshold
difference between the open and shielded cases suggests that an
acoustic role of helmets may exist, intensifying ear injury during
blast exposure.

2. Methods

2.1. Animal study protocol

Eighteen chinchillas (Chinchilla laniger) weighing between 600
and 800 g were included in this study. The study protocol was
approved by the Institutional Animal Care and Use Committee of
the University of Oklahoma and met the guidelines of the National
Institutes of Health and the United States Department of Agricul-
ture (USDA). All animals were established to be free from middle
ear disease, as evaluated by wideband tympanometry.

A well-controlled compressed air (nitrogen)-driven blast appa-
ratus located inside an anechoic chamber in the Biomedical Engi-
neering Laboratory at the University of Oklahoma was used to
create a blast overpressure wave or blast exposure in this study
(Hawa and Gan, 2014). Polycarbonate film (McMaster-Carr, Atlanta,
GA) of varying thickness (130 mm and 260 mm) was employed to
generate blast overpressure of at least 30 psi (200 dB SPL). The
overpressure level was controlled by varying the distance from the
blast reference plate. Fig. 1A shows a schematic of the blast appa-
ratus with the animal holder placed at the center.

The animals were divided into two groups: one group of 9 an-
imals was exposed to blast in an “open field” (Fig. 1A) and another
group of 9 animals was exposed to blast with a shield covering the
animal head as shown in the schematic of Fig. 1B and the picture of
Fig. 1C. The animals in both groups were first tested with the pre-
exposure measurements, including middle ear energy absorbance
(EA) using wideband tympanometry (Model AT235h, Inter-
acoustics, MN) and auditory brainstem response (ABR) using TDT
system III (TuckereDavis Technologies, Alachua, FL). The EA
measurement applied tone-burst stimuli at frequencies of 0.5, 1, 2,
4, and 8 kHz in the ear canal (Guan and Gan, 2011; Jeselsohn et al.,
2005; Petrova et al., 2006; Qin et al., 2010). The EA measurement
was used as a check of the TM integrity and normal function of the
middle ear. The ABR measurements provided the change of hearing
threshold of the ear after blast exposure. The animal was anes-
thetized with mixed ketamine (10 mg/kg) and xylazine (2 mg/kg).
To maintain consistent measurement of ABR, tympanometry, and
blast pressure level, the pinna was removed.

After pre-exposure testing, the animal was placed into a
specially designed animal holder. A pressure sensor (Model 102B16,
PCB Piezotronics, Depew, NY) was placed at the entrance of the ear
canal (1 cm lateral to the ear canal opening) with the sensing sur-
face facing the blast in both open and shielded conditions. During
the shielded test, the entire animal head was covered by a stainless
steel cup with a thickness of 2 mm. The edge of the cup was flushed
with the sensor which was also covered by the shield (Fig. 1C). Note
that the chinchilla head shield was adjustable with relative position
from the animal head and there was a distance of about 3 cm from
the animal head to the internal top surface of the shield. The
stainless steel shield was finally fixed on the animal holder. The
animal within the holder was then moved to the testing chamber
for blast exposure.

The pressure sensor signal was measured by cDAQ 7194 and A/D
converter 9215 (National Instruments Inc., Austin, TX) with the
sampling rate of 100k/s (10 ms dwell time). The LabVIEW software
package (NI Inc.) was used for data acquisition and analysis. The
waveform of each blast test was saved in a PC for further analysis.

It usually took 2e3 iterations of blast tests to reach the TM
rupture threshold defined as the peak pressure before the TM
rupture. That means if the TM ruptured after the third blast, the
threshold was the peak pressure level of the second blast. The
initial blast pressure level was selected based on the system cali-
bration using different films and changing the distance between
the sensor surface and the blast reference plane. The number of
blast tests also varied with individual chinchillas due to the varia-
tion among the animals and setups. To confirm the TM damage, an
otoscopic examination of both ears was performed first and further
verificationwas done using wideband tympanometry to determine
whether the TM was ruptured. When the TM was found without
rupture, the next blast test was conducted with an increase of
overpressure level. The testing stoppedwhen one ear was ruptured.

Post-exposure measurements included wideband tympanom-
etry to verify whether the TM was ruptured or damaged in both
ears and ABR measurement in the ears with intact TMs to deter-
mine the hearing threshold shift after exposure. The TM damage
pattern was recorded by taking pictures after the animal was
euthanized and the bulla was dissected.
2.2. Waveform analysis

Impulse pressure energy spectra analysis on recorded wave-
forms in the time domain was conducted in MATLAB to determine
the signal energy distribution over the frequencies under open and
shielded conditions. First, the recorded pressure waveforms were
converted to pressure distributions over the frequencies of
20e5000 Hz by using FFT spectral analysis. Next, following the
methods of impulse signal energy distribution theory reported by
Hamernik et al. (1991), Hamernik and Keng (1991), Hamernik and
Qiu (2001) and Young (1970), the total sound exposure was
divided by the standard characteristic impedance of the air rc as
impulse energy flux (energy per unit area) and expressed as:



Fig. 1. (A) Schematic of animal experimental setup with blast apparatus in the open field testing. (B) Schematic of animal experimental setup in the shielded test with a stainless
steel cup. (C) Picture of the animal inside the holder with its head covered by a stainless steel cup in the testing chamber.
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where p(t) is the instantaneous value of acoustic pressure in Pa or
N/m2, dt is the time increment for scanning of acoustic pressure in
seconds, and rc¼ 406 mks rayls to produce a quantity with units of
energy flux (i.e., J/m2). Both r and c are pressure-dependent in the
shock front. The duration of T ¼ 50 ms was used for calculation in
the present study.

Eight octave band-pass filters with center frequencies at 125 Hz,
250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, 8 kHz, and 16 kHz were
designed. A low pass filter L125 and a high pass filter H16k were
also designed to catch signals at frequencies lower than 125 Hz and
higher than 16 kHz. The filtered signals were then generated and
the sound energy in each band was calculated as the distribution of
pressure energy flux over 10 bands. Instead of directly comparing
the energy flux values in the open field and shielded case, the en-
ergy in each band was normalized with respect to the total sound
energy in that band.
2.3. Finite element modeling prediction

A 3D finite element model of the chinchilla ear has been
developed in our lab and is currently under review for publication.
The model was built based on X-ray micro-CT images of an entire
chinchilla bulla, consisting of the ear canal, TM, middle ear ossicles
and suspensory ligaments, and middle ear cavity. In this study, the
FE model was used to calculate the distribution of the stress and
strain in the TMwith impulse pressurewaveforms measured under
open and shielded conditions. To simplify the modeling process,
the ear canal and middle ear cavity were not included in the model
as shown in Fig. 2. Fig. 2A shows the lateral view of the model with
a TM diameter of 8.83 mm along the manubrium or malleus long
process and 9.72 mm perpendicular to the manubrium. Surface
area of the TM was 74.71 mm2 and the thickness was 15 mm. Fig. 2B
shows the posterior view of the model with a height of cone at
1.65 mm. The TM and ossicles were suspended by the TM annulus
(TMA), anterior malleal ligament (AML), posterior incudal ligament
(PIL), posterior stapedial tendon (PST), tensor tympani tendon
(TTT), and stapedial annual ligament (SAL). In the chinchilla ear, the
malleus and incus are fused as the malleus-incus complex and the
incus-stapes joint still exists. The mechanical properties of the TM
and middle ear tissues are listed in Table A1 in the Appendix.

The effect of cochlear fluid on acoustic-mechanical transmission
through the ossicular chain or cochlear load was modeled as a mass
block and 10 dashpots attached between the stapes footplate and
fixed boundary. The average cochlear impedance was about 100 GU
as reported by Slama et al. (2010). The impedance value of 100 GU
was applied on 2.45 mm2 of the stapes footplate to determine the
dashpot damping, which resulted in a damping coefficient of
0.06 Nm/s for each dashpot.

Representative pressure waveforms (i.e., same magnitude and
impulse duration, but more smooth) analogous to the recorded
open and shielded waveforms (pressure vs. time plots) were
directly applied on the TM surface and the calculation was per-
formed in ANSYS APDL (ANSYS Inc., Canonsburg, PA). FE modeling
of the TM and other soft tissue responses to impulse pressure
waves used structural analysis with geometry nonlinearity of the
tissues. The analysis was conducted in the time domain, utilizing
the automatic time step function offered by ANSYS. Sensitivity
analyses resulted in a calculated error of less than 1%. The output
from modeling included the stress and strain distributions in the
TM and the TM displacement distribution. The FE modeling results
characterized mechanical damage of the TM in relation to impulse
pressure waveforms.
3. Results

3.1. Experimental results

The damage of the TM observed from chinchilla ears after
exposure in both open and shielded conditions showed certain TM
rupture patterns. Fig. 3 displays otoscopic photographs of chinchilla
TMs in a normal or intact ear (Fig. 3A) and injured ears (Fig. 3BeD).
The severity of TM rupture increased from Fig. 3B to D. A small split
along the radial direction of the TM was shown in Fig. 3B (chin-7s,
shielded) and a large split along the radial direction was shown in
Fig. 3C (chin-6s, shielded). These damage patterns show that the
TM tissue strength varies in radial and circumferential directions
and the collagen fibrous structure of the TM results in relatively
weak mechanical properties along the circumferential direction.
Under high intensity sound or blast overpressure, the TM damage
pattern is closely related to variation of mechanical properties
across the TM membrane. Fig. 3D shows a large perforation about
the half of the TM surface in the inferior side (chin-7, unshielded).
The TM rupture patterns shown in Fig. 3 were observed in both
open and shielded conditions, and in most animals, the both ears
were damagedwith different patterns. Our observations are similar
to those of TM perforations in mice after blast exposure reported by
Cho et al. (2013): larger blast pressure did not make larger perfo-
rations. Thus, the present study could not provide any relationship
between the TM rupture pattern and exposure condition: shielded



Fig. 2. Finite element (FE) model of chinchilla middle ear. (A) Lateral view of the FE model with the tympanic membrane (TM), malleus-incus (MeI) complex, anterior malleal
ligament (AML), posterior incudal ligament (PIL), and TM annulus (TMA). (B) Posterior view of the FE model with manubrium, PIL, tensor tympani tendon (TTT), stapes, stapedial
annual ligament (SAL), and cochlear load.

Fig. 3. Otoscopic pictures of chinchilla TMs. (A) Normal chinchilla TM. (BeD) TM ruptured after blast exposure with different severity: (B) a small split along the radial direction; (C)
a large split along the radial direction; and (D) severe rupture of the TM.
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and unshielded.
Fig. 4A and B shows the typical waveforms of pressure ampli-

tude (rupture threshold level) in units of psi over a time of 10 ms
recorded from two chinchillas in open field testing. A single posi-
tive overpressure peak was observed and peak pressures of 9.8 psi
(Fig. 4A) and 11.3 psi (Fig. 4B) were reachedwithin 3ms as shown in
these two figures. The spectral behavior of the waveforms in Fig. 4A
and B at frequencies of 20e50,000 Hz by FFT analysis is displayed in
Fig. 4C and D, respectively. There was a plateau of 50e55 dB at low
frequencies (<200 Hz), and then the pressure level monotonically
decreased to around zero as frequency increased to 50,000 Hz.

Table 1 lists the measured TM rupture thresholds (positive-peak
in both psi and dB SPL) for animals tested in open field. The mean
value of the TM rupture threshold measured from 9 animals in
open field was 9.1 psi or 190 dB SPL or 62.7 kPa with a standard
deviation (S.D.) of ±1.7 psi (N ¼ 9).

Fig. 5A and B shows the waveforms of pressure (rupture
threshold level) recorded from two animals in shielded testing. The
waveform under the shield is obviously different from that in open
field. Both positive and negative peaks were reached at less than
3 ms. The peak-to-peak pressure levels were 3.5 psi and 3.4 psi for
Fig. 5A and B, respectively. This suggests that under the shield, the
TM was ruptured at a lower pressure level than that without the
shield. The spectral behavior of the waveforms in Fig. 5A and B is
displayed in Fig. 5C and D, respectively. It can be seen that under
the shielded test there was no perfect plateau like that observed in
open field at lower frequencies (Fig. 4C and D) and the peak pres-
sure around 50 dB was reached at about 1000 Hz and decreased to
zero as frequency increased to 50,000 Hz.

Table 2 lists the measured TM rupture thresholds for animals
tested with the shielded. The positive-peak and negativeepeak in
psi as well as the peak-to-peak pressures in both psi and dB SPL are
included in Table 2. The mean value of the TM rupture thresholds
measured from 9 animals with the shield was 3.4 ± 0.7 psi (N ¼ 9)
or 181 dB SPL. Comparing the results listed in Tables 1 and 2, a
significant difference in the TM rupture thresholds between the
open and shielded cases was revealed. With the shield, the TM
rupture occurred at a much lower impulse pressure than that in the
open field. This difference shows the biphasic nature of the shiel-
ded impulse.

Wideband tympanometry was used as an effective tool to detect
TM damage in this study. The pre- and post-exposure tympanom-
etry measurements were focused on the change of energy absor-
bance of the middle ear. The peak EA happens when the pressure of
the middle ear equals that of the external ear in a normal ear with
intact TM. When there is a perforation, the EA is low and flat.
However, if the TMwas not ruptured after blast, the EAmeasured at
the pre- and post-blast exposure from 8 ears did not show signif-
icant difference between the pre- and post-exposure by paired t-
test (detailed results not included here). This indicates that a TM
rupture, even a small split, affects the EA measurement
substantially.

Hearing threshold shift data were obtained by taking the dif-
ference of ABR measurements obtained pre- and post-blast expo-
sure for ears without rupture. The tests were only conducted for
animals in the open condition. The threshold shift indicates the
hearing loss induced by blast exposure, which may involve outer
ear andmiddle ear disorder. Fig. 6 shows the ABR hearing threshold
shift obtained from 13 ears (4 animals had both ears tested). The
hearing threshold was measured at 5 frequencies: 0.5, 1, 2, 4 and
8 kHz. It can be seen that the blast exposure caused ABR hearing
threshold shift, particularly at high frequencies. A 10e20 dB
threshold increase was measured at frequencies of 2e8 kHz, which
means the high frequency hearing loss is greater than the low



Fig. 4. (A) The overpressure waveform recorded in one chinchilla in open field testing and (C) the impulse pressure spectra obtained from this animal's waveform. (B) The
overpressure waveform recorded in another chinchilla in open field testing and (D) the impulse pressure spectra obtained from this animal's waveform.

Table 1
List of TM rupture thresholds measured from a group of chinchillas tested in open field.

Animal Chin-1 Chin-2 Chin-3 Chin-4 Chin-5 Chin-6 Chin-7 Chin-8 Chin-9 Mean ± S.D.

Positive peak (psi) 10.7 6.9 9.8 11.3 10.2 9.8 9.1 9.0 5.5 9.1 ± 1.7
Positive peak (dB SPL) 191.3 187.5 190.6 191.8 190.9 190.6 189.9 189.8 185.6 189.8 ± 1.9
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frequency hearing loss induced by blast exposure. While there was
no mechanical damage observed visibly in the middle ear, damage
of the cochlea after blast may contribute to the hearing threshold
shift as suggested by Cho et al. (2013).
3.2. Impulse energy spectra analysis

The sound pressure signal in the open field (Fig. 4A and B) is a
shock wave-like impulse and the pressure signal in the shielded
case (Fig. 5A and B) is a complexwave-likewaveform as observed in
our experiments. The impulse wave is completely changed under
the shield. However, both waveforms are impulse pressure profiles
(short duration and non-periodic) and the signal energy flux
calculation was performed for all recorded waveforms in open and
shielded groups over 10 octave frequency bands. Table 3 lists the
calculated normalized energy flux for the open and shielded groups
(N ¼ 9 for each group) over 10 bands with mean and S.D. Note that
the data were normalized with respect to the total signal energy in
each group and the total value was 1.0 as shown in the table.

Fig. 7 displays the distribution of energy flux (normalized) based
on the data in Table 3. It clearly shows the different energy flux over
frequencies in the open and shielded cases. Under the open field
condition, the majority of energy flux is presented at lower fre-
quencies below 500 Hz. However, under shielded condition, the



Fig. 5. (A) The overpressure waveform recorded in one chinchilla in shielded testing and (C) the impulse pressure spectra obtained from this animal's waveform. (B) The over-
pressure waveform recorded in another chinchilla in shielded testing and (D) the impulse pressure spectra obtained from this animal's waveform.

Table 2
List of TM rupture thresholds measured from a group of chinchillas tested with a shield.

Animal Chin-1s Chin-2s Chin-3s Chin-4s Chin-5s Chin-6s Chin-7s Chin-8s Chin-9s Mean ± S.D.

Positive-peak (psi) 1.5 2.2 1.5 1.5 2.3 2.3 1.8 1.4 1.1 1.7 ± 0.4
Negative-peak (psi) 2.6 2.7 1.5 1.3 1.3 1.2 1.6 1.4 1.6 1.7 ± 0.5
Peak-to-peak (psi) 4.1 4.9 3.0 2.8 3.6 3.5 3.4 2.8 2.7 3.4 ± 0.7
Peak-to-peak (dB SPL) 183.0 184.6 180.3 179.7 181.9 181.6 181.4 179.7 179.4 181.3 ± 1.6
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energy flux is mainly involved at 500 and 1000 Hz. The results
demonstrate that the different pressure waveforms in the open and
shielded cases implicate the different energy distribution charac-
teristics involved in these two exposures.
3.3. FE modeling results

The pressure waveforms recorded from the open field test
(Fig. 4B) and the shielded test (Fig. 5B) were selected as blast
pressure loading on the TM in the FE model of the chinchilla ear
shown in Fig. 2. Two simulations were created: the open casewith a
positive peak pressure of 11.3 psi and the shielded case with peak
pressures of positive 1.7 psi and negative 1.7 psi, or 3.4 psi peak-to-
peak. The duration of open case simulation was set to 1 ms, to
reflect the majority of the impulse of the measured openwaveform.
The small initial peak in the measured open waveform was not
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Fig. 6. ABR hearing threshold shift at frequencies of 0.5, 1, 2, 4, and 8 kHz obtained from 13 animal ears after exposures to blast waves (open field).

Table 3
Octave-band energy flux (J/m2) (normalized) for the open and shielded groups.

Octave band CF(kHz) Open Shielded

Mean ±S.D. Mean ±S.D.

<0.125 0.2557 0.0512 0.0343 0.0225
0.125 0.1797 0.0356 0.0444 0.0157
0.25 0.2159 0.0653 0.1310 0.0285
0.5 0.1628 0.0631 0.3922 0.0417
1.0 0.0935 0.0643 0.3118 0.0914
2.0 0.0421 0.0531 0.0737 0.0615
4.0 0.0211 0.0162 0.0270 0.0177
8.0 0.0113 0.0084 0.0114 0.0109
16.0 0.0121 0.0215 0.0051 0.0019
>16.0 0.0125 0.0278 0.0035 0.0024
Total 1.0066 1.0344

Fig. 7. Comparison of normalized energy flux over 10 frequency bands from below
125 Hz to above 16 kHz between the waveforms recorded in the open and shielded
groups of chinchillas.
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included in the simulation and the modeling analysis showed that
the addition of the initial peak did not alter the results significantly.
The shielded case was simulated using 1.5 ms of the experimental
waveform so as to capture the initial pressure oscillations.
Fig. 8 shows the model-derived distributions or contours of

stress in the TM (Fig. 8A) and the displacement of the TM (Fig. 8B) in
the open case (or under positive pressure waveform) at the time of
maximum stress was reached. In this study, the equivalent (von
Mises) stress was used as a measure of the stress state of the TM. As
shown in Fig. 8A, the stress varied from 29 to 0.13 MPa in the TM.
The maximum stress of 29 MPawas at the top of the manubrium or
near the flaccida above the handle of malleus. The second high-
stress region of the TM was located in the inferior side along the
middle region between the annulus and umbo with the stress
ranging from 16 to 19 MPa. Fig. 8B displays the FE model-predicted
TM displacement distribution. The maximum displacement of
1.28 mm was located in the inferior-posterior quadrant, approxi-
mately midway between the annulus and umbo. The displacement
in the region of the manubrium was the smallest.

Fig. 9 displays the FE model-derived equivalent stress distribu-
tion in the TM (Fig. 9A) and the TM displacement (Fig. 9B) in the
shielded case (or under positive-negative pressure waveform) at
the time when the maximum stress was reached. The maximum
stress occurred as the peak negative pressure was reached. As
shown in Fig. 9A, in the superior region of the TM, the location of
the maximum stress was the same as that of the open condition,
i.e., at the top of the manubrium, and the value of maximum stress
was also about 29 MPa. In the inferior side, the maximum stress of
the TM was next to the umbo with a value about 15 MPa. The
maximum displacement was located in the inferior portion of the
TM, directly below the umbo with a value of 1.33 mm.

A comparison of the results obtained in the shielded case (Fig. 9)
with those obtained in open field (Fig. 8) indicates a similar stress
distribution on the TM surface in both open and shielded cases,
with the maximum stress of about 29 MPa at the top of the ma-
nubrium. It is also found that for both open and shielded condi-
tions, the maximum TM displacements were similar, but the
location of maximum displacement in the shielded condition was
closer to the umbo than that of the open condition. The model-
predicted high stress level regions on the TM surface induced by
impulse pressure waves recorded in blast tests were generally
consistent with the observed TM rupture locations in experiments,
suggesting the high stress levels may result in the TM rupture. The
calculated location of maximum stress on the TM may not match
the common mode of failure as seen in Fig. 3 e a radial tear caused



Fig. 8. FE model-derived distributions of the equivalent (von Mises) stress in the TM (A) and the displacement of the TM (B) in the open case at the time when the maximum stress
was reached. The recorded pressure waveform is listed in Fig. 4B. The stress and displacement levels are shown by color code.

Fig. 9. FE model-derived distributions of the equivalent stress in the TM (A) and the displacement of the TM (B) in the shielded case at the time when the maximum stress was
reached. The recorded pressure waveform is listed in Fig. 5B. The stress and displacement levels are shown by color code.
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by failure of the TM circumferential fibers. The TM in current model
was assumed as an isotropic membrane material, and thus does not
capture the intricacies of the physiological, 3-layer membrane.
Creation and implementation of a multi-layer TM is a future di-
rection of this study.

Luo et al. (2009) measured the TM failure stress using a mini-
ature split Hopkinson tension bar, and their results showed that the
ultimate tensile stress of the TM increased with increasing strain
rate, and the orientation of TM sample had a strong influence on the
ultimate tensile stress. The mean ultimate stress of TM in the
circumferential direction was 7.7 MPa with a strain rate of 772/s,
and 13.7 MPawith a strain rate 1353/s. Since the strain rate was not
derived from the twowaveforms in the present study, the TM strain
rate associated with the two waveforms and its effect on the
rupture threshold need further investigation.
4. Discussion

4.1. What we found from the chinchilla study?

In this study, mechanical damage of the TM in chinchilla ears
after exposure to high intensity sound or blast has been investi-
gated in two groups of animals under two exposure conditions:
open field and shielded. The results show that the TM rupture
threshold in the shielded case was lower than that in the open field
with the mean values obtained from 9 animals in each condition.
The waveforms recorded during the tests from these two groups
are different: a single positive impulse pressure wave obtained
from the open test and the almost equal positive-negative waves
obtained from the shielded test. These experimental results provide
the evidence that the TM damage induced by blast overpressure is
closely related to impulse pressure waveforms at the entrance of
the ear canal which determine the energy level and frequency
components of the sound signal to be transmitted into to the ear.
4.2. How to explain the results?

Two methods have been used for analysis of the TM damage
results in this study with a focus on the relationship between the
TM rupture threshold and impulse pressure waveform.

(1) The impulse pressure energy spectra for waveforms recorded
from each animal was analyzed over 10 octave frequency
bands. The normalized energy flux at each band was then
calculated from each animal and the mean values with S.D.
were derived and displayed in Fig. 7 for both open and
shielded groups. The spectra difference between these two
groups suggests that the positive-negative pressure wave-
form in the shielded case carried more energy at higher
frequencies than that of the open case. This finding verifies
that the spectra behavior of impulse signal energy distribu-
tion over frequency bands is different in these two wave-
forms for the open and shielded conditions. However, the
direct analysis of TM mechanical damage in relation to im-
pulse pressure waveform needs further clarification.

(2) The 3D finite element model of the chinchilla middle ear
(Fig. 2) was used to derive the stress/strain distribution in the
TM and the TM displacement when the pressure waves were
applied on the TM over a very short time duration (<3 ms,
Figs. 4B and 5B). The FEmodeling results shown in Figs. 8 and
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9 provide the contour distributions of the stress and
displacement at the time when the maximum stress was
reached, which reflected the stress and movement of the TM
at the rupture threshold level. To examine the change of
stress in the TM in response to rapid pressure loading, we
applied the pressure waves on the TM at four levels: 25%,
50%, 75%, and 100% of the rupture pressure level. The results
are shown in Fig. 10 as the variation of TM stress with respect
to the impulse pressure level.

As can be seen in Fig. 10, the change of stress in response to
change in pressure loading in the shielded case was much higher
than that in the unshielded case. This finding reveals that the
biomechanical mechanisms for blast-induced TM damage in rela-
tion to overpressure waveforms may consist of the following two
standard points: 1) the negative pressure component of the shiel-
ded waveform may play a crucial role for TM rupture, even though
the negative peak is smaller than the positive peak; 2) the sensi-
tivity of TM stress with respect to peak-to-peak pressure amplitude,
ds/dp, may characterizemechanical damage of the TM in relation to
the impulse pressure waveform.
4.3. Future studies

This is the first time the TM damage in relation to blast pressure
waveforms has been investigated by using the 3D FE model of the
chinchilla ear. This approach is based on experimental measure-
ments in animals and the FE mechanical analysis of the TM or
middle ear structure response to blast overpressure waves. The
results and findings from this study, though limited to two cases,
may have general contributions for understanding the mechanisms
of TM damage during the blast exposure. In our future studies, we
will continue the investigation along this direction on mechanisms
of the TM and other ear tissue damages in relation to blast over-
pressure waveforms. We will also face challenges for development
of the failure criteria for TM, a multiple layer, viscoelastic
Fig. 10. Plots of FE model-derived stress increase with the peak-to-peak pressure loading in
open case and the red solid line with symbols was obtained from Fig. 9. (For interpretation o
of this article.)
membrane tissue, in response to high intensity sound and blast
overpressure.

It is also worth noting that the present study has demonstrated
that the TM rupture threshold in the shielded case with the shield
covering the animal head was lower than that in the open field,
when the animal was exposed to blast overpressure. This suggests
that an acoustic role of helmets may exist which intensifies ear
injury during blast exposure. However, more studies on a helmet's
effect on possible TM damage are needed in addition to its pro-
tection function to traumatic brain injury.
5. Conclusions

The relationship between the TM rupture threshold and the
impulse or overpressure waveform has been investigated in chin-
chillas. Two groups of animals were exposed to blast overpressure
under two conditions: open field and shielded with a stainless steel
cup covering the animal head. The waveforms recorded in the
shielded case had almost equal positive-negative pressure phases
while the waveforms recorded in the open field had the positive
pressure only. The average TM rupture threshold measured in the
shielded case was lower than that in the open field (3.4 peak-to-
peak vs. 9.1 psi or 181 vs. 190 dB SPL, and the positive peak for
the shielded casewas even smaller). The positive-negative pressure
waveform in the shielded case delivered more energy at high fre-
quencies to the ear canal while the positive pressure only waveform
in the open case carried energy limited at lower frequencies. The FE
modeling results further revealed that the biomechanical mecha-
nisms for blast induced TM damage in relation to the overpressure
waveform may consist of two standard points: the role of the
negative pressure component and the rate of stress change with
respect to impulse pressure loading increasing. The TM rupture
threshold difference between the open and shielded cases may
suggest that an acoustic role of the helmet may exist which in-
tensifies ear injury during blast exposure.
open and shielded cases. The blue broken line with symbols was obtained from Fig. 8 in
f the references to colour in this figure legend, the reader is referred to the web version
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Appendix
Table A1
Mechanical properties of middle ear soft tissues of chinchilla ear

Structure Parameters

Tympanic membrane
Elastic modulus (MPa):
Pars tensa 200
Pars flaccida 15

Density (kg/m3) 1100
Damping coefficient 1.00 � 10�4

Manubrium
Elastic modulus (MPa) 800
Density (kg/m3) 1200
Damping coefficient 7.5 � 10�5

Incudomalleolar (IS) joint
Elastic modulus (MPa) 6
Density (kg/m3) 1000
Damping coefficient 7.5 � 10�5

Stapedial annular ligament (SAL)
Elastic modulus (MPa) 0.1
Density (kg/m3) 1000
Damping coefficient 7.5 � 10�5

Anterior malleal ligament (AML)
Elastic modulus (MPa) 3.2
Density (kg/m3) 1000
Damping coefficient 1.0 � 10�4

Posterior incudal ligament (PIL)
Elastic modulus (MPa) 2.5
Density (kg/m3) 1000
Damping coefficient 7.5 � 10�4

Posterior stapedial tendon (PST)
Elastic modulus (MPa) 2.0
Density (kg/m3) 1000
Damping coefficient 7.5 � 10�5

Tensor tympani tendon (TTT)
Elastic modulus (MPa) 2.0
Density (kg/m3) 1000
Damping coefficient 7.5 � 10�5

Malleus-incus complex
Elastic modulus (GPa) 14.1
Density (kg/m3) 2000
Mass (mg) 12.05
Damping coefficient 1.5 � 10�4

Stapes
Elastic modulus (GPa) 14.1
Density (kg/m3) 1300
Mass (mg) 0.55
Damping coefficient 1.0 � 10�4
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The mechanical properties of an intact, full tympanic membrane (TM) inside the bulla of a fresh chin-
chilla were measured under quasi-static pressure from �1.0 kPa to 1.0 kPa applied on the TM lateral side.
Images of the fringes projected onto the TM were acquired by a digital camera connected to a surgical
microscope and analyzed using a phase-shift method to reconstruct the surface topography. The rela-
tionship between the applied pressure and the resulting volume displacement was determined and
analyzed using a finite element model implementing a hyperelastic 2nd-order Ogden model. Through an
inverse method, the best-fit model parameters for the TM were determined to allow the simulation
results to agree with the experimental data. The nonlinear stress-strain relationship for the TM of a
chinchilla was determined up to an equibiaxial tensile strain of 31% experienced by the TM in the ex-
periments. The average Young's modulus of the chinchilla TM from ten bullas was determined as
approximately 19 MPa.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

An eardrum or tympanic membrane (TM) couples acoustic
waves from ambient air in the ear canal to the middle ear; it is a key
component for transmitting sound pressure to ossicular chains. The
function of the TM can be affected by ambient pressure, which
changes widely from a few pascal (Pa) to a few kPa. In some
extreme cases, for instance, under blast in conflict zones, the
overpressure can be as high as 100 kPa, which could cause damage
to the TM (Ritenour et al., 2008). As TM deforms under different
ambient pressures, the transmission of sound energy across the
middle ear can be significantly altered (Dirckx and Decraemer,
1991; Volandri et al., 2011; Ghadarghadar et al., 2013; Thornton
et al., 2013; Rosowski et al., 2014). In efforts made to understand
the effect of ambient pressure on TM function for the sound
transmission, the mechanical response of TMs has been
ter-aided design; FEM, finite
al care and use committee;
P, posterior; PVC, polyvinyl
bo; XYZ, x-, y- and z-axes
investigated under various static pressures. The deformation of a
TM, induced by either negative or positive pressure in the middle
ear, was measured using shadow moir�e technique on human
temporal bones (Dirckx and Decraemer, 1991). The TM vibration
under different middle-ear pressures was measured on gerbil ears
(Lee and Rosowski, 2001; Rosowski and Lee, 2002), where the al-
terations of acoustic stiffness and impedance by static pressures
were observed. The stiffening of a TM under the repetitive pressure
loading from habitual sniffing was investigated on gerbil using
shadow moir�e (von Unge and Dricks, 2009).

In addition to experimental investigations, finite element
methods (FEM) have been used to study the sound transmission in
the middle ear under various static pressures. The effect of
geometrical nonlinearity was reported on the movement of a cat
eardrum under static pressures on TM (Ladak et al., 2006). The
middle ear transfer function was also analyzed under various static
pressures on a human middle ear (Wang et al., 2007). It is noted
that, the fidelity of the simulation results depends, to a large extent,
on the accuracy of the mechanical properties of a TM, as a function
of pressure.

The mechanical properties of TMs have been measured using
numerous experimental techniques. The viscoelastic properties of a
human TM were measured under tension using dynamic
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mechanical analysis (Cheng et al., 2007) and acoustic pressure us-
ing laser Doppler vibrometery (LDV) (Gan et al., 2010; Zhang and
Gan, 2010). A miniature split Hopkinson tension bar was used to
measure the dynamic properties of human TMs under high strain
rates (Luo et al., 2009a,b, 2016). Another method used was nano-
indentation, it has been used to measure the mechanical properties
of different quadrants of a TM. The linear viscoelastic properties of
TMs were reported using nanoindentation (Huang et al., 2008). The
method was also used to measure both in-plane and out-of-plane
mechanical properties at different locations of a TM
(Daphalapurkar et al., 2009). In all these methods, strip or cut TM
specimens were used. This approach causes the collagen fibers in
the radial or circumferential directions in pars tensa to shrink
(O'Connor et al., 2008), and alters the physiological condition of TM,
leading potentially to erroneous results. To circumvent this prob-
lem, it is necessary to employ a new method to measure the me-
chanical properties for the full, intact TM, which is the focus of this
paper.

Full-field measurement methods have been used in the last
several years to measure the mechanical responses of a TM. Using
LDV and stroboscopic holography, deformations of a human TM
were measured with acoustic loading, and viscoelastic properties
were determined through a hybrid method allowing FEM simu-
lated umbo displacement to agree with the experimental mea-
surement (De Greef et al., 2014a,b). Another full-field method to
probe mechanical properties was developed to measure the TM
elastic properties (Aernouts et al., 2010; Buytaert and Drickx, 2009)
using geometric moir�e and indentation loading. The geometric
moir�e was used to determine the surface topography while the
indentation was applied; the mechanical response of the TM was
simulated by FEM to determine the elastic properties and the
viscoelastic properties under low frequencies (Aernouts and Drickx,
2012a,b; Aernouts et al, 2012) using an inverse problem solving
scheme. The Young's modulus was measured as approximately
20 MPa by nano/micro-indentation (Aernouts et al., 2010, Aernouts
and Drickx, 2012a,b; Hesabgar et al., 2010; Soons et al., 2010;
Salamati et al., 2012). Both methods measure TM properties un-
der indentation loading, which is applied on a small local region;
that is a loading situation that is different from the condition under
normal hearing or under blast, in which air pressure is applied on
the entire TM. In addition, for the latter method, the contact nature
and the localization of force applied on a small region could impose
challenges to maintain the indenter positioning under increasing
load. There is also a potential issue on convergence in the analysis
considering a contact mechanics problem. An alternative
computer-based method was developed; in which case, the pres-
sure was used instead of indentation (Ghadarghadar et al., 2013). In
that method, the Young's modulus of TM was estimated by mini-
mizing the difference in displacements over the entire TM calcu-
lated from model with that measured from experiment. The
replacement of indentation loading with pressure loading simpli-
fied the experimental setup. Ghadarghadar et al. (2013) showed a
rather good agreement between the computational displacement
and experimental results on the pars tensa of the TM, but not on the
pars flaccida (a small portion of the dataset). They also pointed out
that the material property of pars flaccida can be significantly
different from pars tensa. It is noted that, the nonlinearity of the
mechanical behavior of TM under different pressures has not been
considered.

In this paper, we provide a non-contact, full-field optical method
on the measurement of mechanical properties of an intact TM
under quasi-static pressure. An inverse method combining exper-
imental and numerical investigation is used to determine the me-
chanical properties of a chinchilla TM. The TM inside a bulla is
pressurized while its topography is determined by a full-field
micro-fringe projection technique. Volumetric displacement is
then calculated from the topography. FEM with a nonlinear mate-
rial model is applied to model the topography of TM under pres-
sure, to provide the simulated relationship between pressure and
volume displacement that is consistent with experiment. The
nonlinear mechanical properties of TM under different quasi-static
pressures are thus determined.

2. Method

2.1. Micro-fringe projection technique

A micro-fringe projection technique was used to determine the
deformed surface topography of the TM under a prescribed static
pressure. In micro-fringe projection, a grating is projected onto an
object and the image of the projected fringe on the surface of the
object is acquired by a digital camera. Another image of fringe
projected onto a reference plane under the same setup is also ac-
quired. The object image is subsequently digitally superimposed
with the reference image to generate interferometry (Ortiz and
Patterson, 2003, 2005). Virtual shifting is conducted by utilizing
five phase-shifted images of the original image to calculate the
phase difference between reference plane and the object from the
interferometry map (Ortiz and Patterson, 2005).

The inverse tangent function outputs phase angle within the
interval [�p, p] with 2p discontinuity at the end of the period. In
order to determine the surface profile from the direct output, phase
angle has to be unwrapped. A quality bins algorithm is used to
unwrap the phase map for surface profile reconstruction (Ghiglia
and Pritt, 1998; Ortiz, 2004). In the case where the projection is
telecentric, the out-of-plane position Z is determined from the
phase angle difference DF for any point on the object surface:

Z ¼ ph
d

DF
2p

(1)

where h is the distance between the camera and the object, and d is
the distance between the camera and the light source, as shown
schematically in Fig. 1(a). In the actual situation, it is difficult to
measure accurately these parameters directly from the apparatus. A
calibration procedure is thus used to determine the ratio between h
and d in Eqn (1) (Ortiz and Patterson, 2003). A cone with known
dimensions that approximately match the features (radius and
depth) of the TM was used for calibration. By comparing the phase
map with the known geometry, the ratio of h to d was determined.

2.2. Experimental setup

Fig. 1(b) shows the actual experimental setup. The chinchilla
bulla was placed on a gimbal holder attached to a temporal bone
bowl, which allowed the orientation of the TM surface to be
adjusted for micro-fringe projection as well as for observation by a
camera. A set of X-, Y- and Z- (XYZ) linear translation stages was
used to hold the temporal bone bowl, to position the TMwithin the
field of the projected fringes and field of view of the camera. A
micro-fringe projector, including a set of lenses, grating, and fiber
optic light source was used to project fringes onto the TM in the
bulla. The projector consisted of a 100 W fiber optic lamp, two
condenser lenses (Edmund Optical Sci., #89-038), a grating and an
objective lens (Fujinon Photo Optical Co., 611374). The focal length
of the objective lens was adjustable so that an in-focus pattern of
equidistant pitch fringes was projected onto the reference plane
and the object. The grating used had a square wave transmission
profile, namely the Ronchi rulings (Edmund Optical Sci., #58-777)
with pitch density of 20 cycle/mm. A digital camera (Nikon D7000,



Fig. 1. The experimental setup of the micro-fringe projection system and the pressure
loading and monitoring system. (a) Schematic diagram; (b) Actual setup. The com-
ponents include: manometer (MA), camera (CA), surgical microscope (SM), sample
holder (SH), XYZ-translation stage (TS), objective lens (OL), Ronchi rulings (RR),
condenser lenses (CL), fiber optics illuminator (FO) and pressure control (PC).

Fig. 2. A chinchilla bulla sample for measurements: (a) The medial side of TM with
intact malleus-incus complex immobilized; (b) A typical bulla sample with TM
exposed, and a sealed PVC tube inserted into ear canal for applying pressure.
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4928 � 3264 pixels) was attached to a beam splitter on a surgical
microscope (Carl Zeiss, OPMI-1) with an objective lens of 250 mm.
The microscope head was connected to a finely adjustable arm
mounted on a movable stand, which allowed optical axis of the
microscope to remain perpendicular to the sample holder plane.
The projection lens of micro-fringe projector was located about
88 mm away from the microscope objective lens; an angle of
approximately 19� was formed between the axis of themicroscope-
camera assembly and axis of the projector. The combination of a
finer grating and a smaller angle generally produces higher sensi-
tivity than a coarser grating and a larger angle. In addition, the
distance between the objective lens in Fig. 1 and the object should
be at least one order of magnitude larger than the height of the
object (von Unge et al., 1993). The height of chinchilla TMwas about
2 mm, which was much smaller than the working distance
(250 mm) of the microscope. Therefore, the telecentric condition
was satisfied.

A pressure monitoring system was used to load the specimen
with either positive or negative static pressure. The system con-
sists of two three-way stopcocks, a 20 mL syringe and a water
manometer with a resolution of 2.5 mm water bar (Dwyer In-
struments, #1235). A three-way stopcock serves as a valve to
control the pressure applied on the specimen; it allows for
releasing and applying pressure to the specimen, and locking up
the pressure in the specimen. Another three-way stopcock, serving
as pressure direction control, was utilized to switch between
positive pressure and negative pressure applied on the specimen.
2.3. Sample preparation

Ten TMs of adult chinchillas weighing between 535 g and 855 g,
without middle ear diseases were used. Chinchilla was used
because the diameter and the shape of its TM are close to human.
The study protocol was approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Oklahoma andmet
the guidelines of the National Institutes of Health. After examina-
tion with an otoscope, the chinchilla was sacrificed with ketamine
(100 mg/kg IM) and xylazine (10 mg/kg IM) injected directly to the
heart. An intact temporal bone or bulla was harvested from the
skull 10 min post mortem. The bulla wall was opened widely from
the middle ear side and both the cochlea and the stapes along with
the tensor tympani muscle were removed until the medial side of
TM was fully exposed (Fig. 2(a)). In order to maintain the geometry
of the TM and simplify the boundary conditions for modeling, the
malleus-incus complex was immobilized by applying a droplet of
gel type superglue (Superglue, Co., Fast™) between the incus sec-
tion and the petrous wall behind. A polyvinyl chloride (PVC) tubing
with 3/16 inches inner diameter, 1/4 inches outer diameter, and
about 3 inches long, was inserted into the ear canal and hermeti-
cally fixed on the bulla by applying two-part epoxy (Illinois Tool
Works Inc, Devcon and 5 Minute) at the entrance of the ear canal.
The two-part epoxy was mixed and cured for 2 min before it was
applied on the bulla to ensure that it was viscous and would not
flow into the middle ear. The outer end of the tubing was then
connected to the pressure monitoring system for applying static
pressure on the TM from the lateral side (Fig. 2(b)). The overall time
for sample preparation for each bulla in an experiment in this
section was about 45 min. In order to protect the TM from desic-
cation, during the process of opening the bulla, a droplet of saline
solutionwas applied on the TM every 5min. Also, during the curing
period of the two-part epoxy, a small piece of Kim wipe paper
saturated with saline solution was used to cover the TM.

Similar to shadowmoir�e, fringe projection requires the object to
have a diffusive reflecting surface. Therefore the medial side of TM
was coated with a thin layer of titanium oxide in saline solution
(100 mg/ml) to provide good reflection. Titanium oxide was chosen
because it is a typical material used in cosmetics and a thin layer of
the coating is not anticipated to affect the mechanical response of
the TM (Dirckx and Decraemer, 1997).



Fig. 3. Finite element model of chinchilla TM in different views. The model consists of
10,000 shell elements (shell-181). The annular ring of the TM is fixed for all degrees of
freedom. The area marked in red color is the manubrium whose material properties
are set as those (Young's modulus, etc.) for bones. (a). Medial-view of meshed TM; (b).
Posterior view of meshed TM; (c). Boundary conditions for TM, as shown with yellow
arrows. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2.4. Measurement procedures

After the bulla specimen was prepared, it was mounted on the
gimbal sample holder. The bullawas first securedwithmolding clay
to adjust coarsely the position of the bulla so that TM faced the
microscope and then fixed with the use of screwed arms of the
holder; and the orientation of the bulla was finely adjusted to allow
a full view of the TMwithout any shadow. The aforementioned PVC
tubing was connected to the first three-way stopcock in the pres-
sure monitoring system, and the stopcock was switched to change-
pressure mode. Pressure was then applied to the bulla manually
through the syringe in the pressure monitoring system. As a TM,
like other soft tissue, is a viscoelastic material (Fung, 1993; Ladak
et al., 2004), preconditioning must be carried out to allow the
specimen to give consistent results. Each bulla was preconditioned
by applying a small pressure with magnitudes less than 100 Pa by
five cycles prior to test. A positive pressure was induced by
pumping compressed air into bulla from ear canal; as such, the
pressure on the medial side of the TM was lower than that applied
on the lateral side of the TM. A negative pressure was induced by a
vacuum in the ear canal; in such a case the pressure on the medial
side of the TM was higher than that applied on the lateral side. In
each cycle in preconditioning, a negative pressure was applied first
to the bulla, and then the pressurewas increased to a positive value,
and finally the pressurewas released back to zero. Both positive and
negative pressures were applied to the bulla for measurement of
the response of the TM to pressure to determine the mechanical
response of the TM. The magnitude of pressure applied was be-
tween 0 and 1.0 kPawith an increment of 0.125 kPa inside the bulla
with stopcock set to lock-up mode. A constant pressure was
maintained at each step. The entire measurement took about 2 min
for each sample; therefore no special care was needed to maintain
moisture in the TM.

At each state of pressure, including the zero-pressure state, an
image was acquired by a digital camera attached to the microscope.
For each image, reconstruction of TM surface was conducted using
the method described in Section 2.1. The reconstructed TM surface
profiles were then used to calculate the volume displacement based
on the surface topography under pressure and the surface profile
under the zero-pressure state.

2.5. Finite element simulations

The FEM software, ANSYS-15 was used for simulations of chin-
chilla TM under quasi-static pressure. A FEMmodel was established
using the surface typography of the TM determined at the zero-
pressure state. For each specimen, an individualized FEM model
was established and the volume displacement under static pressure
was calculated. Simulations were conducted by selecting the ma-
terial parameters in the Ogden hyperelastic constitutive law until
the volume displacement obtained from the FEM model matched
well with the corresponding experimental data. The surface
topography under the zero-pressure state, reconstructed from the
micro-fringe projection, was converted to a three-dimensional
model using the computer-aided design (CAD) software, Solid-
Works 2013. Since the TM thickness is small compared with its
major or minor axis, TM was modeled as a shell with a thickness of
10 mm (Ghadarghadar et al., 2013; Wang et al., 2002). The CAD
model was then converted to a shell model for simulations in
ANSYS. The boundary and the location of malleus were determined
by the optical image of the TM sample. Malleus was constructed
using SolidWorks as a part of the TM assigned with properties of a
bone (with 10 GPa Young's modulus, and 0.2 Poisson's ratio). The
outer boundary (annulus tympanicus) of the TM was fixed for all
degrees of freedom (no translations or rotations), and a uniform
pressure in the range of 0 kPae1.0 kPawas applied from the medial
side (negative pressure) or lateral side (positive pressure), corre-
sponding to the pressure used in experiments.

Each meshed FEM model has nearly 10,000 4-node tetrahedral
shell elements (shell-281) as shown in Fig. 3(a) and (b); the
boundary determined from optical image as shown in Fig. 3(c) was
used in FEM simulation. In practice, due to the continuation be-
tween epithelial layer of the TM and annulus, there is about 1e2
pixels of uncertainty for determining the boundary in the annulus
area; this uncertainty induced less than 2% variation for the total
area of TM. The uncertainty can be higher at the pars flaccida area.
However, since the area of pars flaccida is less than 1/15 of pars
tensa (Vrettakos et al., 1988) and the displacement in pars flaccida
area is usually much smaller than that of pars tensa (Ghadarghadar
et al., 2013), the uncertainty on the identification of the entire
boundary is expected to induce less than 3% of error in the deter-
mination of volume displacement. Experimental data do not show
any abrupt change of deformation in the neighborhood of pars
flaccida area, therefore, only pars tensa was considered in both
reconstruction and the FEM modeling. The medial and posterior
views of a meshed TM model are shown in Fig. 3(a) and (b),
respectively, without showing the boundary conditions and the
applied pressure. Fig. 3(c) shows the medial-lateral views of the TM
surface topography with boundary conditions. The outer boundary
(annulus tympanicus) of the TM was fixed for all degrees of
freedom (no translations or rotations) and a uniform pressure in
the range of �1.0e1.0 kPa, was applied from the medial side
(negative pressure) or lateral side (positive pressure), same as the
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pressure values used in experiments.
To simulate the pressure e volume deformation response

observed in experiments, FEM analysis with the use of an appro-
priate constitutive model was conducted. Since a TM is essentially a
biomaterial in rubbery state, a hyperelastic model traditionally
developed for materials in the rubbery state such as elastomers was
used in this study, to describe the constitutive behavior of a chin-
chilla TM under tension. The pressure-volume displacement
response of TM shows behavior similar to an elastomer (Aerts and
Drickx, 2010), including stiffening after reaching a certain pressure,
the Ogden model was used to describe the mechanical behavior of
TM under large deformations. The Ogden strain energy potential is
given as:

U ¼
XN
i¼1

2mi
ai

�
lai
1 þ lai

2 þ lai
3
�
; i ¼ 1;2;…N (2)

where N is the number of terms; lj (j ¼ 1, 2, 3) are the principle
stretch ratios; mi and ai are constants. In this study, Nwas taken as 2.
In order to determine the model parameters mi and ai, an inverse
problem-solving scheme was used by allowing the FEM simulated
TM volume displacement data to match the measured values under
a given pressure. The procedures are described as follows.

(1) Give vector of initial values, p containing mi and ai, as pT¼ [m1,
a1, m2, a2].

(2) Generate a FEM model for the TM, consistent with the ge-
ometry of the TM under the zero-pressure state. The TM is
assigned with hyperelastic parameters (Ogden model). The
out-of-plane displacement (i.e., displacement perpendicular
to the image plane of the camera), and height Z of each node
was obtained.

(3) Interpolate nodal displacement obtained in Step 2 to the
background grid with point density identical to the pixel
density of images obtained in experiments using the bilinear
interpolation scheme.

(4) Calculate the volume displacement from the out-of-plane
displacement of the background grid, and compare it with
the experimental volume displacement data, which is
calculated as:

DV ¼ ∬ U½zðx; yÞ � z0ðx; yÞ�dxdy (3)

where, z (x,y) and z0 (x,y) are the height profiles under a finite
pressure and the zero pressure, respectively, U is the area enclosed
by the annulus. Optimization of a cost function is used to determine
the Ogden parameters using DV at different pressures. The cost
function is defined as:

f ¼
XM
i¼1

�
DVexp

i � DVFEM
i

�2
(4)

where DVexp
i is the volume displacement obtained in experiment

under a pressurized state, DVFEM
i is the corresponding FEM simu-

lated volume displacement, M is the number of pressurized states.

(5) Update p using a gradient descent algorithm, and repeat
Steps (1) through (4) until f < 0.05 mm6. The equation for
gradient descent is given as:

p0 ¼ p� gVf ðpÞ (5)

where g is the learning rate, set to be 0.1, Vf(p) is a vector of discrete
form of gradient of f with 4 elements, where each element is the
difference of the cost function f when one parameter in p changes
by 0.1.

In this study, the initial parameters are set to the parameters for
human (Cheng et al., 2007). A range of initial values in the neigh-
borhood of this set of initial parameters has been tried and it was
found that within this range, the results converge to the same
solution.

3. Results

3.1. Reconstruction of the TM surface under pressure

The TM surface topography under different pressures was ob-
tained from the micro-fringe projection system. Fig. 4 shows the
pressure-volume displacement relationships for five cycles of pre-
conditioning at small pressure levels with amplitudes less than
0.1 kPa. Since chinchilla TMs are thin and fragile, some of the TMs
ruptured during the process of loading. Therefore the pressure
range for those samples was smaller than other samples. The pre-
conditioning has significantly reduced the hysteresis: the differ-
ence in volume displacement between loading and unloading is in
general less than 10% after preconditioning (Fig. 4(b)). After five
cycles of preconditioning, the pressure-volume displacement
curves were gradually converged and the hysteresis loops became
stable. It indicates that the mechanical behavior became steady,
thus the TM was ready for characterization of the nonlinear elastic
behavior. Fig. 5(a) shows the TM image under projected micro-
fringes before reconstruction of the surface. The four sections of
TM, namely superior, posterior, inferior, anterior, and umbo are
shown and marked as S, P, I, A and U, respectively. Fig. 5(b) shows a
typical surface height color contours of TM under the zero-pressure
state from the reconstruction. Fig. 5(c) and (d) show the corre-
sponding z-displacement, U3 contours under pressures. For the
purpose of illustration, in the interest of space, only two cases are
shown here: TM under �1.0 kPa and 1.0 kPa pressures.

Under �1.0 kPa, the edge of a TM close to inferior-posterior
region has nearly zero displacement. Like other rodent, the ma-
nubrium of chinchilla is a thin bony edge, with thickness decreasing
from about 1.0 mm at superior of annulus to roughly 0.1 mm at
umbo. However, the region of low displacement is relatively large,
which covers more than 1/3 of the TM area around themanubrium.
Likewise, around the annulus ring, a ring of low displacement re-
gionwith width about 1.0 mm can be also observed. The maximum
displacement is found to locate at the ring-shaped belt concentric
with the annulus and about 1.5 mm from annulus ring covering the
posterior, inferior and anterior. This probably stems from the
thickness distribution of the TM, which is thicker at location around
the bony boundary and thinner at location away from the bony
boundary (Gea et al., 2010). Similar displacement distribution is
also seen in Fig. 5(d) under positive pressure 1.0 kPa. However, the
region with low displacement under a positive pressure is small
around the manubrium. The displacement at location close to the
annulus increases smoothly to maxima at the location about
2.5 mm away from the annulus and then gradually decreases to
zero. Due to the complex cone-shape geometry, a TM under posi-
tive and negative pressures exhibits different responses.

3.2. Mechanical response of TM to various static pressures

Using Eqn (3), the pressure-volume displacement relationship
can be calculated from the Z-displacement, U3 profile. Fig. 6(a)
shows the pressure as a function of the volume displacement,
plotted in terms of the curves from the experimental results of ten
chinchilla TMs with intact immobilized malleus-incus complex
attached. It is noted that, results from some TMs have smaller range



Fig. 4. Pressure-volume displacement curves. (a) Typical 5 cycles of preconditioning for a chinchilla TM. (b) Typical one cycle of loading and unloading. The sequence of loading is as
follows: negative pressure was first applied on the TM (creating a vacuum from ear canal side) up to �1.0 kPa and then released to zero; subsequently, positive pressure was applied
onto TM (pumping air on the ear canal side) up to 1.0 kPa and then released to zero. The loading sequence is 1-2-3-4 as shown by the arrows.

Fig. 5. Measurements of projected micro-fringes for chinchilla TM surface topography. (a). Micro-projected fringes on a chinchilla TM; (b). Height profile z (x,y) under zero pressure;
(c). Z-displacement U3 under �1.0 kPa pressure (medial side pressure is higher than lateral side pressure); (d). Z-displacement U3 under 1.0 kPa pressure (lateral side pressure is
higher than medial side pressure). Note, the reference plane is not necessarily coincident with the annular ring because the annular ring is not on the same plane. Thus there is a
slight inclination in the reconstructed surface profile.
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of volume displacement values due to the rupture of these TMs in
experiment. To distinguish the TM samples, markers were used at
certain data points. The pressure-volume displacement curves
exhibit strong nonlinearity. The increasing stress with the increase
of strain indicates the stiffening behavior of the chinchilla TM, and
therefore the alternation of stiffness as pressure increases. This is
likely due to the stiffening of the collagen fibers in the soft tissue. At
the initial stage of the loading, collagen fibers are relaxed, showing
a linear behavior. As the loading increases, the collagen fibers tend
to align in the loading direction in response to the increasing load,
to provide change in stiffness.

Due to the nearly conical geometry of TM, volume displace-
ments show significant difference between negative and positive
pressures as shown in Fig. 6. The deformation under positive
pressure is larger than the deformation under negative pressure.
The asymmetry of volume-displacement over positive/negative
pressures is consistent with that was observed from TMs of other
mammals, such as gerbil (Gea et al., 2010), cat (Funnell and



Fig. 6. Pressure-volume displacement relationships for ten chinchilla TMs under different pressures measured with the micro-fringe projection system. (a). Experimental results
for10 TMs; (b). A comparison between the finite element simulation results and experimental data. The error bar represents the standard deviation from the experiments. Both best
and worst fitting results are given in (b).

J. Liang et al. / Hearing Research 339 (2016) 1e11 7
Decraemer,1995), and human (Gaihede et al., 2007). Fig. 6(b) shows
a curve-fitting of the average pressure-volume displacement curve
between FEM results and experimental data for ten TMs. Two
extreme cases are also plotted in Fig. 6(b), which are the best cases
of fitting (smallest average error at each pressure point) for one of
the animals and the worst case of fitting (largest average error at
each pressure point) for another animal. The error is less than 10%
between FEM and experimental data, indicating that the Ogden
model is appropriate to describe the TM mechanical behavior. The
model parameters are obtained under both positive and negative
pressures. The dimensions of the TM and the material property
parameters for Ogden model of each TM are listed in Table 1.
3.3. Young's modulus of TM

Since the TM is under biaxial stress state when a pressure is
applied on it. An equibiaxial stress-strain relationship is used to
describe the behavior of TM. The equibiaxial form of Nth-order
Ogden model is given as (Ogden, 1972)

TB ¼
XN
i¼1

2mi
ai

�
lai�1
B � l�2ai�1

B

�
; i ¼ 1;2;…N (6)

where TB is the equibiaxial stress; lB is the equibiaxial stretch ratio,
and lB ¼ 1 þ εB, with εB being the equibiaxial strain. Under an
equibiaxial stretch, assuming incompressibility of the TM, the
principal stretch ratios li (i ¼ 1, 2, 3) are given as l1 ¼ l2 ¼ lB,
l3 ¼ l�2

B . Fig. 7(a) shows the plot of the equibiaxial stress-strain
relationship describing the equibiaxial state of the chinchilla TM.
The tissue has a linear mechanical behavior within a small range of
Table 1
Dimensions of chinchilla TMs and parameters for the 2nd-order Ogden hyperelastic mod

Sample number Superior-inferior diameter (mm) Anterior-posterior dia

15-1-1L 7.66 8.89
15-1-1R 7.71 8.08
15-1-2L 8.68 8.59
15-1-4R 7.37 7.93
15-1-5L 7.57 8.53
15-1-5R 6.84 7.97
15-1-6R 7.99 9.15
15-1-7L 7.65 8.42
15-1-8L 7.56 8.76
15-1-8R 7.49 9.08
Average 7.65 8.54
strain and the mechanical behavior becomes nonlinear after strain
becomes larger. The TM tissue becomes stiffer when it is under
higher strain. The stiffening effect is evident when the mechanical
behavior of the TM is plotted in equibiaxial tangent modulus, which
is defined as the derivative of equibiaxial stress with respect to
equibiaxial strain from Eqn (6), given as (Thurn and Hughey, 2004)

dTB
dεB

¼
XN
i¼1

2mi
ai

h
ðai � 1Þð1þ εBÞai�2

þ ð2ai þ 1Þð1þ εBÞ�2ai�2
i
; i

¼ 1;2;…N (7)

The equibiaxial tangent modulus under biaxial stress state for
the TM is shown in Fig. 7(b). The stiffening effect is observed and
the mechanical behavior is linear when the strain is within 0%e5%.
At strains smaller than 5%, the equibiaxial tangent modulus, which
is equal to the equibiaxial modulus, is 52.8 ± 6.2 MPa.

Since uniaxial tensile test is the most commonly used test for
TMmeasurement, for the purpose to compare our results to others'
work, it is convenient to estimate the uniaxial behavior of TM with
the parameters in Ogden model. The uniaxial form of N-order
Ogden model is given as (Aernouts et al., 2010; Wang et al., 2002)

TU ¼
XN
i¼1

2mi
ai

�
lai�1
U � l�0:5ai�1

U

�
; i ¼ 1;2;…N (8)

where TU is the uniaxial stress; lU is the uniaxial stretch ratio, and
lU ¼ 1 þ εU, with εU being the axial strain. Under uniaxial stretch,
assuming incompressibility of the TM, the principal stretch ratios li
el.

meter (mm) m1 (MPa) a1 m2 (MPa) a2

1.4 4.3 7.8 �3.6
1.6 3.7 8.7 �4.1
1.0 4.3 5.7 �4.0
1.2 4.5 7.8 �4.4
1.3 4.1 7.2 �4.9
1.2 3.4 7.9 �4.0
1.0 3.1 6.9 �5.0
1.1 3.3 6.6 �5.0
1.1 4.2 6.7 �4.7
1.0 3.9 6.2 �3.8
1.2 ± 0.2 3.9 ± 0.4 7.1 ± 0.8 �4.3 ± 0.5



Fig. 7. Mechanical response and mechanical properties of all ten chinchilla TMs derided from the FEM analysis using a second order Ogden model under: (a) Equibiaxial stress-
strain curves; (b) Biaxial modulus; (c) Uniaxial tensile stress-strain curves; (d) Tangent modulus of chinchilla TMs. The error bar represents standard deviation. The dash line in (c)
and (d) shows the actual maximum strain in the experiment.
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(i ¼ 1, 2, 3) are given as l1 ¼ lU, l2 ¼ l3 ¼ l�0:5
U .

The Young's modulus is defined as the slope in the linear region
of the uniaxial stress-strain curve under small deformations. The
slope of the stress-strain curve at any point is the tangent modulus.
The Young's modulus and the tangent modulus are identical at the
initial, linear portion of a stress-strain curve. In the case of a
hyperelastic material, the tangent modulus, Et, can be obtained by
taking derivative of stress with respect to strain from Eqn (8)

Et ¼
dTU
dεU

¼
XN
i¼1

2mi
ai

h
ðai � 1Þð1þ εUÞai�2

þ ð0:5ai þ 1Þð1þ εUÞ�0:5ai�2
i
; i

¼ 1;2;…;N (9)

With known material parameters, Eqn (8) is plotted in Fig. 7(c).
The uniaxial stress-strain curve of the chinchilla TM, which repre-
sents the mechanical behavior under a tensile test, also exhibits a
strong nonlinearity. But the trend is different from that under
equibiaxial state: the stiffening effect starts at a much higher strain
level (~100%), which will be higher than the strain (~31%) used in
the current experiment. In Fig. 7 (d), the tangent modulus in gen-
eral decreases with the increase of strain up to 31% of axial strain. At
31% strain, which is the maximum strain of the TM determined by
FEM model when 1.0 kPa air pressure was applied on the TM, the
maximum stress reaches 1.1 MPa. Eqn (9) is plotted in Fig. 7(d),
showing the tangent modulus as a function of strain for 10 chin-
chilla TMs, and the average. At a strain close to zero, the average
tangent modulus is 25 MPa, and it decreases to 11 MPa at 31%. The
average tangent modulus, at strains less than 25%, is chosen as the
representative Young's modulus. Therefore, the average value of
approximately 19 MPa is quoted as the Young's modulus. For
comparison equibiaxial tangent modulus and Young's modulus
values at different strains are given in Table 2. Under equibiaxial
stress state the modulus is consistently higher than the corre-
sponding modulus under uniaxial stress state.
4. Discussions

The mechanical properties of TM are difficult to measure due to
its small size. The traditional measurement using strips cut from
the intact TM induces not only damage to the TM structures, but
also leads to difficulty in controlling the exact dimensions and
extension of a sample. For example, in tensile test, the gauge length
to width ratio was usually chosen as about 3 (Cheng et al., 2007),
which is less than the standard value used in the material tensile
testing (typically 5) (ASTM E8/E8M-13a standard, 2015). Also, it is a
challenge to clamp the soft tissue without inducing boundary ef-
fects. An in-situ indentation technique was proposed on the TM, to
avoid cutting of the TM (Aernouts et al., 2010, 2012; Aernouts and
Drickx, 2012a,b). However, that approach is a contact method and
does not yield the TM mechanical responses under pressure
directly. The present approach is a non-contact method, which does
not induce any local damage to the TM structures under test; and
air pressure is directly applied as loading. Instead of matching
directly calculated deformation field with its experimental coun-
terpart at a given pressure. In this work, volume displacement was
used to determine the nonlinear mechanical properties of a TM



Table 2
Equibiaxial and uniaxial modulus values for 10 chinchilla TMs at different strains.

Stain (%) 0 5 10 15 20 25 30 Average

Equibiaxial Modulus (MPa) 49.6 ± 6.0 52.8 ± 6.2 61.3 ± 7.5 75.1 ± 10.8 94.8 ± 16.4 121.3 ± 26.1 155.7 ± 37.2 87.2 ± 14.4
Uniaxial Modulus (MPa) 24.8 ± 3.0 20.0 ± 2.5 16.7 ± 2.1 14.4 ± 1.8 12.8 ± 1.6 11.7 ± 1.4 10.9 ± 1.3 15.9 ± 2.0
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under a series of pressure states from negative pressures to positive
pressures. Because the simulations were based on the assumption
that chinchilla TM consists of a homogeneous, isotropic material,
and its thickness is uniform over the entire pars tensa, the Young's
modulus obtained in this study represents an overall effective
Young's modulus. In the actual situation, due to the nonuniform
distribution of the collagen fibers over TM, the variation of thick-
ness of TM at different locations (Kuypers et al., 2006; Kuypers
et al., 2005; van der Jeught et al., 2013) was not considered.

In addition, the mechanical properties can also change with
locations. Therefore, even though the model was developed from a
3D surface reconstruction of the specimen, there are still pro-
nounced discrepancies between simulations and experiments at
different locations. Shape difference of chinchilla TM between FEM
simulations and experiments is given in Fig. 8(a) and (b), respec-
tively, at two extreme loading cases under 1.0 kPa and �1.0 kPa.
Fig. 8(c) and (d) show the error map, which is determined by
subtracting the experimental z-height data from the corresponding
FEM simulated height data at 1.0 kPa and �1.0 kPa, respectively.

Although at some small local region, a relatively large error as
high as 0.15 mm occurs, most area has error less than 0.017 mm.
Overall a reasonably good agreement has been reached. It is seen
that discrepancy is generally small in areas with small
Fig. 8. A comparison of shape profile calculated as z-coordination height between FEM sim
height profiles along posterior-anterior section (as shown black dash line, through umbo); (b
red dash line, 2.0 mm off umbo). (c) Error map (FEM simulated map of height subtracted by
agreement has been reached. (For interpretation of the references to color in this figure leg
deformations and high in areas with large deformations. That
observation is similar to what was reported in a rat model
(Ghadarghadar et al., 2013). Despite of the discrepancy in local
displacements, a good agreement is achieved between computa-
tional volume displacements and the corresponding experimental
values. Fig. 8(a) and (b) show comparison of shape profile in Z-
height between FEM simulation and experimental data under
pressures 1.0 kPa and �1.0 kPa, respectively, along with the profile
along the posterior-anterior section shown in black dash line,
through umbo, and along superior-inferior shown as red dash line,
which is 2.0 mm from umbo. The small positive and negative errors
induced by thickness and properties nonuniformity are reduced
through the summation process for the calculation of volume
displacement. Therefore in order to reduce the complexity to
determine mechanical properties using a hybrid approach, the use
of volume displacement for optimization has certain benefit.

In the simulations, the thickness of TM was set as 10 mm. The
value is the average from the thickness measured at different loca-
tions of chinchilla TM based on histology results (Vrettakos et al.,
1988). It is noted that Young's modulus value of TM from FEM
analysis is very sensitive to the TM thickness, especially when the
thickness is small. The Young's modulus value increases as the
assumed thickness of TMdecreases. If the thickness of TMwas set as
ulation and experimental data at ±1.0 kPa (a). The experimental and FEM simulated Z
). Experimental and FEM simulated Z height profiles along superior-inferior (as shown
experimental map of height) at 1.0 kPa; (d) Error map at �1.0 kPa; A reasonably good
end, the reader is referred to the web version of this article.)
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5 mm, the Young's modulus would be on the 54 MPa, which is three
times of the current value. This could be responsible for the large
scatter in literature data for TMmechanical properties. In literature,
TM thickness was usually assumed to be uniform. Nevertheless, the
range of chinchilla TM thickness is often measured from 8 mm to
12 mm. Within this range, the variation of Young's modulus is only
about 15%, which is an acceptable range of fluctuation.

Fringe projection was utilized in this study due to its ability for
full-field surface topography measurement, high accuracy (about
0.2% out-of-plane error) (Liang, 2010) and acceptable resolution
(about 15 mm) for the relatively large deformation induced by pres-
sure. As compared with other Moir�e techniques, such as shadow
moir�e, projection moir�e and reflection moir�e, it does not require
precise alignmentof optical setup. It alsodoesnot require anaccurate
control system for phase-shifting, which is a benefit from a virtual
phase-shifting applied on a single experimental image through the
computerized processing. The aforementioned benefits show that
micro-fringe projection technique also has potential for measure-
ment of dynamic properties with the use of a high speed camera.

Young's modulus data in literature on chinchilla TM is sparse,
we therefore compare Young's modulus, obtained in this study
with measurement obtained for other animals. For rodent TM, us-
ing an indentation technique, Young's modulus of rat was
measured as around 21 MPa, which is close to the average Young's
modulus obtained in this study. Young's moduli of TM of other
animals around the size of chinchilla were also reported in a few of
papers. Young's modulus of rabbit TM was reported as 30 MPa
(Aernouts et al., 2010); and for cat the Young's modulus was esti-
mated as 100e400MPa (Fay et al., 2005). The diameter of chinchilla
TM is similar to human TM. For human, Young's moduli were re-
ported under different situations. The 20 MPa was reported under
an in-vivo condition (von B�ek�esy, 1960), similar values were ob-
tained on TM samples along radial and circumferential directions
(Luo et al., 2009a,b) under high strain rates. The Young's modulus of
human TMmeasured by uniaxial tension of strips cut from TM was
measured to be at 10 MPa and 23 MPa, respectively (Decraemer
et al., 1980; Kirikae, 1960). It is noted that, cutting TM breaks the
collagen fibers, which subsequently shrink. This could induce var-
iations from one specimen to another, causing a large variation of
measurement results. Direct measurement of the mechanical
properties from the entire pars tensa TM sample can maintain the
integrity of TM and yields more reliable data. To the best of our
knowledge there was only one study on full-field intact rat TM
reported (Ghadarghadar et al., 2013). Young's storage and loss
modulus values of intact TM have been measured at frequency
0.1 Hz, they are 40MPa and 19MPa, respectively at frequency 0.1 Hz
(Ghadarghadar et al., 2013). The results from this study show that
the Young's modulus of chinchilla TM is in the range of
11e30 MPa at strains below 25%, slightly higher than the reported
values for human TM. While data has been reported for elastic
coefficients determined from numerous TMs, including human TM
and guinea pig TM (B�ek�ey, 1949; Gan et al., 2010; Guan and Gan,
2013; Zhang and Gan, 2013a,b), the stress-strain curve of chin-
chilla TM was not reported in literature, especially when it is
measured from the intact TM. This study fills the gap by providing
the nonlinear stress-strain relationship, including Young's modulus
of chinchilla TM, measured at 19.0 ± 4.5 MPa, and tangent modulus
at strains up to 31%.

5. Conclusion

The nonlinear mechanical response of chinchilla TM was
determined using micro-fringe projection technique. Quasi-static
air pressure was applied to a chinchilla TM at the lateral side
through the ear canal inside the bulla. A micro-fringe projection
methodwas used tomeasure the surface topography of the TM. The
volume displacement of the TM was used as input to a finite
element model for simulation. The Ogden hyperelastic model was
used to describe the constitutive behavior of the TM in FEM for
simulations. An inverse method was used to allow the pressure-
volume displacement relationship simulated by FEM to match
with the experimental results. The model parameters were then
used to describe the mechanical behavior of chinchilla TM, and
stress-strain curve under both equibiaxial and uniaxial stress
states. Under equibiaxial stress state, the equibiaxial tangent
modulus increases with the increase of strain, while under uniaxial
stress state, the tangent modulus decreases with the increase of
strain. The Young's modulus of the chinchilla TMs was determined
to be approximately 19 MPa, up to a strain level of 25%. As strain
increases from 0 to 31%, the tangent modulus decreases from
25 MPa to 11 MPa. The maximum stress experienced by the TM
used in these experiments reaches 1.1 MPa.
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Abstract Chinchilla is a commonly used animal model for
research of sound transmission through the ear. Experimental
measurements of the middle ear transfer function in chin-
chillas have shown that the middle ear cavity greatly affects
the tympanic membrane (TM) and stapes footplate (FP) dis-
placements. However, there is no finite element (FE) model
of the chinchilla ear available in the literature to character-
ize the middle ear functions with the anatomical features
of the chinchilla ear. This paper reports a recently com-
pleted 3D FE model of the chinchilla ear based on X-ray
micro-computed tomography images of a chinchilla bulla.
The model consisted of the ear canal, TM, middle ear ossi-
cles and suspensory ligaments, and the middle ear cavity.
Two boundary conditions of the middle ear cavity wall were
simulated in the model as the rigid structure and the par-
tially flexible surface, and the acoustic-mechanical coupled
analysis was conducted with these two conditions to char-
acterize the middle ear function. The model results were
compared with experimental measurements reported in the
literature including the TM and FP displacements and the
middle ear input admittance in chinchilla ear. An application
of this model was presented to identify the acoustic role of
the middle ear septa—a unique feature of chinchilla mid-
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dle ear cavity. This study provides the first 3D FE model of
the chinchilla ear for characterizing the middle ear functions
through the acoustic-mechanical coupled FE analysis.

Keywords Middle ear · Fluid–structure interaction · Finite
element model · Biomechanics of hearing

1 Introduction

Chinchilla is a commonly used animal model in hearing
research. The chinchilla ear has a large tympanic membrane
(TM), ossicular dimensions and middle ear space for an ani-
mal of its size. The chinchilla’s range of hearing is similar to
that of humans (Vrettakos et al. 1988; Rosowski et al. 2006).
Experiments have been conducted to identify the acoustic
and mechanical properties of chinchilla ears for sound trans-
mission (Browning and Granich 1978; Hanamure and Lim
1987; Vrettakos et al. 1988; Ruggero et al. 1990; Rosowski
et al. 2006; Ravicz and Rosowski 2013; Wang et al. 2015).

Ruggero et al. (1990) reported the vibrationmeasurements
of the malleus and stapes using the Mössbauer technique in
chinchillas and assessed the effects of openedmiddle ear cav-
ity on ossicular motion. Rosowski et al. (2006) investigated
the contributions of different middle ear components to mid-
dle ear admittance in chinchillas. Their results showed that
themiddle ear admittance curve had anarrownotchnear 2600
Hz under the experimentally vented cavity condition. Ravicz
and Rosowski (2012, 2013) further presented the middle ear
velocity transfer function and cochlear input admittance in
chinchillas with openings in the bulla. Recently, Guan et al.
(2014) reported the effects of acute otitis media on mobility
of chinchilla TM. In their control experiment, the middle ear
cavity was vented before the measurements, and a notch of
TM displacement at about 2400 Hz was observed. These
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published experimental studies suggested that the middle
ear cavity boundary condition extensively affects middle ear
transfer function in chinchilla ears. In addition to the middle
ear cavity boundary condition, the configuration of the mid-
dle ear air space was shown to have a significant effect on the
middle ear resonance. Guinan and Peake (1967), Rosowski
et al. (2000) and Tuck-Lee et al. (2008) investigated the role
of septum in functions of the middle ear in cat, but no such
studies have yet been reported for the chinchilla.

To fully understand the measurements of TM and stapes
footplate (FP) vibrations in chinchilla, the anatomy and func-
tion relationship must be established through theoretical
analysis. Songer and Rosowski (2007) proposed a trans-
mission matrix method to study the chinchilla middle ear
mechanics based on the experimental data obtained in the
openmiddle ear cavity. Themodel was able to replicate some
experimental data of opened cavity, but it simplified the com-
plexmiddle earwith very limited degrees of freedom, lacking
the detailed middle ear anatomical information and material
properties. The finite element (FE) model simulates the ear
anatomy precisely, and the sound transmission through mid-
dle ear ossicles can be analyzed by incorporating middle ear
components with mechanical properties and boundary con-
ditions of the middle ear cavity (Gan et al. 2004; Wang et al.
2014).

There are several animal FE models of the ear published
in the literature, such as cat (Ladak and Funnel 1996; Tuck-
Lee et al. 2008), gerbil (Elkhouri et al. 2006) and guinea
pig (Koike et al. 2002). However, there is no FE model of
the chinchilla ear reported in the literature. The chinchilla
ear has a few distinctive features from other rodents, such
as large TM size, exceptionally heavy ossicles relative to
skull mass (Nummela 1995), and large middle ear air space
divided into multiple sub-cavities (Browning and Granich
1978; Rosowski et al. 2006). The difference in the anatomical
structure in the middle ear cavity of chinchilla from other
species would logically lead to a specialization in the middle
ear function in relation to cavity conditions.

This paper reports a recently completed 3D FE model of
the chinchilla ear based on X-ray micro-computed tomogra-
phy (µCT) images. Themodel consisted of the bony external
ear canal, TM,middle ear ossicles and suspensory ligaments,
and the middle ear cavity. Two boundary conditions of the
middle ear cavity wall were simulated in the model as the
rigid structure and the partially flexible structure to investi-
gate the acoustic-mechanical coupled characteristics of the
chinchilla middle ear. The FE model was validated with
experimental measurements reported in the literature. As an
application of themodel, acoustic function of septa was iden-
tified by complete and partial removal of the septa. This
study provides the first 3D FE model of the chinchilla ear
for characterizing middle ear function through the acoustic-
mechanical coupled FE analysis.

2 Methods

2.1 3D reconstruction of chinchilla bulla

An adult chinchilla (Chinchilla lanigera) was decapitated
after anesthesia overdose euthanasia. The ear canals were
excised, and the bullae were bilaterally removed. The left
bulla was processed for X-ray micro-computed tomography
(µCT) scanning, and the right bulla was dissected for visual
observation of middle ear structure under a light microscope.
The study protocol was approved by the Institutional Animal
Care and Use Committee of the University of Oklahoma and
met the guidelines of the National Institutes of Health.

The left bulla was trimmed to fit in a cylindrical scan
container 20 mm in diameter. The bulla inside the container
was scanned at the Skyscan 1127 µCT (Skyscan, Belgium)
at the resolution of 13.4 µm. A total of 2040 µCT images
covering the entire bulla were collected as section images.
Figure 1a shows a typical µCT image of the chinchilla bulla
including the outer ear canal, eardrum, manubrium, middle
ear cavity and cochlear bony wall.

A total of 519 µCT images that contained the entire mid-
dle ear cavity and cochlea were segmented in Amira software
(Visage imaging, Inc.) and served as the information source
for 2D geometry contours. At first, the ear canal, eardrum,
ossicular chain, and interior wall of the middle ear cavity
were identified and generated from the contours or object
boundaries using the SurfaceGen function inAmira. The seg-
mentation was done manually for the selected sections. The
marching cubes algorithm in Amira was used for extract-
ing polygonal meshes and creating closed surfaces. The ear
canal was truncated about 4.2 mm from the tympanic ring.
Figure 1b displays the medial view of the chinchilla left bulla
in Amira with the surface triangulation meshes.

Considering the complex internal bonny structures of the
bulla, we performed visual observation of the space and
shape of the internal structures within the bulla to identify
the anatomical details in the object images. As an example
of the visual observation, Fig. 2 displays the lateral view of
the chinchilla right temporal bone after the lateral bony wall
of the bulla was removed to exhibit the region surrounding
the TM.

Table 1 lists characteristic dimensions of the chinchilla
middle ear including those of the ear canal, TM, malleus-
incus complex, stapes, and middle ear cavity. Note that the
model of the cochlea was not included in this paper for the
sake of conciseness and to avoid distracting from the focus
on the middle ear.

2.2 FE model of middle ear components

All surfaces of the geometrymodel built inAmirawere trans-
lated into HyperMesh (Altair Computing, Inc., Troy, MI) to
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Fig. 1 A typical µCT image and the 3D geometrical model of a chin-
chilla left ear. aAµCT image of the chinchilla bulla, showing a portion
of the outer ear canal, eardrum, manubrium, middle ear cavity and
cochlea. b Lateral view of the 3D model of chinchilla middle ear and
cochlea reconstructed from µCT images

generate FEmeshes for themiddle ear components. The ossi-
cles, the bonywalls of themiddle ear cavity, and the ear canal
had clear geometry after reconstruction inAmira. Themiddle
ear ligaments and muscle tendons were generated based on
µCT images, visual observation, and the descriptions of those
tissues byVrettakos et al. (1988). Themiddle ear components
of the FE model included the TM, malleus-incus complex,
incudostapedial (IS) joint, stapes, posterior incudal ligament
(PIL), anterior malleolar ligament (AML), stapedial annu-
lar ligament (SAL), posterior stapedial tendon (PST), tensor
tympani tendon (TTT), bony septa, and the outer skull of
middle ear cavity.

The chinchilla middle ear cavity is naturally divided into
two main chambers, the superior and inferior bullae, by thin
bony plates called septa (Hanamure andLim1987). Figure 2a

Tympanic membrane

Septum

Middle ear cavity

Foramen

(a)

(b)

Fig. 2 The septum configuration in the chinchilla middle ear cavity. a
Lateral viewof a chinchilla right temporal bone displaying the structures
surrounding the TM. The lateral bony wall of the bulla was removed to
exhibit the multiple bone struts supporting the bony meatus and tym-
panic ring. b Medial view of the septum configuration in the model
showing superior and inferior bullae and their interconnecting foram-
ina

shows that the multiple septa support the bony meatus and
tympanic ring belonging to the inferior bulla. The superior
bulla is also divided by septa. Based on observation of the
chinchilla bony structure, three septa were built inside the
superior bulla cavity, and five septa in the inferior bulla cav-
ity in the FE model. The real geometry of the septum was
extremely irregular, and a simplified treatment of the shape
and thickness of the septa was adopted in the model. Each
septum was assumed to be a constant thickness and con-
nected the tympanic ring to the cavity wall in the inferior
bulla and buttressed the cavity wall in the superior bulla.
Figure 2b shows the simplified septum structure and con-
figuration of the model in medial view. The curved arrows
represent the connection of the air chambers through the
foramina.

Figure 3 shows the FE model of chinchilla ear consist-
ing of the bony ear canal, TM, ossicular chain, middle ear
ligaments and tendons, septa, and middle ear cavity from
medial view (Fig. 3a) and lateral view (Fig. 3b). All of the
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Table 1 Dimensions in the FE
model of chinchilla middle ear

Structure Model Published data

Ear canal

Volume (mm3) 43.73

Tympanic membrane

Diameter along manubrium (mm) 8.83 8.32a

Diameter perpendicular to manubrium (mm) 9.72 8.53a

Height of the cone (mm) 1.65 1.78a

Surface area (mm2) 74.71 60.44a, 61.48b

Thickness (µm) 15 7−10c,∼ 25d

Malleus-incus complex

Malleus lever arm (manubrium) (mm) 4.59 4.50a, 5.13b

Total length of malleus (mm) 5.92

Incus level arm (mm) 1.22 1.58a, 1.40b

Length of rotational axis (mm) 6.31 6.08a

Distance between Levels (mm) 1.93 1.90a

Lever ratio 3.76 2.84a, 3.66b

Stapes

Height (mm) 1.58

Length of footplate (mm) 2.32

Width of footplate (mm) 1.04

Area of footplate 2.43 1.98a, 1.90b

Middle ear Cavity

Volume (mm3) 2668 1530a, 2313b, 2800e

a Vrettakos et al. (1988), b Mason (2001), c Masaki et al. (1989), d Hsu et al. (2000), e Teas and Nielsen
(1975)

elements weremeshed by four-node elements. The air spaces
in the ear canal andmiddle ear cavity weremeshed by 17,798
and 179,249 acoustic elements, respectively. The TM was
meshed by 951 solid elements, and the manubrium had 535
solid elements. The chinchilla possesses a fused malleus and
incus (Vrettakos et al. 1988). In this study, thewholemalleus-
incus complex was treated as a homogeneous material. The
malleus-incus complex and stapes had 5515 and 3854 solid
elements, respectively. The IS joint was meshed by 8,638
solid elements. The suspensory ligaments and SAL were
divided into 1474 and 1415 solid elements, respectively. The
whole FE model consisted of 219,689 elements and 47,240
nodes.

2.3 Boundary conditions

The displacement boundaries of the middle ear vibration
system (TM and ossicular chain) consisted of the tympanic
annulus, middle ear suspensory ligaments/muscle tendons,
and SAL. The tympanic annulus, SAL, and suspensory liga-
ments were all fixed at the middle ear cavity wall.

Two types of fluid–structure interactions were defined in
the acoustic elements of the ear canal and middle ear. Each
surface next to a movable structure, such as the TM, ossicles

and round window membrane (RWM), was defined in the
model as a fluid-structure interface (FSI) where the acoustic
pressure was coupled into structural analysis. Each surface
next to a fixed bony structure, such as the ear canal wall and
middle ear cavity wall, was assumed to be fixed and assigned
with an acoustic impedance.

In published experimental studies on chinchilla middle
ear function, different conditions on the middle ear cavity
wall were reported: the natural structure of sealed cavity,
the experimentally vented cavity, and the opened cavity. It
was a common process to place a long, narrow ventilation
tube in the cavity for obtaining “closed-cavity” conditions
without the build-up of static pressure (Ruggero et al. 1990;
Rosowski et al. 2006). The cavity with the small ventilation
tube is considered equivalent to a completely closed cavity
except at very low frequencies.

In FE models of the middle ear, the sealed middle ear
cavity was commonly simulated as an acoustically rigid
boundary for human (Gan et al. 2004) and guinea pig (Koike
et al. 2002). In acoustics, the rigid boundary implied theNeu-
mann boundarywith∇P ·n = 0 (n is the normal vector of the
boundary) along the bony wall. In addition to the rigid wall
model of cavity boundary, Tuck-Lee et al. (2008) applied an
elastic boundary to model the closed middle ear cavity of
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Fig. 3 FE model of the chinchilla ear with the external ear canal and
middle ear inside the bulla. a Medial view of the model. The middle
ear cavity was rendered transparently and the septa were displayed as
3D solid. b Lateral view of the model. The ear canal, middle ear cavity
and septa were rendered transparently. The flexible region was used
for modeling the acoustic coupling boundary of BC2 and displayed as
mesh lines

cat in which the epithelial and mucosal linings of the whole
cavity wall were simulated as elastic structures.

The air chambers and boundary conditions of the mid-
dle ear cavity may contribute fundamental features to the
acoustic coupling of the ear (Rabbitt 1990). It is a challenge
to accurately identify and simulate the acoustic boundary
conditions of the middle ear cavity. In this study, we created
two boundary conditions for the middle ear cavity wall to
model the different cavity boundaries as described below:

Acoustic Boundary Condition 1 (BC1): BC1 represents
the natural or sealed middle ear cavity wall as a rigid struc-
ture. Considering the acoustic absorption condition of the
middle ear cavity wall, the surfaces of acoustic elements next
to the cavity bony wall were assigned the impedance value
of 150,000 Pa · s/m3. This value was based on the estimate
of acoustic absorption coefficient between the epithelial and
mucosal linings of the bony structure and air media (Gan
et al. 2006).

Acoustic Boundary Condition 2 (BC2): BC2 represents
the middle ear cavity wall as a partially flexible structure,
in which the cavity wall was divided into two regions:
rigid region and flexible region. The flexible region is capa-
ble of either representing a deformable structure on the
cavity surface or approximately simulating a vented wall
as an equivalent flexible component, where the bound-
ary impedance is unknown. For the model of the partially
flexible cavity wall, inspired by the dynamic model of a
micro-perforated or porous plate coupled with acoustic wave
(Horoshenkov and Sakagami 2001; Takahashi and Tanaka
2002; Yu et al. 2014), the fluid–structure interaction was
used to represent the boundary impedance. An approximate
approach to treat the acoustic coupling due to the small ven-
tilation holes or a deformable structure was employed in
the BC2 boundary. Assuming the fluid-structure interaction
takes place within a limited region, the affected region was
simplified as an equivalent flexible shell structure. Applying
the definition of boundary admittance, the boundary condi-
tions for acoustic media at the surface of the shell is written
as (Horoshenkov and Sakagami 2001)

∇P · n = iρ0ωVp + iωρ0P/Zin (1)

where ρ0 is the density of air, and the shell’s velocity, fre-
quency, and surface acoustic impedance are Vp, ω, and Z in,
respectively.

To achieve the boundary condition of the affected region
in Eq. (1), the flexible shell was parameterized by the thick-
ness, density, and Young’s modulus. When a FSI is applied
to couple the shell and acoustic domain within the bulla, the
partially flexible boundary can simulate the pressure gradi-
ent across the cavity wall in the assumed region. Moreover,
utilizing the partially flexible boundary condition, the elastic
structure existing on the cavity wall can be directly modeled
as an elastic shell applied FSI coupling condition. In this
study, a thickness of 0.1µm, Young’s modulus of 2 MPa and
Raleigh damping coefficient (β) of 1.5 × 10−5s were used
for the material properties of the shell elements. The effect of
the location of flexible region was analyzed, and it was found
that there was a very small effect on the middle ear admit-
tance when the flexible region was located within the area of
the superior bulla wall. The flexible region used in this paper
is shown in Fig. 3b with mesh lines. The rest of the cavity
wall except for the flexible region (Fig. 3b) was defined as the
rigid structure; the acoustic elements next to the rigid region
were assigned the impedance value of 150,000 Pa · s/m3.

The effect of cochlear fluid on acoustic-mechanical trans-
mission through the ossicular chain wasmodeled as dashpots
attached between the stapes footplate (FP) and fixed bony
wall. The average cochlear impedance was about 100 G�

as reported by Slama et al. (2010). The cochlear load was
modeled as a mass block and 10 dashpots. The mass block
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was assumed to be 0.55 mg. The value of 100 G� cochlear
impedance applied on 2.45 mm2 of oval windowwas used to
determine the dashpot damping, which resulted in a damping
coefficient of 0.06 Nm/s for each dashpot.

2.4 Material properties

Table 2 lists the mechanical properties of the middle ear soft
tissues used in the model. Due to small displacements of the
TM and middle ear ossicles in response to sound pressure,
all solid materials in the model were assumed to be linear
and elastic.

Material properties of the TM have major effects on the
middle ear response to sound stimulation in the ear canal. As
reported by Zhang and Gan (2013), the mean storage mod-
ulus of the human TM was from 15.1 to 27.6 MPa across
the frequency range from 1 to 3800 Hz. For the Young’s
moduli of small animals, Aernouts and Dirckx (2012) esti-
mated the Young’s modulus ranging from 79 to 118 MPa
at 8.2 Hz for the pars tensa of gerbils. Fay estimated the
Young’s modulus of fiber layer ranged 100–220 MPa poste-
rior and 200–400 MPa anterior for the cat TM. Recently, our
experimental results showed that the Young’s modulus of the
chinchilla pars tensa was about 6-10 times higher than that
of the human pars tensa (Yokell et al. 2015). The Young’s
modulus of the TM was determined by the cross-calibration
of the TM and FP displacements (Sun et al. 2002), and a
modulus value of 200 MPa was achieved for the pars tensa
of TM in this study. Young’s modulus of the pars flaccida
was assumed to be 12 MPa.

There is no published data for material properties of chin-
chilla middle ear ligaments. The material property data of
chinchilla middle ear ligaments in the model were based on
the data of the human ear. Cheng and Gan (2008a) reported
that the Young’s modulus of the anterior malleolar ligament
of human ear varied from 0.22 to 4.7 MPa as the stress
increased from 0 to 0.5 MPa. They also reported that the
stapedial and tensor tympani tendons had almost the same
Young’s modulus (Cheng and Gan 2007, 2008b). In the
guinea pig model reported by Koike et al. (2002), Young’s
modulus of the PIL, PST, TTT and AML was assumed to be
2, 4, 1 and 5MPa, respectively. In this study (see Table 2), the
Young’s modulus of the PIL was set to 2.5MPa, and Young’s
moduli of the PST, TTT and AML were assumed to be 2.0,
2.0 and 3.2 MPa, respectively. In a recent measurement by
Zhang and Gan (2014) in human temporal bones, the mean
storage shear modulus of the SAL ranged from 31.7 to 61.9
kPa at frequency ranging from 1 to 3760Hz. Using this result
and considering the relationship between shear modulus and

Table 2 Mechanical properties of middle ear soft tissues

Structure Parameters

Tympanic membrane

Elastic modulus (MPa):Pars tensa 200

Pars flaccida 15

Density (kg/m3) 1100

Damping coefficient 1.00 × 10−4

Manubrium

Elastic modulus (MPa) 800

Density (kg/m3) 1200

Damping coefficient 7.5 × 10−5

Incudostapedial (IS) joint

Elastic modulus (MPa) 6

Density (kg/m3) 1000

Damping coefficient 7.5 × 10−5

Stapedial annular ligament (SAL)

Elastic modulus (MPa) 0.1

Density (kg/m3) 1000

Damping coefficient 7.5 × 10−5

Anterior malleolar ligament (AML)

Elastic modulus (MPa) 3.2

Density (kg/m3) 1000

Damping coefficient 1.0 × 10−4

Posterior incudal ligament (PIL)

Elastic modulus (MPa) 2.5

Density (kg/m3) 1000

Damping coefficient 7.5 × 10−4

Posterior stapedial tendon (PST)

Elastic modulus (MPa) 2.0

Density (kg/m3) 1000

Damping coefficient 7.5 × 10−5

Tensor tympani tendon (TTT)

Elastic modulus (MPa) 2.0

Density (kg/m3) 1000

Damping coefficient 7.5 × 10−5

Malleus-incus complex

Elastic modulus (GPa) 14.1

Density (kg/m3) 2000

Mass (mg) 12.05

Damping coefficient 1.5 × 10−4

Stapes

Elastic modulus (GPa) 14.1

Density (kg/m3) 1300

Mass (mg) 0.55

Damping coefficient 1.0 × 10−4
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Young’s modulus, an elastic modulus of 0.1 MPa was set
for the chinchilla SAL. The Young’s modulus of the IS joint
was determined by the cross-calibration of the stapes FP dis-
placement. A modulus value of 6 MPa was finally used in
the model.

The ossicles were modeled with a Young’s modulus of
14.1 GPa and a Poisson’s ratio of 0.3, which were the same
as those used in the FE model of the human ear (Gan et al.
2004).

Considering the complexity of dynamic properties of
middle ear tissues and a lack of measurement in damping
parameters, the Raleigh damping coefficients of the liga-
ments were assumed as α = 0/s and β = 7.5 × 10−5 s,
the values were used in our previous middle ear model of the
human ear (Gan et al. 2004, 2006). In this study, the stiff-
ness damping coefficientβ of the TMand ossicular chainwas
increased to 1.5×10−4 and 1.0×10−4 s, respectively, and α

was still zero, so that the model-predicted TM displacement
matched well with the experimental result (Guan et al. 2014)

For soft tissues in the middle ear, a density of 1000 kg/m3

was chosen, except for the density of the TM. Consider-
ing the higher elastic modulus of chinchilla TM, the TM
may have a higher proportion of fibers than those of other
middle ear soft tissues. The density of TM was assumed to
be 1100 kg/m3, which is the same as that of cat TM used
by Tuck-Lee et al. (2008). Buytaert et al. (2011) provided
average density values for the malleus, incus and stapes in
gerbil ossicles. They reported the density of 1740 kg/m3

for the malleus and incus, and 1370 kg/m3 for the stapes.
The mass of malleus–incus complex, manubrium and stapes
were, respectively, 11.8 mg, 0.2 mg and 0.4 mg as reported
by Vrettakos et al. (1988). Based on these values and the
volumes measured in the present model, the approximate
density of malleus–incus complex, stapes and manubrium
was 2000, 1300 and 1200 kg/m3, respectively. The density
of stapes used for chinchilla model was close to that of gerbil.
The density of malleus-incus complex was higher than that
of gerbil, but lower than that of human (Gan et al. 2004).

2.5 Finite element analysis

Acoustic-structure coupled FE analysis was conducted to
calculate the middle ear transfer function and middle ear
admittance when sound pressure was applied in the ear canal.
For calculation of the middle ear transfer function, a uniform
acoustic pressure over the frequency range of 100–10,000Hz
was applied 2 mm away from the TM and harmonic analy-
sis was conducted using ANSYS (ANSYS Inc., Canonsburg,
PA).

For calculation of middle ear admittance, a uniform nor-
mal velocity, representing a volume velocity input, was
applied at the entrance of the bony ear canal. The canal
entrance of the model was a reference location for middle

ear admittance in this study. The ear canal pressure and mid-
dle ear response were derived. The input admittance YTM at
this reference location is defined as themean volume velocity
ofUC at the location normalized to the sound pressure in the
ear canal (PCa). YTM can be calculated as: YTM = UC

PCa
. The

unit of acoustic admittance is siemens (S) where 1S equals
1 m3/Pa/s.

3 Results

3.1 Middle ear transfer function

Figure 4 shows the umbo and FP displacement curves across
the frequency range from 100 to 10,000 Hz derived from
the BC1 boundary condition of middle ear cavity. The mag-
nitude of the TM and FP displacement along the direction
perpendicular to the FP was normalized by the input sound
pressure and expressed in units ofµm/Pa. The mean TM dis-
placement at the umbo, as shown in Fig. 4a, was 0.14 µm/Pa
at low frequencies. At 1600 Hz the TM displacement of the
model showed a resonance peak. The mean displacement of
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Fig. 4 TM and FP displacement curves derived from the chinchilla ear
model under BC1 boundary condition. a Magnitude; b Phase

123



1270 X. Wang, R. Z. Gan

100 1000 10000
10-3

10-2

10-1

100

Ruggero et al. (1990)

 Guan et al. (2014)

Model, BC2

Frequency (Hz)

D
is

pl
ac

em
en

t m
ag

ni
tu

de
 ( µ

m
/P

a)

100 1000 10000
-300

-200

-100

0

100

Ruggero et al. (1990)
Guan et al. (2014)

Model, BC2

Frequency (Hz)

D
is

pl
ac

em
en

t p
ha

se
(o )

(a)

(b)

Fig. 5 FE model-derived TM displacement with BC2 acoustic bound-
ary condition in comparison with the published experimental data. The
dash-dotted line represents themeasurements byGuan et al. (2014). The
dashed linewith open square symbols represents themean displacement
measured at the tip of the manubrium by Ruggero et al. (1990), and the
thin dashed lines denote ±1SD from the mean. aMagnitude; b Phase.

FP was about 0.037 µm/Pa at frequencies of 100–2000 Hz.
The maximum displacement of the FP curve also occurred
at 1600 Hz. Figure 4b shows the phase curves of the umbo
and FP displacements and these two curves were very similar
from 100 to 10,000 Hz. The stapes phase lagged relative to
the umbo about 4◦ at 1000 Hz.

Figure 5 shows the frequency response curve of the TM
displacement at umbo derived from the FE model with BC2
boundary condition (solid lines) in comparison with the pub-
lished measurements in chinchillas by Ruggero et al. (1990)
and Guan et al. (2014) in magnitude (Fig. 5a) and phase
(Fig. 5b). Note that the scales of the published data were
adjusted and normalized by the input sound pressure. As
shown in Fig. 5a, the umbo displacement derived frommodel
was about 0.2 µm/Pa at low frequencies, slightly lower than
the measurements. At frequencies f > 800 Hz, the umbo
displacement matched well with the measurements by Guan
et al. (2014). At frequencies of 500–4000 Hz, the model-
derived TM displacement was a slightly higher than the data
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Fig. 6 FE model-derived FP displacement with BC2 acoustic bound-
ary condition in comparison with the published experimental data. The
line with open square symbols represents the mean stapes displacement
in intact bullas reported by Ruggero et al. (1990). aMagnitude; b Phase

by Ruggero et al. (1990). An important feature in the TM
displacement measured by Guan et al. (2014) was the notch
appearing at about 2400 Hz. The model-derived curve shows
a minimum of TM displacement at 2400 Hz which well
reflected the feature observed in the experimental results. In
addition, the corresponding phase curves displayed in Fig. 5b
also generally agreed the experimental data except for the less
lag at frequencies above 2000 Hz.

Figure 6 shows the model-derived frequency response
curve of the FP displacement with the BC2 boundary condi-
tion in comparison with the published data (Ruggero et al.
1990) across the frequency range of 100 to 10,000 Hz. Fig-
ure 6a displays the magnitude and Fig. 6b the phase angle.
As can been seen in Fig. 6, the FE model-derived FP dis-
placement curve was consistent with Ruggero’s data at high
frequencies, but the magnitude was lower than the measured
displacement at f < 500 Hz. Compared with the measured
phase curve, the model result showed a small delay, and a
flat phase changed above 2500 Hz.

123



3D finite element model of the chinchilla ear for characterizing middle ear functions 1271

100 1000 10000
10-9

10-8

10-7

10-6

Rosowski et al. (2006)
Model, BC2
Model, BC1

Frequency (Hz)

A
dm

itt
an

ce
  m

ag
ni

tu
de

 (s
ie

m
en

s)

100 1000 10000
-180

-90

0

90

180

Rosowski et al. (2006)
Model, BC2
Model, BC1

Frequency (Hz)

A
dm

itt
an

ce
 P

ha
se

 (o )
(a)

(b)

Fig. 7 FE model-derived middle ear admittance with BC1 and BC2
boundary conditions in comparison with the published admittance data
measured under the vented cavity condition by Rosowski et al. (2006).
The solid line with circle symbols represents the mean admittance mea-
surement by Rosowski et al. a Magnitude; b Phase

Observing Figs. 4, 5 and 6, the results from BC2 bound-
ary condition better reflect the features in the TM and FP
displacements.

3.2 Middle ear admittance

The middle ear input admittances calculated from the FE
model of chinchilla middle ear with both BC1 and BC2
boundary conditions are shown in Fig. 7. The middle ear
admittance measured by Rosowski et al. (2006) of the closed
and vented bulla was also included in the figure for a com-
parison. As can be observed at frequencies below 1000 Hz,
the model-derived admittance magnitude increased propor-
tionally with frequency. For BC1 boundary condition, the
computed magnitude curve was close to the experimental
result at frequencies below 800 Hz, but the magnitude was
higher than the experimental data at between 1000 and 3000
Hz. The phase frommodeling curve was flatter than the mea-
sured one at low frequencies. For BC2 boundary condition,
the admittancemagnitude reached amaximumof 1.45×10−7
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Fig. 8 Comparison of the effect of acoustic boundary conditions on
tympanic cavity pressure predicted by the model. The tympanic cavity
pressure (PC) were normalized with respect to the ear canal pressure
(PTM) at TM. a Magnitude; b Phase

S at 1000 Hz and then decreased to a notch at 2400 Hz with a
value of 3.42× 10−8 S. In addition, a small peak at 2800 Hz
was apparent which was also shown in the experimental data.
At frequencies above 4000Hz, both boundary conditions had
little effects on the admittance.

3.3 Sound pressure in the middle ear cavity

The present study focused on development of a FE model
of the chinchilla ear to investigate the middle ear response
with various boundary conditionmodels ofmiddle ear cavity.
Figure 8 illustrates the tympanic cavity pressure normalized
by the ear canal pressure across the frequency range of 100
to 20,000 Hz with BC1 and BC2 boundary conditions. The
pressure in the tympanic cavity was computed near the umbo
in the cavity side. The cavity pressure for BC1 boundary con-
dition exhibited a flat curve at f < 2000 Hz and the local
maximumat 3000, 4800, 15,400 and 19,800Hz, respectively.
Comparedwith BC1 boundary, the BC2 boundary resulted in
much low cavity pressure at low frequencies, and the pressure
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increased with frequency at f < 1800 Hz. BC1 boundary
condition produced a middle ear pressure 58 times higher
than that of BC2 condition at 100 Hz, and the difference in
phase was 115◦. At high frequencies ( f > 3500 Hz), the
two boundary conditions had little effect on the tympanic
cavity pressure. Therefore, the partially flexible cavity wall
only affected the tympanic cavity pressure at low frequen-
cies.

3.4 Acoustical role of the septa

One of the unique features of the chinchilla middle ear cav-
ity is the presence of multiple septa that divide the middle
ear air space into multiple air-filled cambers. To gain insight
into the role of the septa in acoustic function of the chin-
chilla middle ear, the admittance was calculated from the
model after partial and complete removal of the septa. For
the partial removal of the septa, two models were created:
one modeled the removal of septa in the superior bulla cavity
(superior septa removal), resulting in a connected space of
the superior bulla without any bony partitions, but the septa
in the tympanic cavity remained intact. The other modeled
the removal of the septa in the inferior bulla cavity (inferior
septa removal), while the superior septa remained intact. For
the complete removal of the septa (no septa), the septa in
both the superior bulla and the inferior bulla were removed.
The purpose for the stepwise septum removal was an attempt
to distinguish the acoustic roles of the septa in the superior
bulla from those in the inferior bulla.

Figure 9 shows a comparison of the admittances across
frequency range from 200 to 20,000 Hz under the intact, par-
tial septa, and no septa conditions when the BC1 boundary
condition was applied to middle ear cavity. Under the supe-
rior septa removal condition, the admittance curve (dotted
line) became fluctuant and showed a number of minima and
maxima accompanied by rapid shifts in phase angles between
650 and 1300 Hz. A small admittance peak at 4900 Hz was
observed. When the inferior septa were removed, the admit-
tance (thin line with circles) was little affected by the septa
removal. Under the no septa condition, the admittance curve
(thin line with asterisk symbols) had little variation from the
removal of superior septa, and only the small peak at 4900
Hz appeared to move upward in frequency to about 5400 Hz.
The results illustrated in Fig. 8 suggest that the septa in the
superior bulla cavity act to smooth the middle ear response
at medium frequencies and the septa in the tympanic cavity
have little effect on the admittance under the assumed BC1
boundary condition of middle ear cavity.

Figure 10 shows the comparison of model-derived fre-
quency response curves of the middle ear admittance across
the frequency range from 200 to 20,000 Hz for the intact,
partial septa and no septa under the BC2 boundary condi-
tion. The effect of the septa on admittance occurred at 800
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Fig. 9 FE model-derived middle ear admittances with BC1 boundary
condition for intact septa (solid line), superior septa removal (dotted
line), inferior septa removal (thin linewith circle symbols), and no septa
(thin line with asterisk symbols). aMagnitude; b Phase

to 5000 Hz. The removal of the superior septa increased the
admittance from 600 to 2400 Hz. The notch at 2400 Hz with
the intact septa appeared to move to 3200 Hz and the peak
at 2800 Hz appeared to move to 4000 Hz when the septa
inside the superior bulla cavity were removed (dotted line).
The removal of the inferior septa resulted in a slight increase
in the admittance around 1000 Hz (thin line with circle sym-
bols). Further removal of the septa inside both the superior
and inferior cavities (thin line with asterisk symbols) leaded
to a slight shift in the peak frequency around 4000 Hz from
the removal of the superior septa.

4 Discussion

4.1 Model geometry parameters

A 3D FE model of the chinchilla ear was developed based
on a complete set of µCT images of a bulla. Compared with
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Fig. 10 FEmodel-derived middle ear admittances with BC2 boundary
condition for intact septa (solid line), superior septa removal (dotted
line), inferior septa removal (thin linewith circle symbols), and no septa
(thin line with asterisk symbols). a Magnitude; b Phase

the anatomical measurements of the chinchilla middle ear
reported byVrettakos et al. (1988), themain differenceswere
the sizes of the TM, FP, and middle ear cavity as listed in
Table 1. The TM surface area (74.71 mm2) in the FE model
was larger than the mean surface area (60.44 mm2) mea-
sured by Vrettakos. The volume of middle ear cavity in FE
model was 2668.0 mm3, larger than 1530 mm3 reported by
Vrettakos. BesidesVrettakos’ published chinchilla geometry
data, the estimated bulla cavity volume of chinchilla varied
over a wide range, such as 1600 mm3 (Rosowski et al. 2006),
2333 mm3 (Mason 2001), and 2800 mm3 (Teas and Nielsen
1975). The volume of 2800 mm3 was very close to the FE
model. Overall, the present model had a larger bulla size than
that reported mean data in the literature. As a result, the large
bulla may contribute to a greater compliance of the middle
ear air space for the model.

4.2 Middle ear function derived from the model

The model-derived results from acoustic-mechanical cou-
pling allow us to compare the computed middle ear transfer
functions from different cavity models with the experimen-
tal data, including the TM and FP displacements. The results
shown in Fig. 5 demonstrate that the model can capture the
major TM displacement features of the chinchilla. Ravicz
and Rosowski (2013) pointed out that the TM displacement
notch and phase step near 2500 Hz presented only under the
open-hole cavity condition due to a resonance between the
bulla air space and the open hole in the bulla wall. In another
study of TMvibration byGuan et al. (2014) in which the hole
for releasing the middle ear pressure was sealed by dental
cement during the TM displacement measurement, the mag-
nitude notch and phase step in the TM displacement curves
were still observed. From this study, the BC2model matched
well with the experimental results. The notch in the TM dis-
placement at 2400 Hzmay have been associated with either a
flexible structure in the cavity wall or a potential for air-leak
artifacts from the cavity.

The comparison of stapes FP displacements between the
FEmodel and experimental data shown in Fig. 6 suggests that
the displacement curve is similar to the experimental data
by Ruggero et al. (1990), except that the model displayed
a relatively low displacement magnitude at low frequencies.
One of the factors resulting in the low FP displacement was
the dimensions of the ossicles in the model. The anatomical
ossicular lever ratio, defined as the ratio between the length
of the manubrium and the length of the incus long process,
was 3.76 in the model as listed in Table 1. The estimated
the lever ratio of chinchilla by Ruggero et al. (1990) was
2.94. The anatomical ossicular lever ratio of the model was
larger than that of Ruggero’s measurement. Given the same
umbo displacement, a high ossicular level ratio may theoret-
ically produce a low FP displacement. The high anatomical
ossicular lever ratio in the model was one of reasons result-
ing in the low FP displacement. However, the ossicular lever
ratio has a wide range reported in the literature. Vrettakos
et al. (1988) measured the anatomical lever ratio of 2.84 and
Mason (2001) reported a level ratio of 3.66 in chinchilla. The
anatomical lever ratio of 3.76 of the FE model differed little
from the level ratio of 3.66 reported by Mason.

The middle ear admittance derived from the FE model
with BC2 boundary condition was generally consistent with
the experimental results by Rosowski et al. (2006) as shown
in Fig. 7. Slightly high middle ear admittance was obtained
from the BC2 boundary model compared to the measured
admittance. One of the reasons causing the difference may
be the larger volume of middle ear cavity in FE model. As
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indicated by Rosowski et al. (2006), the chinchilla cavity air
space has a significant effect on themiddle ear admittance. In
the model, the volume of middle ear air space is 1.67 times
larger than the estimated value of 1600 mm3 by Rosowski
et al. (2006).

In summary, good agreements between the middle ear
function curves obtained from BC2 model and published
experiment data displayed in Figs. 5, 6 and 7 suggest that
the FE model developed in this study is feasible to charac-
terize middle ear functions in chinchillas.

4.3 Effect of boundary condition of middle ear cavity

Two acoustic boundary conditions of the middle ear cav-
ity were used to represent the acoustic-mechanical coupling
in 3D FE model of the chinchilla ear. The model-derived
results indicated that the BC2 boundary condition resulted
in higher TM and stapes displacements than those from BC1
boundary at low frequencies. The TM displacement mag-
nitude with BC2 boundary was about 1.7 times larger than
that of BC1 boundary at f < 1000 Hz. Moreover, the BC2
boundary condition also caused a shift of middle ear reso-
nance frequency from 1600 Hz to 1000 Hz and increased
the resonance peak displacement from 0.152 to 0.220µm/Pa
as shown in Fig 5. Recently, Maftoon et al. (2014) reported
the effect of the middle ear cavity opening on TM vibra-
tion in gerbil, and their measurements demonstrated that an
open cavity shifted the middle ear resonance frequencies to
lower frequencies. The main increase in TM displacement at
low frequencies happened upon the smallest (1 mm) hole in
the cavity wall and the further progressive enlarging of the
opening had little effect on low-frequency vibration magni-
tude.

Correlating the TMdisplacement with the cavity pressure,
it was found that the low cavity pressure in BC2 boundary
was associated with larger TM displacement at low frequen-
cies. In Fig. 8, the BC2 boundary had much lower tympanic
cavity pressure than that of the BC1 boundary at frequencies
below 1000, while the difference in cavity pressure was not
significant at high frequencies ( f > 3500 Hz). Thus, the TM
displacement was not affected by the boundary conditions
at high frequencies. This suggests that the increase in low-
frequency TM displacement with BC2 boundary resulted
from the low cavity pressure.

In Fig. 8, the acoustic pressure in the middle ear cav-
ity was disturbed by the boundary condition. It is noted that
several reports in the literature also providedmiddle ear pres-
sure measurements (O’Connor and Puria 2006; Voss et al.
2007; Bergevin and Olson 2014) and pressure calculation
(Gan et al. 2006) in relation to frequency. Voss et al. (2007)
reported the middle ear pressure measurements in human
temporal bones. Their results showed the pressurewas nearly
independent of frequency at low frequencies, and the pres-

sure drop across the TM was about −12 dB below 1000
Hz. The nearly frequency-independent feature of pressure
difference across the human TM at low frequencies is sim-
ilar to the result in Fig. 8 of BC1 boundary condition in
this study. The pressure change across the TM in gerbils
reported by Bergevin and Olson (2014), in which a small
ventilation hole was presented in the cavity wall, indicated
that the pressure increased with frequency at frequencies
below 3000–4000 Hz (estimated from Fig. 3 of Bergevin and
Olson). The pressure difference across the TM in chinchilla
model also exhibited the frequency-dependent variations
under theBC2boundary condition and the pressure increased
with the frequency below 2500 Hz, which was similar to
the measured results in gerbils with a ventilation hole in the
cavity.

The effects of cavity boundary condition in chinchilla
model on middle ear responses were estimated through com-
parison between the rigid and partially flexible boundary
conditions of middle ear cavity. The results demonstrated
that the vented middle ear cavity or flexible boundary con-
dition in the cavity wall affected the TM displacement and
middle ear cavity pressure at low frequencies and caused the
addition of an anti-resonance to the TM and stapes displace-
ments near 2400 Hz.

4.4 Role of the septa

In many small mammals, the middle ear cavity is divided
intomultiple, connected cavities by bony septa. Some species
have a single septum (e.g., cat), while chinchilla has multiple
septa. Guinan and Peake (1967) reported that the opening of
the septum in cat had a large effect in a rather narrow fre-
quency range from 2000 to 4000 Hz. Rosowski et al. (2000)
measured the cat middle ear admittances with intact and
removal of the septum. They found that the removal of the
septa in cat bulla introduced a notch into themiddle ear admit-
tance at 10,000 Hz. Tuck-Lee et al. (2008) demonstrated the
presence of the septum shifted in the middle ear resonance
from near 10,000 to 4–5000 Hz using a FE model of cat
middle ear with an elastic boundary of the middle ear cavity.
According to the hypothesis of septum function, the function
of the septumwas to shift themiddle ear resonance away from
the useful frequency range, so as not to interfere with sound
localization (Puria 1991).

The admittance curves in Fig. 9 indicate that the septa
inside the superior bulla cavity acted to smooth the middle
ear response at medium frequencies given the BC1 bound-
ary condition of middle ear cavity. The admittance curves in
Fig. 10 suggest the superior septa removal caused an upward
shift in the resonance frequency of the cavity given the partial
flexible boundary condition of middle ear cavity. However,
the model results suggest that the septa inside the superior
bulla cavity dominated the acoustic effect on middle ear
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admittance, and the acoustic role of septa may be affected
by cavity boundary.

The best hearing sensitivity range of chinchilla is coinci-
dent with the best sensitivity range for human, approximately
125 Hz to 16,000 Hz (Heffner and Heffner 1991). Unlike
chinchilla, the cat’s hearing spans a range from 48 Hz to
85,000 Hz, and good hearing is from 500 Hz to 32,000 Hz. It
is well known that the septum of cat results in a shift of mid-
dle ear resonance at medium-high frequencies. The present
results indicate that the septa of chinchilla affect the middle
ear response at low-medium frequencies. From a comparison
between cat and chinchilla, the different frequencies benefit-
ing from septa on middle ear function reveal the role of septa
whichmay be associatedwith the different audible frequency
ranges.

4.5 Effect of model parameters on middle ear
admittance

Because of a lack of acoustic property data of the middle
ear cavity, the acoustic boundary of the chinchilla middle
ear cavity was simulated based on two boundary condi-
tion models. The acoustic parameters were approximately
determined by fitting the umbo displacement and middle
ear admittance curves. Figure 11 displays how the mid-
dle ear admittance was affected by boundary parameters.
In BC1 boundary condition, the boundary impedance was
set to vary from 0.5 to 10 times its original value, and
the model-predicted middle ear admittances are shown in
Fig. 11a. Further increasing the boundary impedance, the
curve almost coincided with that of 10 times impedance (not
shown in the figure). The admittance magnitude was reduced
with the increase in the boundary impedance of BC1 condi-
tion at low frequencies. At frequencies from 2500 to 5000
Hz, the increasing of boundary impedance resulted in the
increasing fluctuation of the admittance. At the high fre-
quencies, there was no significant variation of admittance as
the boundary impedance increased. In BC2 boundary condi-
tion, themainmodel parameters of the flexible region consist
of the Young’s modulus, thickness and damping coefficient.
Figure 11b shows the variations of middle ear admittance
when the model parameters were varied from the original
values. As can be seen in this figure, the BC2 model para-
meters affected the admittance in the frequency range from
500 to 3500 Hz. When the Young’s modulus or thickness of
the BC2 model was changed to 2 times the original value,
the maximum change of admittance was generally less than
5%. Another parameter of the BC2 boundary condition is
the damping coefficient. A fivefold increase in the damping
coefficient resulted in a change of less than 1.68% in the
admittance.

It should be noted that the material properties used for
the middle ear components in the model are the best avail-

100 1000 10000
10-9

10-8

10-7

10-6

Original impedance

Impedance×0.5
Impedance×10

(a)

Frequency (Hz)

A
dm

itt
an

ce
  m

ag
ni

tu
de

 (s
ie

m
en

s)

100 1000 10000
-10

-5

0

5

10

Young's modulus×2
Thickness×2
Damping×5

(b)

Frequency (Hz)

A
dm

itt
an

ce
  c

ha
ng

e 
(%

)

Fig. 11 Effects of the acoustic model parameters on middle ear admit-
tance. a FE model-derived middle ear admittance curves with various
impedance values inBC1boundary condition;bFEmodel-derivedmid-
dle ear admittance changes in response to variations inmodel parameters
of BC2 boundary condition

able in the literature, yet there may be some uncertainty
in the material properties of individual tissues. The para-
meters in Table 2 should be considered to be acceptable
for function validation of the model, but may not be the
absolute values of tissue mechanical properties. Moreover,
the FE model-derived results showed that the partially flex-
ible boundary condition provided a better agreement to the
experimental measurements in fine structure of the TM and
FPdisplacement andmiddle ear admittance curves.However,
there are two possibilities leading to the partially flexible
boundary model based on the present model. One is flexi-
ble structure, the other is effect of the vented cavity. Further
studies are required to clarify these questions. Additionally,
the opened cavity condition used in experimental measure-
ment has not been modeled yet. The effect of the different
middle ear cavity conditions on the TMmotion needs further
studies.
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5 Conclusion

A 3D FEmodel of the chinchilla ear was developed based on
X-rayµCT images to simulate the TM and FP displacements
and the middle ear admittance. The FE model of the chin-
chilla ear consists of the ear canal, TM, middle ear ossicles
and suspensory ligaments, and the middle ear cavity. Two
boundary conditions of the middle ear cavity were created
in the model to simulate the rigid and partially flexible cav-
ity boundaries. Acoustic-mechanical coupled analysis was
conducted with these two conditions to characterize the mid-
dle ear transfer function of the chinchilla ear. The FE model
results were compared with experimental data reported in
the literature including the TM and FP displacements and the
middle ear input admittance. Themodel results indicated that
the ventedmiddle ear cavity or the flexible boundary increas-
ing TM displacement at low frequencies was due to low
pressure in the tympanic cavity. An application of this model
was presented to identify the acoustic role of the middle ear
septa—a unique feature of chinchilla middle ear cavity. The
3D FE model of the chinchilla ear developed from this study
provides a useful research tool for characterizing the mid-
dle ear functions through acoustic-mechanical coupled FE
analysis.
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Abstract The mechanical properties of a human tym-

panic membrane (TM) or eardrum were characterized at

high strain rates after multiple exposures to blast waves.

Human cadaveric temporal bones were subjected to blast

waves at first, then TM strip specimens were prepared

either along the radial or the circumferential direction. A

highly sensitive miniature split Hopkinson tension bar was

used for tensile experiments on the human eardrum strip

specimens at high strain rates. The mechanical properties

of the human TMs before and after exposure to blast waves

were compared and discussed. The mechanical properties

in the time-domain were subsequently converted to the

corresponding properties in the frequency domain to

investigate the effect of blast waves on the viscoelastic

properties. The results indicate that the blast waves have

different effects on the mechanical properties in the radial

and circumferential directions. After exposure to the

overpressure induced by the blast waves, the mechanical

behavior in the radial direction in general becomes stiff-

ened, while it is weakened in the circumferential direction.

The results could be analyzed further in an ear simulation

model to develop understanding of the effect of blast waves

on hearing loss.

Keywords Human eardrum � Blast wave � Young’s
modulus � High strain rate � Split Hopkinson tension bar �
Complex modulus � Frequency domain

Introduction

In the United States and the rest of the world, bombing

attacks by terrorists or in battleground impose an increas-

ing risk to personal injuries. A blast injury consists of four

phases: primary, secondary, tertiary, and quaternary blast

injuries [1, 2], and the greatest concern being the primary

blast injuries. The eardrum or tympanic membrane (TM)

rupture has been traditionally considered as a biomarker for

blast injuries in ear and other organs. Blast induced hearing

loss is categorized into TM perforation or rupture, cochlear

hair cell damage, and rupture of round window [3]. The

TM rupture results in acute hearing loss, tinnitus, pain, and

dizziness. Although most injuries can be spontaneously

healed through a period of time, permanent hearing loss

often occurs [4]. When exposed to blast waves, there is a

16 % chance for a person to have TM perforation to induce

damage in both ears. Hearing loss occurs commonly in the

middle to high-frequency range [5] and there are more

instances of hearing loss reported than vestibular or bal-

ance disorders. For curing, the most effective measure is to

avoid exposure to other blast waves that might induce

additional auditory injuries. However, in conflict zones,

exposure to the multi-blast waves is often inevitable,

especially for those far away from the blast sites, who are

exposed to blast waves at magnitudes near or below a

threshold pressure that can still develop hearing loss even if

they do not show visible blast injury [6, 7].

The eardrum or tympanic membrane separates the

middle ear from the outer ear, receives the sound waves

collected by the outer ear, and transmits them to the middle

ear. The TM plays an important role in coupling sound

pressure wave in the ear canal with ossicular vibration in

the middle ear. The damage in the TM caused by various

diseases, pathological conditions, and blast wave, can
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contribute to different levels of conductive hearing loss [8–

13].

The eardrum is a multi-layer membrane including the

epidermal, collagen fibrous and mucosal layers. The col-

lagen fibers provide primarily the mechanical stiffness of

the TM. It consists of a matrix of ground substance

embedding approximately 22 lm thick of collagen fiber

layer aligned primarily along the radial direction emanating

from the umbo, and approximately 15 lm thick collagen

fiber layer along the circumferential direction [14]. A

major part of TM is the pars tensa, which is within tym-

panic annulus ring located at the boundary; the malleus

manubrium bone is attached in the central portion at the

medial side. The small dimensions of the TM (about 70 lm
thick and 9 mm in diameter) make it difficult to measure

the mechanical properties. Numerous investigations of the

mechanical behavior of human TMs have been performed

at low strain rates or low frequencies [15–20]. The Young’s

modulus of a human TM strip specimen was reported as

10–20 MPa. Some of these property values are often used

as input to model sound transmission and hearing sensi-

tivity in middle ear [21, 22]. Accurate measurements of

TM dynamic properties will help to understand the effects

of structural changes of the TM, such as trauma by blast

wave and infection, on the sound transmission and con-

ductive hearing loss through modeling [23, 24].

The eardrum is subjected to loading in the frequency

domain. The Young’s modulus of the TM at high fre-

quency was reported as 40 MPa in the circumferential

direction at a frequency of 890 Hz [25]. Since the TM

performs its function in the frequency domain, its

mechanical properties must be characterized within the

auditory frequency range, or high strain rates, for use to

model the acoustic wave transmission in human ear. It is

well known that for most biological tissues, the mechanical

properties are not sensitive to strain rate under relatively

low strain rate range [26]. However, their mechanical

properties can change rapidly at high strain rate as tissues

are relatively soft materials in which high strain rate

behavior corresponds to their behavior towards glassy

state. Recently, the Young’s modulus of human TMs has

been measured at high strain rates, corresponding approx-

imately to the behavior in the higher frequency regime

using a split Hopkinson tension bar (SHTB) [27, 28]. The

results show a strong rate-dependent behavior for TM. In

the study of traumatic blast injuries, the ear is one of the

most vulnerable organs affected by the blast wave.

Recently, the effects of acute and repeated exposure to

blast overpressure in rodents were evaluated in order to

help better understand the potential ramifications for injury

in humans exposed to blast [29]. A blast chamber was set

up to produce blast waves with profiles similar to that

induced by explosives, in order to develop a reproducible

mouse model to study blast-induced hearing loss [30]. A

bench model consisting of a simplified ear canal, eardrum,

and middle ear cavity was tested in a blast chamber for

high intensity sound transmission, and the experimental

data were compared with the simulation results from a

finite element model within the CFX/ANSYS environment

[31].

In this paper, we use a highly sensitive miniature SHTB

to measure the mechanical properties of human eardrum

after exposure to blast waves at high strain rates, corre-

sponding approximately to the behavior at high frequen-

cies, and compare the properties with the corresponding

results from the control TMs which are not subjected to

blast waves. The control and blast-exposed human TM

specimens were prepared in the radial and circumstantial

directions, and tested on the SHTB to determine the

Young’s modulus at high strain rates. The results are

converted to the complex modulus in the frequency

domain. The viscoelastic properties of TMs after exposure

to blast waves are compared and discussed with the control

(normal) TMs.

Experiments

Exposure of Human TMs to Blast Waves

Fresh human cadaveric temporal bones, including the

complete normal organ of the ear, were obtained from Life

Legacy Foundation, a certified human tissue supply source

for military research. The study protocol was approved by

the US Army Medical Research and Material Command

(USAMRMC) Office of Research Protections (ORP). All

experiments on human temporal bones were performed in

the Biomedical Engineering Lab at the University of

Oklahoma. A temporal bone containing an intact TM and

ossicular chain with the pinna attached was mounted to a

specifically designed ‘‘head block’’ inside the test chamber

(Fig. 1a, b). A compressed air (nitrogen)-driven blast

apparatus located inside the chamber was used to mimic

blast exposure in this study. A polycarbonate film

(McMaster-Carr, Atlanta, GA) of either 130 or 260 lm
thick was used as a diaphragm, the rupture of which under

compressed air generated blast overpressure of at least

207 kPa (30 psi, corresponding to 200 dB sound pressure

level). The overpressure level applied on a TM was con-

trolled by varying the distance from the blast reference

plane.

A pressure sensor (Model 102B16, PCB Piezotronics,

Depew, NY) was placed at the entrance of the ear canal

(approximately 1 cm off the center of the ear canal open-

ing) to monitor the blast pressure as shown in Fig. 1b. The

pressure signal at P0 was acquired by the cDAQ 7194 and
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A/D converter 9215 (National Instruments Inc., Austin,

TX) with a sampling rate of 100 ks/s (10 ls interval). The
LabVIEW software package (NI Inc.) was used for data

acquisition and analysis. Before blast test, two control TMs

were harvested, the information of which is shown in

Table 1. The remaining temporal bones were divided into

two groups. One group was exposed to blast waves for four

times with an average peak pressure of 33 kPa (4.8 psi, as

measured at P0) without inducing TM rupture. This group

of TM information is shown in Table 2. Another group was

subjected to three to four times of blast exposure as the

peak pressure increases with the number of exposures until

reaching a peak value of approximately 66.5 kPa (9.5 psi)

to induce rupture in the TM. The information for this group

of TMs is shown in Table 3. After exposures to blast

waves, the TM was harvested from the temporal bone for

preparation of strip specimens for dynamic tensile experi-

ments on the miniature SHTB.

Preparation of Human TM Strip Specimens

The control TMs with the tympanic annulus and malleus

attached (Fig. 2), were harvested from two TM bullas.

After the TM bullas were exposed to multiple blast waves,

Fig. 1 The setup for the blast

chamber that was used to induce

blast waves to apply on a human

TM bulla. a An overview of the

blast chamber; b A zoomed-in

view of human temporal bone

bulla embedded inside a dummy

head

Table 1 Control TM sample information and SHTB results

TM sample Information Location Strain

rate (s-1)

Modulus

E (MPa)

Maximum stress

reached rm (MPa)

Maximum strain

reached em (%)

TB 15-16R 64, F, R 1T 596 25.6 3.9 25

2T 744 28.2 1.6 24

3T 368 32.8 6.0 15

4T 562 27.3 4.1 21

5T 1365 51.8 19.1 50

6T* 334 24.3 1.8 14

TB15-17L 79, M, L 1R 1280 39.4 6.2 24

2R 518 37.7 4.8 22

3R 885 34.4 2.5 34

4R 1590 39.0 9.8 22

5R1* 154 31.6 2.2 7.0

5R2* 392 55.2 11.5 16

6R* 171 3.21 1.9 8.0

M male; F female; R right ear; L left ear. Location 1T, 1R, etc. are labeled in Fig. 4. T transverse direction, R radial direction

* At a lower strain rate, the TM did not rupture and a second SHTB impact experiment was conducted. TB15-xx is the sample code for TM; the

number in the information column is the age
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the same procedure was used to harvest the blast-exposed

TMs. The harvested TMs were immediately immersed in

0.9 % saline solution. A surgical knife was used to cut the

pars tensa of the TM into strip specimens. Each TM strip

specimen had dimensions of 1–1.5 mm wide and

4–5 mm long. The axial (length) direction of each strip

specimen is along approximately either the radial or cir-

cumferential direction. In the case where a TM ruptured,

the length direction of a TM specimen was mainly along

the crack edge of the ruptured TM, in order to prepare as

many strip specimens as possible. The specimens for

measurement of Young’s modulus in the radial direction

were cut along the radial fibers emanating from the umbo

to annulus, and the specimens for measurement of the

circumferential direction were cut nearly along the local

circumferential fiber direction. After cutting, each strip

specimen was placed back immediately into the saline

solution again, and was used in dynamic tension experi-

ment within 30 min. Unlike the control TMs in which TM

strip specimens were cut only for one orientation from one

TM, for blast-exposed TMs, TM strip specimens with

different orientations were cut from each TM, in order to

prepare as many strip specimens as possible. TM strip-

specimen orientations for ruptured TMs are shown in

Fig. 3, and for un-ruptured TMs the specimen orientations

are shown in Fig. 4. In this investigation, two control

(healthy, without subjecting to blast exposure) TMs were

used in order to compare results. In our previous work, we

have conducted experiments on control TMs [27, 28], they

were prepared from 11 normal TMs. In this investigation, 9

TMs were subjected to blast waves, they were then used for

dynamic tension on SHTB at high strain rates. A list of

control TM specimens with the age and side information is

given in Table 1. Table 2 includes information for the five

non-ruptured TMs after 4 times of exposure to blast waves

with consistent pressures, and Table 3 contains information

for the four ruptured TMs after 3–4 times of exposure to

blast waves with increasing pressures.

Table 2 Blast-exposed (non-ruptured) TM information and SHTB results

TM sample Information Location Strain rate

(s-1)

Modulus

E (MPa)

Maximum stress

reached rm (MPa)

Maximum strain

reached em (%)

TB 15-7L 79, M, L (non-ruptured) 2R 841 55.1 4.4 11

3R 558 53.2 15.1 20.8

5R 946 90.2 10.0 9.2

6T 1168 78.3 6.6 6.6

TB15-8R 58, M, R (non-ruptured) 2R 848 50.5 4.70 20.3

3R* 359 48.9 7.40 16.2

4T 913 21.4 8.10 38.3

5T* 422 26.2 5.80 18.4

TB15-18R 79, M, R (non-ruptured) 1T 1550 24.3 6.50 45

2T* 312 22.4 3.80 14

3T 746 39.3 3.50 16

4T 603 34.8 9.30 18

5T 544 29.1 6.70 19

6T* 306 50.9 8.50 14

7T1* 385 11.7 2.00 16

7T2* 358 12.6 2.60 15

TB15-19L 75, M, L (non-ruptured) 1T* 305 42.4 6.10 12

2T 706 18.6 3.20 15

4T 762 17.6 2.30 34

TB15-20R 75, M, R (non-ruptured) 1T 1578 19.0 3.20 30

2T 944 29.1 4.90 22

3R* 246 32.9 3.30 11

4R* 148 24.3 1.10 6.5

6R* 212 36.2 8.00 34

The group marked with ‘‘non-ruptured’’ indicates that after 4 times of exposure to the same level of blast waves, the TMs did not rupture

M male; F female; R right ear; L left ear

* At a lower strain rate, the TM did not break and a second SHTB tensile experiment was conducted. TB15-xx is the sample code for TM; the

number in the information column is the age
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SHTB Experiments

A highly sensitive miniature SHTB was used for tensile

tests of TM strip specimen at high strain rates. A schematic

diagram for the SHTB setup is shown in Fig. 5. The inci-

dent bar was a 3.66 m long aluminum 7075-T6 bar with

6.4 mm diameter. The transmission bar was a 2.74 m long

hollow 6061-T6 bar with 5 mm inner diameter and 6.4 mm

outer diameter. A pair of clamp fixtures made by 7075-T6

aluminum was used to grip a TM strip specimen. An alu-

minum tube striker bar was launched to make impact with a

flange which was threaded to the incident bar end to load

the specimen. Two semiconductor strain gages with a gage

factor of 176 were attached on the opposite surfaces of the

Table 3 Blast-exposed (ruptured) TM information and SHTB results

TM sample Information Pressure

at rupture (kPa)

Location Strain

rate (s-1)

Modulus

E (MPa)

Tensile strength

rm (MPa)

Failure

strain em (%)

TB 15-4R 64, M, R (ruptured) 84.1 1R 846 48.6 7.1 32.5

TB15-5L 73, M, L (ruptured) 77.6 2R 2756 54.3 17.6 41.2

3R 935 83.7 26.6 20.5

4R 1110 76.5 12.5 19.4

5T 404 66.8 4.0 5.2

TB15-6R 73, M, R (ruptured) 118.6 1T 1405 77.2 30.4 36.2

2T 1013 20.1 17.0 21.5

3T 1637 50.9 12.4 19.4

4T 868 77.2 21.2 20.9

5T 1226 23.2 3.60 19.2

6T 931 33.0 12.4 40.6

TB15-15L 64, F, L (ruptured) 108.9 1R 1580 96.0 5.80 6.2

2R 635 83.0 3.40 5.0

3R 1410 37.1 7.60 20

4T 965 37.3 10.8 22

5R 512 34.5 2.70 8.0

The TMs listed in this table were exposed to increasing levels of blast pressure for 3–5 times until rupture. TB15-xx is the sample code for a TM;

the number in the information column is the age

M male, F female, R right ear, L left ear

Fig. 2 Control TMs that would

be cut into strip specimens as

marked. a TB15-16R (control,

i.e., healthy undamaged TM not

exposed to blast waves); b TB

15-17L (control). Note, some

TMs were damaged during the

harvesting procedures, rather

than due to exposure to the blast

waves
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hollow transmission bar, at a distance of 17.8 cm from the

clamping fixture, to measure the transmitted strain signal.

A HBM Genesis 5i digital oscilloscope (25 Ms/s, 15-bit

resolution, 1 MHz frequency bandwidth) was used to

acquire all strain signals on bars through a Wheatstone

bridge and Vishay 2310B signal-conditioning amplifier (up

to magnification of 11,000, 180 kHz response frequency).

A plastic collar was used as a pulse shaper to provide

assistance to generate dynamic stress equilibrium on the

TM strip specimen and to reach a constant strain rate

condition. The miniature SHTB was used to test both

control and blast-exposed human TM specimens under

high strain rates. Additional details on the SHTB are

documented elsewhere [27, 28].

Fig. 3 Blast-exposed TMs (ruptured) that would be cut into strip specimens as marked. a TB15-4R; b TB 15-5L; c TB15-6R; d TB 15-15L.

Note, the TMs ruptured due to exposure to the blast waves

Fig. 4 Blast-exposed (non-ruptured) TMs which would be cut into strip specimens as marked. a TB15-7L; b TB 15-8R; c TB15-18R; d TB

15-19L; e TB15-20R. Note, the TMs were damaged during the harvesting procedures, rather than due to the blast waves

Fig. 5 Schematic diagram of a highly sensitive miniature split Hopkinson tension bar setup
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With the use of a clamping fixture between the TM strip

specimen and a bar end, in a valid SHTB experiment, the

formulas for the stress and strain rate in a specimen are

given as [32, 33]

rsðtÞ ¼
At

As

EtetðtÞ ð1Þ

_esðtÞ ¼
1

Ls
½ðci � ctbÞeiðtÞ � ðci þ ctbÞerðtÞ� ð2Þ

where b ¼ EiAi=ðEtAtÞ; E, c, e, r, A and L are Young’s

modulus, bar wave speed, strain, stress, cross-sectional

area, and length, respectively; the subscripts i, t, r represent

the incident, transmitted, reflected signals, respectively.

The subscript s indicates specimen. The strain history is

obtained through the integration of strain rate with respect

to time. Note that, for the soft TM tissue with Young’s

modulus in the neighborhood of tens of MPa, the typical

maximum strain in a TM specimen is relatively high, on

the order of 10–30 %, and therefore the compliance of the

metal clamp fixtures is negligible. On the clamping fixtures

mounted on two bar ends, two mini-aluminum bolts were

used to tighten aluminum end plates to grip a TM strip

specimen. During the gripping of a specimen, a small

droplet of saline was added to the TM specimen surface to

ensure that it was saturated with saline at all the time. The

tensile tests were conducted at 23 ± 2 �C under relative

humidity 40 ± 5 %. In this work, in order to apply pre-

conditioning, we slightly stretched the TM strips to flat

form for several times by wood sticks with round edge.

Then a TM specimen was clamped for tensile test at high

strain rates. Tensile tests for the control and the blast-ex-

posed TM strip specimens were conducted within three

ranges of strain rates, namely, 100–500, 500–1000 and

1000–2500 s-1.

Experimental Results

TMs After Exposure to Blast Wave

In the blast experiments, the pressure in the compressed air

cylinder for the shock tube was set to 2.0 MPa. The

intensity of blast wave decreases with the increase of the

distance from the blast nozzle. For the group one TMs

(Table 2), each TM was subjected to 4 times of consistent

pressure profile as shown in Fig. 6 and did not break. For

the group two TMs (Table 3), each TM was subjected to

increasing pressure with an increment of approximately

15 kPa in peak pressure between neighboring exposures

until reaching 66.5 kPa to induce rupture of the TM. As

shown in Fig. 6 during the blast duration of 0.7 ms, the

four waves were very similar to each other, indicating a

good repeatability of the blast chamber. After 1.0 ms, there

were fluctuations in pressure waves, and those waves were

slightly different, but their magnitudes were much smaller

that earlier waves, they are not anticipated to affect results

in this study.

It is noted that in Figs. 2, 4, the damages in the TMs

were induced during harvesting of the TM, rather than due

to the blast waves. In Fig. 3a–d, the damages (cracks) in

the 4 blast-exposed TMs were the results of the exposure to

the multi-blast waves. In Fig. 3, crack locations are spread

out; they are not concentrated at a particular quadrant of

the TM. The cracks are in general along the radial direc-

tion, indicating that the circumferential fibers fractured.

SHTB Results

The input and output signals from incident bar, transmis-

sion bar, and X-cut signals are shown in Fig. 7a. They are

similar to the data obtained in our previous work on control

TMs [27, 28]. The force at the end of the strip specimen in

contact with the incident bar, labeled as ‘‘front force’’, was

measured by the X-cut quartz. The data in Fig. 7a is ana-

lyzed to evaluate the dynamic stress equilibrium and strain

rate history on a TM specimen; these results are shown in

Fig. 7b. Both conditions are satisfied, indicating a valid

experiment at a high strain rate. The data is processed

further to determine the stress–strain relationships. Typical

stress–strain curves are plotted in Fig. 8, they are mostly

linear until fracture, very similar to our previously reported

results. Figure 8 shows typical stress–strain curves of TM

strip specimens in the radial and circumferential directions

at high strain rates. Note that TM specimens did not nec-

essarily break at these strain rates. The maximum strain

experienced in each experiment was limited by the loading

duration time of the miniature SHTB. Since this study

Fig. 6 The pressure histories for typical blast waves on TM

measured by pressure sensor P0
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focused on the TM properties after exposure to blast wave,

two control TMs as shown in Fig. 2a, b were used in SHTB

test, to investigate if the TMs in this batch have similar

properties as those from our previous batch. For control

TM strip specimens in the radial and circumferential

directions, the Young’s modulus values are summarized in

Table 1. The SHTB results include strain rate, maximum

stress and strain achieved by the SHTB setup.

In order to compare the experimental data at different

strain rates, the Young’s modulus values are averaged

within one of the three strain rate ranges, 100–500,

500–1000 and 1000–2500 s-1, respectively. The average

Young’s modulus values of blast-exposed TMs within

different strain rate ranges in this work are given in Table 2

for non-ruptured TMs, and Table 3 for ruptured TMs,

respectively. Within each range of strain rate, the Young’s

modulus is rather scattered. There is no clear trend to

indicate a difference in results from the ruptured or non-

ruptured TMs after exposure to blast waves. Since the

number of data points in each group is not big enough, we

therefore collect all data in both groups and analyze all the

data together. Figure 9a, b show our previous results for the

Young’s modulus of normal TMs at different strain rates in

the radial direction and the circumferential directions,

respectively. The data shows about 20–30 % variation in

Young’s modulus obtained from different TM specimens

[28]. The data was fitted into a model (in Discussion Sec-

tion). In Fig. 9a, b, the error bar was plotted, representing

20 % deviation. A summary of the average data obtained in

our previous work for control TMs [28] is given in Table 4.

For control TMs, the Young’s modulus as a function of

strain rate is plotted in Fig. 9c, d in the radial and circum-

ferential directions, respectively. The fitted curves in

Fig. 9a, b with error bars are plotted to check if the data is in

the 25 % deviation range. For two control TMs, one TM

was used to cut strip specimens along the radial direction,

and the other one was used to prepare strip specimens along

approximately the circumferential direction. Each TM was

cut into 6 or 7 pieces of strip specimens, and two or three

TM specimens were tested under each of three strain rate

ranges. The Young’s modulus values of this batch of control

TMs used in this work are similar to values obtained pre-

viously [27, 28], they are still within the range of the fitted

curve of the control TMs in previous work [27, 28]. Results

indicate that different batches of control human TMs give

reasonably consistent results. This provides assurance to

use our previous control TM results for comparison with

results obtained from blast-exposed TMs, to investigate the

effect of the blast wave on the TM mechanical properties.

The Young’s modulus data for blast-exposed TMs under

high strain rates are summarized in Table 5. Two typical

Fig. 7 Typical SHPB results. a Recorded signals from incident bar, transmission bar, and X-cut crystal. b Examination of dynamic stress

equilibrium and constant strain rate history on a TM specimen

Fig. 8 Typical stress–strain curves of blast-exposed TM strip spec-

imens in the radial and circumferential directions at high strain rates.

Note that the TM specimens did not break at strain rates less than

500 s-1. The strain rates of 246, 841, 1580, 312, 746 and 1226 s-1

were used for testing TM specimens TB15-20R-3R, TB15-7L-2R,

TB15-15L-1R, TB15-18R-2T, TB15-18R-3T, and TB15-6R-5T,

respectively
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Fig. 9 Comparison of Young’s

modulus of TMs at different

strain rates. a Control TMs in

the radial direction [28];

b control TMs in the

circumferential direction [28];

c control TMs in the radial

direction; d control TMs in the

circumferential direction;

e blast-exposed TMs in the

radial direction; f blast-exposed
TMs in the circumferential

direction

Table 4 Mechanical properties of healthy (control) human eardrum [28]

Eardrum Number of TM

specimens

Strain rate

(s-1)

Young’s

modulus (MPa)

Maximum stress

reached (MPa)

Maximum strain

reached

Fiber

direction

Healthy TM without subjecting

to a blast wave

11 309 ± 77 45.2 ± 10.2 6.3 ± 3.4 11 ± 3 R

15 714 ± 146 51.4 ± 16.6 10.4 ± 3.4 20 ± 7 % R

7 1654 ± 381 58.9 ± 18.5 15.9 ± 7.3 41 ± 10 % R

21 333 ± 68 34.1 ± 11.2 4.3 ± 1.8 11 ± 2 % C

6 772 ± 176 40.6 ± 7.6 7.7 ± 2.5 14 ± 8 % C

7 1353 ± 362 56.8 ± 15.7 13.7 ± 5.5 37 ± 10 % C

R radial direction; C circumferential direction
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blast-exposed TM strip specimens after tensile testing at

strain rates higher than 500 s-1 are shown in Fig. 9. From

these results, the Young’s modulus as a function of strain

rate is plotted in Fig. 9c, d for blast-exposed TMs in the

radial and circumferential directions, respectively.

Figure 10 shows typical broken TM strip specimens

after tensile experiments on SHTB. Figure 10a–d show

failure patterns for control TMs in the circumferential

direction, control TMs in the radial direction, blast-exposed

TMs (TB15-15L-3R) in the radial direction, and blast-ex-

posed TM (TB15-18R-7T) in the circumferential direction,

respectively. The control TMs show ductile fracture pattern

in both the radial and the circumferential directions

(Fig. 10a, b). However, blast-exposed strip TM specimens

with length in the radial direction still show ductile failure

mode (Fig. 10c) with the fracture surface in a 45 degree

inclined with respect to the loading direction, but the blast-

exposed TM strip specimens with length along the cir-

cumferential direction show a brittle failure pattern

(Fig. 10d), as indicated by the orientation of fracture sur-

face which is perpendicular to the fiber direction.

Discussions

Viscoelastic Properties in the Time-Domain

The results obtained for blast-exposed TMs indicate that

the Young’s modulus values of these TMs depend on the

strain rate within high strain rate range. Since data for the

Young’s modulus has been obtained within three ranges of

high strain rates (300–2000 s-1), the mechanical behavior

of the TM was described as a standard linear solid with

three undetermined parameters. Figure 11 shows the stan-

dard linear model consisting of two springs, with spring

constants E?, E1, and a dashpot with viscosity g.
The relaxation time of the model is s = g/E1. For a

standard linear solid under the uniaxial tension, the

Young’s relaxation modulus E(t) is given as

EðtÞ ¼ E1 þ E1e
�t

s ð3Þ

For a linear viscoelastic material loaded at a constant

strain rate _e0, the strain history is eðtÞ ¼ _e0t.
An approach has been developed to convert the relax-

ation modulus to Young’s modulus at different strain rates

for eardrum [27, 28], foam [34] and resin [35]. For a lin-

early viscoelastic material under uniaxial stress state, the

uniaxial stress r(t) is calculated from the applied strain

history e(t), using the Boltzmann superposition principle

r tð Þ ¼
Z t

0

Eðt � nÞ deðnÞ
dn

dn ð4Þ

where E(t) is relaxation modulus at time t. At a constant

strain rate, e tð Þ ¼ _e0t, where _e0 is the constant strain rate,

Eq. (4) becomes

E tð Þ ¼ rðtÞ
eðtÞ ¼ 1

t

Z t

0

E nð Þdn ð5Þ

where E tð Þ is the average uniaxial relaxation modulus from

time 0 to t. Eq. (5) indicates that the Young’s relation

modulus at a given strain rate is equal to the time-averaged

relaxation modulus.

From an experimental stress–strain curve, the Young’s

modulus is determined within the limit of linearity, ee. The
time t at the limit of linearity is determined by t ¼ ee= _e0.
Considering the standard linear solid model given in

Eq. (3), the Young’s modulus �Eð _eÞ as a function of strain

rate _e0, which is also the average relaxation modulus �EðtÞ
up to time t (i.e., the elapsed time when strain reaches ee),
is given as

�Eð _eÞ ¼E1 þ E1ð1� e�
ee
_esÞs _e

ee
and

�EðtÞ ¼E1 þ E1ð1� e�
t
sÞs

t

ð6Þ

Table 5 Mechanical properties of blast-exposed human eardrum

Eardrum Samples Strain rate

(s-1)

Young’s

modulus (MPa)

Maximum stress

reached (MPa)

Maximum strain

reached %

Specimen

orientation

Blast-exposed 4 241 ± 36 35.6 ± 10.2 5.0 ± 3.3 17 ± 12 R

8 765 ± 171 62.4 ± 20.4 9.3 ± 8.1 15 ± 10 R

4 1714 ± 721 66.0 ± 25.7 10.9 ± 5.3 21 ± 15 R

7 356 ± 49 33.3 ± 20.7 4.7 ± 2.3 14 ± 4 C

10 798 ± 149 33.7 ± 17.1 8.6 ± 5.5 25 ± 9 C

7 1368 ± 237 41.9 ± 26.8 11.9 ± 9.3 28 ± 13 C

R radial direction; C circumferential direction
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All the individual Young’s modulus data (as shown in

Tables 1, 2, 3) at the actual strain rates measured in SHTB

tests are used as inputs to fit into Eq. (6), to search for the

three best-fit parameters E?, E1, and g. Table 6 summa-

rizes the three best-fit parameters for both control and

blast-exposed TMs in the radial and circumferential

directions. Hence the best-fit Young’s modulus is plotted in

Fig. 12 as a function of strain rate (102–2 9 104 s-1) for

TM in either the radial or the circumferential direction.

Although the mechanical property data points are scattered

within certain range, which is a common phenomenon for

bio-tissues, the curves in general represent the trend rea-

sonably well with the experimental data. With these curves,

the Young’s modulus can be determined at strain rates

within 300–2000 s-1. Figure 12 summarizes all fitting

curves for comparison. The y-axis error bars show 20 %

deviation, they are plotted to represent the data scattering.

Different phenomena could happen for TMs in the radial

direction or in the circumferential direction after exposure

to blast waves. At strain rates lower than 300 s-1 data for

both control and blast-exposed TMs do not show much

difference. When the strain rate is higher than 300 s-1, up

to 2500 s-1, the Young’s modulus becomes in general

significantly higher than that of TMs without subjecting to

exposure to blast waves. However, for the TMs in the

circumferential direction, the Young’s modulus of blast-

exposed TM decreased in tested strain rate range

(300–2500 s-1). As the strain rate becomes higher, the

modulus becomes higher as well. These results indicate

that the fibers in the radial direction of the TMs become

stiffer, while the fibers in the circumferential direction

become weaker after exposure to blast waves. This could

be due to the fact that there are more collagen fibers along

the radial direction (*22 lm thick layer) than in the cir-

cumferential direction (*15 lm thick layer) [14], and the

blast waves generate a biaxial tensile stress state in a TM.

Assuming each collagen fiber has about the same

mechanical behavior, the difference in collagen fiber

thickness in the radial and circumferential directions can

give up to nearly 45 % of difference in mechanical prop-

erties (e.g., Young’s modulus, tensile strength, etc.) in the

two directions (radial vs. circumferential). Thus, under

biaxial tension during blast pressure, the collagen fibers in

the circumferential direction are expected to experience a

higher stress (nearly 45 % higher) than the collagen fibers

in the radial direction. When the blast pressure approaches

the critical threshold value for rupture, it is easier for

collagen fibers in the circumferential direction to rupture.

On the other hand, the collagen fibers in the radial direction

are expected to experience lower stress, thus will not

experience rupture under a blast pressure that induces

rupture in the collagen fibers in the circumferential direc-

tion. Therefore, the blast wave would cause some cir-

cumferential fibers to break, inducing cracks along

primarily the radial direction. The radial fibers, however,

are largely intact, they have gone through multi-blast

waves, and tend to develop crystallization due to increased

alignment of the collagen fibers, and as a result, they

become stiffer.

Fig. 10 Typical failed TM strip specimens after SHTB test. a A control TM in the circumferential direction; b a control TM in the radial

direction; c TM (TB15-15L-3R) in the radial direction after blast wave; d TM (TB15-18R-7T) in the circumferential direction after blast wave

Fig. 11 A standard linear solid model
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With the parameters in Eq. (6) determined, the Young’s

relaxation modulus E(t) can be determined. The Young’s

relaxation modulus was obtained for TM strip specimens in

both the radial and the circumferential directions, as shown

in Fig. 13. For the TMs in the radial direction, there is a

crossing of the relaxation curves for control and blast-ex-

posed TMs; there exists a critical time, *1.5 9 10-4 s,

below which the relaxation modulus of blast-exposed TMs

is higher than that without blast; above that time, the

relaxation modulus is lower. However, for the TMs in the

circumferential direction, the relaxation modulus of blast-

exposed TMs is lower than that without blast; the differ-

ence in the relaxation modulus beyond the critical time is

smaller than that below the time.

Viscoelastic Properties in the Frequency Domain

The relaxation modulus in the time domain was converted

to the complex modulus in the frequency domain. The

complex modulus and the loss tangent are expressed as

~EðxÞ ¼ E0ðxÞ þ iE00ðxÞ; and tanh ¼ E00

E0 ð7Þ

where E0(x) is the storage modulus and E00(x) is the loss

modulus. For the standard linear solid in the frequency

domain, the storage modulus E0(x) and the loss modulus

E00(x) are calculated as [36–38]

E0ðxÞ ¼ E1 þ E1s2x2

1þ s2x2
; and E00ðxÞ ¼ E1sx

1þ s2x2
ð8Þ

where x is the angular frequency, x = 2pf, f is the fre-

quency. The frequency f corresponds approximately to the

strain rate [27, 28, 39] in the calculation of viscoelastic

properties. The storage and loss moduli of TM are shown in

Fig. 14a, b as determined using Eq. (8), respectively. The

loss tangent values of TM in both the radial and circum-

ferential directions are shown in Fig. 14c.

For TMs in the circumferential direction, the storage

modulus, the loss modulus and the loss tangent curves have

similar tends, as shown in Fig. 14a–c, respectively. The

Young’s modulus values of the TMs in the circumferential

directions after exposure to blast waves are lower than

those for control TMs. As the frequency becomes higher,

the corresponding values of TM after blast decrease more

rapidly than the control TMs, indicating that the blast

waves have resulted in weakening of the circumferential

collagen fibers. The blast-exposed TMs show less fre-

quency-dependent viscoelastic effect than the control TMs

Table 6 Best-fit parameters for Young’s relaxation modulus

Eardrum Modulus coefficient

E? (MPa)

Modulus coefficient

E1 (MPa)

Relaxation time

s (10-5 s)

Specimen

orientation

Control 41.5 25.4 5.07 R

Control 30.0 69.1 2.53 C

Blasted 30.1 52.6 10.3 R

Blasted 28.5 35.5 2.61 C

R radial direction; C circumferential direction

Fig. 12 Summary of fitted curves for the Young’s modulus of control

and blast-exposed TMs as a function of strain rate
Fig. 13 Comparison of Young’s relaxation modulus between control

and blast-exposed TMs in the time domain
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in the circumferential direction, likely due to the significant

damage developed in the collagen fibers in the circumfer-

ential direction. An eardrum is a multi-layer membrane

including the epidermal, collagen fibrous and mucosal

layers. The total thickness of a human eardrum is

approximately 70 lm, among which, the collagen fibrous

layer is approximately 37 lm (including 22 lm thick of

collagen fibers along the radial direction, and 15 lm thick

of collagen fibers along the circumferential direction). The

thickness of 70 microns was used to calculate the modulus

data. Since the combined thickness of the collagen fibers in

the radial direction is approximately 7 lm thicker than the

combined thickness of collagen fibers in the circumferen-

tial direction, the mechanical behavior in the radial direc-

tion emanating from the umbo can be different from the

corresponding behavior in the circumferential direction.

Although the non-raptured TMs did not exhibit visible

cracks, damage likely occurred in the collagen fibers along

the circumferential directions, especially after exposure to

repeated blasts waves, leading to deterioration in

mechanical properties. In the radial direction, however, due

to the existence of thicker collagen fibers along this

direction, the collagen fibers along the radial direction

experienced stress levels less than a threshold value to

induce permanent damage. Under exposure to repeated

blast waves, the TM likely exhibits Mullin’s effect, asso-

ciated likely with the stress-induced crystallization or

crosslinking in the collagen fibers. Additional investigation

is needed to elucidate the mechanism behind the stiffening

phenomenon in the radial direction in the future.

For TMs in the radial direction, the storage modulus, the

loss modulus and the loss tangent show significantly dif-

ferent trends than those in the circumferential direction.

There exists a critical frequency, *900 Hz as shown in

Fig. 14a, *1500 Hz in Fig. 14b, and *900 Hz in

Fig. 14c, respectively. In Fig. 14a, below 900 Hz, the

storage modulus of TM after exposure to blast waves is

lower than that of the control TMs; after that, it becomes

higher. It indicates that the blast waves induced higher

frequency-dependent viscoelastic effect on TMs in the

radial direction. In Fig. 14b, a peak value appears at

*1500 Hz for the loss modulus. The peak frequency

decreases as compared to that of the control TM (not

shown in Fig. 14b, the peak frequency is higher than

2500 Hz). The loss modulus of TM after exposure to blast

waves is twice as high as that of the control TM. The loss

tangent of TM after exposure to blast waves shows a much

larger change, about three times as high as that of the

control TM. This indicates that the blast wave causes very

significant frequency-dependent behavior of TMs for TMs

in the radial direction.

Conclusion

A blast chamber was used to induce blast wave to rupture

TM under 35 kPa wave pressure for four times until the

TM in the threshold or ruptures. A highly sensitive

miniature SHTB was used to measure Young’s modulus of

both control TMs and blast-exposed TMs under high strain

Fig. 14 Comparison of complex modulus between control and blast-

exposed TMs in the frequency domain. a Storage modulus; b Loss

modulus; c Loss tangent
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rate 300–2000 s-1. In the radial direction, the blast-ex-

posed TMs has Young’s modulus of 24.3–96 MPa, higher

than the values of 45.2–58.9 MPa of the control TMs. In

the circumferential direction, the blast-exposed TMs have

Young’s modulus of 11.7–78.3 MPa, less than the values

of 34.1–56.8 MPa of the control TMs. A standard linear

solid viscoelastic model was used to convert Young’s

modulus in the time domain into the complex modulus in

the frequency domain. Blast waves cause significant

changes on the mechanical properties of TM mainly due to

the damage induced in the circumferential fibers and the

stiffening in the radial fibers. From the viscoelastic prop-

erty changes in the frequency domain, the blast-exposed

TM show less viscoelastic effect in the circumferential

direction, stronger viscoelastic effect in the radial direction.
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Pressure Distribution
in a Simplified Human Ear
Model for High Intensity
Sound Transmission
High intensity noise/impulse transmission through a bench model consisting of the simpli-
fied ear canal, eardrum, and middle ear cavity was investigated using the CFX/ANSYS

software package with fluid-structure interactions. The nondimensional fluid-structure
interaction parameter q and the dimensionless impulse were used to describe the interac-
tions between the high intensity pressure impulse and eardrum or tympanic membrane
(TM). We found that the pressure impulse was transmitted through the straight ear canal
to the TM, and the reflected overpressure at the TM became slightly higher than double
the incident pressure due to the dynamic pressure (shocks) effect. Deformation of the TM
transmits the incident pressure impulse to the middle ear cavity. The pressure peak in the
middle ear cavity is lower than the incident pressure. This pressure reduction through the
TM was also observed in our experiments that have dimensions similar to the simulation
bench model. We also found that the increase of the pressure ratio as a function of the
incident pressure is slightly larger than the linear growth rate. The growth rate of the
pressure ratio in this preliminary study suggests that the pressure increase in the middle
ear cavity may become sufficiently high to induce auditory damage and injury depending
on the intensity of the incident sound noise. [DOI: 10.1115/1.4027141]

Introduction

The significant recent increase in terrorist activity and military
involvement has resulted in a greater risk to human health from
explosions and blast waves. Despite its protective technology, the
military has experienced the development of traumatic brain
injury (TBI), auditory damages, and the loss of lives due to insuf-
ficient blast protection capabilities. For example, TBI has been
observed in Iraq and Afghanistan and is a primary injury that
impairs brain function and structures temporarily or permanently
due to the significant levels of external forces, such as pressure,
volumetric tension, and shear stress [1]. TBI cannot be treated by
conventional medical technologies. In order to improve personal
protection devices against TBI, blast injury mechanics has been
an active research topic. Examples of this research include the de-
velopment of finite element (FE) models for the mechanical
response of the head and brain to blast loading [2,3].

Another example is auditory damages to the military service
personnel who are exposed to high intensity sound produced by
explosions and jet engines. Hearing loss becomes the most com-
mon disability in veterans. Auditory damage and injury cause ear-
drum or tympanic membrane rupture, which requires greater
pressure differentials due to high magnitude blast than damage to
the inner ear [4]. Therefore, understanding high intensity pressure
wave transduction through the ear and proposing advanced hear-
ing protection mechanisms is one of the major challenges in
auditory sciences and rehabilitation engineering.

The normal hearing level of a human being is below 130 dB
sound pressure level, which results in linear acoustic transmission
of sound pressure into the inner ear or cochlea. To understand the
mechanisms of auditory function in relation to ear structure
changes, creating a physical model of the cochlea has been
extensively challenged by many researchers due to the complexity

of the geometry and material properties [5–7]. A simplified math-
ematical model of a guinea pig cochlea, which consisted of a
coiled geometry as a straight channel, showed that there is no sig-
nificant difference in the calculations due to the geometric com-
plexity [8,9]. Recently, various FE models of the human ear have
been developed [10–13]. In all published FE models, the ear com-
ponents are assumed as a linear system with small vibrations for
acoustic-mechanical transmission from the TM to the middle and
finally to the cochlea. The dominant process used in FE modeling
has been harmonic analysis with the acoustic-structure-fluid
coupling [12–15].

However, the high intensity noise transmission in the human
ear with fluid-structure interaction for modeling elastic TM has
not been studied based on the authors’ knowledge. In spite of the
significant governmental and military resources directed towards
reducing the risk to human health from blast waves, it is widely
accepted that the effects of blast waves on the human ear canal
and middle ear are poorly understood. Therefore, investigation of
high intensity sound transduction through the ear is one of the
most important research areas in rehabilitation engineering.

The work reported in this paper is focused on understanding the
high intensity impulse transmission mechanism from the ear canal
to the middle ear cavity. We employ a commercial numerical sim-
ulation package, CFX/ANSYS, with fluid-structure interactions to
model benchmark geometry of the ear canal, TM, and cavity
structure and to simulate the pressure wave propagation through
the ear. As a preliminary study to have a basic idea of how high
intensity noise transmits through the bench model, the TM is
assumed as a linear elastic material. The dimensionless impulse
and the nondimensional parameter q derived by Taylor [16] are
used to describe the fluid-structure interaction. The relationship
between the pressure ratio (the incident pressure to the pressure in
the middle ear cavity) and the material properties of the mem-
brane associated with the duration time of the overpressure wave
is clarified. The results provide insight into the relationship
between q and the pressure ratio. Also, we compare the simulation
results with the blast experiments and identify the mechanism of
the pressure wave transmission through the TM to the cavity.
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Benchmark Model for the Ear and Simulation

Conditions

A benchmark model for the ear consisting of simplified ear
canal, TM, and middle ear cavity is presented in Fig. 1. The pipe
is divided into two sections by an elastic thin plate, which models
the TM. The ear canal and the cavity are sectioned between the
open-end and TM, and between the TM and close-end, respec-
tively. The lengths of the ear canal and cavity are 30 mm and
13.5 mm, respectively, based on published ear anatomic structure
[11,17]. The thickness of the TM is 0.1 mm, and the diameter of
the pipe is 8 mm according to the geometry of the human TM and
ear canal [18].

For a simulation of continuous fluid domain, the continuity,
momentums, and energy equations from physical principles of
classical fluid mechanics have been used to predict the high inten-
sity overpressure propagation in the domain. These equations are
given by [19]

@qf

@t
þr � qf v

� �
¼ 0

@qf V

@t
þr � qf VV

� �
¼ �rpþr � sf

@ qf htot

� �
@t

� @p

@t
þr � qf Vhtot

� �
¼ r � krTð Þ þ r � V � sf

� �

where t is the time, qf is the fluid density, s is the stress tensor of
the fluid, V is the velocity vector, p is the pressure, T is the tem-
perature, and k is the thermal conductivity of the fluid. The stress
tensor can be defined as

sf ¼ l rV þ rVð ÞT� 2

3
dr � V

� �

where d is the Kronecker d, and l is the viscosity of the fluid. The
total enthalpy htot can be defined as

htot ¼ hst þ V2=2

where hst is the static enthalpy. An arbitrary Lagrangian–Eulerian
formulation is used to solve the above equations, allowing the de-
formation of the fluid domain to be found.

The governing equation for the solid domain can be described
by using the second law of motion

qs
€ds ¼ r � F � S dsð Þð Þ þ f s

where qs is the solid density, ds is the displacement vector of the
structure, f s is the externally applied body force vector on the
structure, S represents the second Piola–Kirchhoff stress tensor,
and F represents the deformation gradient tensor. On the fluid-
structure interfaces along TM boundaries, the particle velocity is
coupled to the flexible TM structure, such that both the displace-
ment compatibility and the traction equilibrium are satisfied.

Thus, the fluid and the structure do not overlap or detach during
the motion, and no particle can cross the interface due to the kine-
matic requirement. The computations of fluid-structure interaction
problems coupling computational fluid dynamics analysis with fi-
nite element stress analysis are performed using a commercial
package, CFX with ANSYS. CFX solves the Navier–Stokes equations
for the fluid flow using a finite element control volume formula-
tion to construct the discrete equations. ANSYS is a finite element
software package for linear and nonlinear stress analysis that will
be used to compute the deformation of the elastic TM due to the
overpressure loading. Details of the simulation package can be
found in their manual [20].

The boundary conditions along the surfaces are the tangency
and no-slip conditions. We consider a high-pressure wave travel-
ing in the positive x direction through the ear canal section
towards a thin elastic plate (TM). A typical example of a high-
pressure incident wave pulse at the entrance of the ear canal due
to the high intensity impulse/blast is presented in Fig. 2. For this
particular example, we command that the input pressure is sud-
denly increased to 70 kPa at t¼ 0þ and linearly decays with
t0 ¼ 90ls, where t0 is the duration time of the input blast over-
pressure. However, a large initial pressure fluctuation is observed
in the figure due to the quick response to the input pressure peak
in the CFX control function. Because of the quickly transient
response in pressure, the high rate of increase of pressure could
cause the pressure to overshoot the target pressure value and be
forced by the CFX function to return the target value.

Explosions and Blast Waves

During the explosion, the release of a large amount of energy
occurs in a very short period of time on the order of 10�6 to 10�3

s. Such a fast energy release induces an instantaneous increase in
the pressure and temperature (approximately, 100 MPa and
3000 K, respectively) within the explosive materials. The
extremely high pressure due to the explosion generates a strong
blast wave propagating in the surrounding medium away from the
explosion point.

In 1963, Taylor considered a blast wave as a one-dimensional
exponentially decaying pressure wave pulse and investigated the
interactions between blast waves and plates [16]. The momentum
available in the incident pulse is given by I0 ¼

Ð t0
0

pdt ¼ p0t0,
where p0 is the incident pressure peak. When this incident pulse
impinges on the thin plate, it induces the motion of the plate and
is partly reflected. Taylor obtained a relation

I=I0 ¼ 2qq=ð1�qÞ (1)

where I is the transmitted impulse and the q is the nondimensional
parameter describing the fluid-structure interaction. This nondi-
mensional parameter

Fig. 2 A typical example of variation of the blast overpressure
with time at the entrance of the ear canal model

Fig. 1 Geometry of the model
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q ¼ t0=t� (2)

compares the characteristic time of the fluid-structure interaction
t* and the incident wave duration time t0. t* is given by

t� ¼ qsh=qf cf (3)

where qs, qf, cf, and h are the density of the TM (1200 kg/m3) [21],
density of the air (1.2 kg/m3), sound speed of the air (343 m/s), and
thickness of the TM (0.1 mm) [22], respectively. The momentum
ratio of the transmitted impulse I/I0 defined in Eq. (1) is a monot-
onically decreasing function of q, depending on the plate density.
The above three equations (Eqs. (1)–(3)) imply that less impulse
is transmitted to lighter plates because the lower plate density
induces the higher value of q. For example, when the TM is rela-
tively massive, it is hardly moving and the impulse of the pressure
wave is reflected with nearly perfect. Thus, the reflected momen-
tum is about �I0, and the TM gains momentum nearly 2I0. The
momentum ratio asymptotes to a constant value of 2 for small q
and 2/q for large q (see Fig. 3). Based on the properties suggested
by the literature, it is computed that the characteristic time of the
fluid-structure interaction is 2.9� 10�4 s, and our experiments
suggest that t0 is 3 ms (details of the discussions will appear in the
Model Validation section). Thus, the time scale ratio q is approxi-
mately 10.3. However, since the round trip distance for the pres-
sure pulse between the ear canal entrance and TM is 60 mm, it
only takes 1.75� 10�4 s, which is 1 order magnitude less than our
experimental duration time t0. When the reflected pressure wave
comes back to the entrance of the ear canal, the numerical noise
generated by the outer flow boundary condition propagates back
to the TM and pollutes the simulation results. Thus, we run vari-
ous cases of simulations for t0< 3 ms with smaller qs such that the
time scale ratio q can maintain its original value 10.3.

The simulation results also depend on the Young’s modulus of
the TM EY. The EY of the TM is 2� 107 N/m2 [23]. The dimen-
sionless impulse in terms of the Young’s modulus can be

described as I= M
ffiffiffiffiffiffiffiffiffiffiffiffi
EY=qs

p� �
, where M is the mass per unit area of

the TM. For example, when q¼ 10.3, p0¼ 100 kPa, t0¼ 3 ms,
qs¼ 1200 kg/m3, EY¼ 2� 107 N/m2, and the mass per unit area of
the TM, qs � h¼ 0.12 kg/m2, the dimensionless impulse is approxi-
mately 2.9. In order to maintain the values of the time scale ratio
q and the dimensionless impulse for different values of p0 and t0,
we must choose appropriate values of qs and EY for each simula-
tion case.

Model Validation

Sensitivity of Simulation. Before moving on to the fluid-struc-
ture interaction (FSI) problem, we have performed a benchmark

test against known theoretical results for a wave propagation prob-
lem [24]. According to the theory of the blast wave striking a solid
massive wall, the value of reflective pressure approaches eight
times as high as the incident pressure for very large values of the
incident pressure and dynamic pressure under strong shocks [24].
On the other hand, when the incident pressure is negligible com-
pared with the atmospheric pressure, the value of the reflective
pressure tends toward twice the incident pressure. The reflected
pressure pr for air is given by

pr ¼ 2p0

7patm þ 4p0

7patm þ p0

where patm is the atmospheric pressure. In order to perform this
benchmark test problem for the model validation, we have consid-
ered our computational domain shown in Fig. 1 with 69,216
nodes; however, the TM has been considered as a solid wall to
simulate the benchmark test problem. This implies that the middle
ear cavity domain does not contribute to the simulation results in
this test. We have used the high-resolution scheme in the CFX
options to compute the advection terms in discrete finite volume
equations and the second-order backward Euler discretization
scheme for transient calculation. The air density¼ 1.2 kg/m3 and
time step¼ 10 ns are used to ensure the stability of the scheme.
Based on the average spatial step size¼ 0.3 mm and the speed of
sound in the air at the room temperature¼ 343 m/s, the corre-
sponding Courant-Friedrichs-Lewy number is approximated as
0.01. As for convergence criterion, we have chosen a root mean
square option and 0.0001 for residual type and target value,
respectively. Simulation results with various inlet pressure p0 val-
ues (0.04, 0.3, 0.7, 1.3, 2, 2.5, and 4.2 MPa) are considered and
compared with the theoretical prediction in Fig. 4. The simulation
results show excellent agreement with the theoretical prediction,
which implies that our model is suitable for the wave propagation
analysis.

The sensitivity of the simulations to mesh refinement is investi-
gated. The investigation focuses on p0¼ 100 kPa with time dura-
tion t0 ¼ 10 ls, TM density qs¼ 4 kg/m3, and TM Young’s
modulus EY¼ 2� 107 N/m2 to maintain values of q and dimen-
sionless impulse parameter. Since the bending stiffness and non-
linear properties of the TM in response to high intensity impulse
are currently not available in the literature to our knowledge, we
have considered the TM as a linear isotropic elastic material for
simplicity. The time step¼ 10 ns was chosen for all simulation
studies to ensure the numerical stability for large mesh
displacement.

For the model’s grid refinement validation, the pressure ratio
p0/p2 is measured with various fluid mesh sizes (5472, 13,152,

Fig. 4 Reflected pressure wave magnitudes against a solid
wall with various inlet or incident pressures

Fig. 3 Taylor’s plot (momentum ratio, I/I0 versus q) for consid-
ering fluid-structure interaction
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30,912, 69,216, and 191,472 nodes) while fixing the eight-node
TM element with 12,792 nodes. Figure 5 summarizes the results
obtained with various pressure ratios from simulations. It demon-
strates the convergence of the computed pressure ratio results
with mesh refinement. It is found that the meshes with 69,216
nodes provide a difference in computations of the pressure ratio
within 1%. Moreover, the simulation time for 191,472 nodes
requires more than four times longer than that for the mesh with
69,216 nodes. It should be pointed out that such a small variation
in the pressure ratio might be due to the presence of a large pres-
sure gradient at the blast wave front. This overpressure wave
structural difference diminishes as the number of nodes increases
with a refinement of the mesh. We have also studied mesh
sensitivity of the solid (TM) domain on the simulation with the
eight-node element with reduced order integration method and
nonlinear option in ANSYS that are capable to consider geometric
nonlinearity and to alleviate locking behavior. The deflection of
the TM in the axial direction is measured with various mesh sizes
(5184, 12,792, and 26,376 nodes). Figure 6 shows the meshes
with 12,792 nodes provide a difference in computations of the
TM deflection within 0.2%. Thus, in order to obtain sufficient ac-
curacy for computations within reasonable simulation time, we
chose to use 69,216 and 12,792 nodes in the fluid and structure
domains for the simulations, respectively.

Experimental Measurement on Bench Model. To validate
the FE model for simulating high intensity sound transduction
through the ear and to have a better understanding of the overpres-
sure distribution from the ear canal to the middle ear, a simple
bench (physical) model with dimensions similar to the FE model
of Fig. 1 was created. The bench model was made from hard plas-
tics (i.e., polymethacrylate) with the design of the ear canal and
middle ear cavity chambers as shown in Fig. 7(a). These two
chambers were separated by a membrane of thin latex material
(Saf-CareTM) to simulate the TM. The diameter, length, and vol-
ume of the ear canal and middle ear cavity components were simi-
lar to that of a human ear [12,25,26]. Data of the Young’s
modulus and density of the latex material are not available; how-
ever, an analysis of a few other kinds of gloves estimated EY rang-
ing from 0.3 to 3 MPa in the literature [27], which agreed with
values obtained from our experimental measurements. Two pres-
sure sensors (Models 102B16 and 105C02, PCB Piezotronics,
NY) were inserted in the bench model at the entrance of the canal
chamber and inside of the cavity chamber to measure p0 and p2,
respectively. As shown in Fig. 7(b), the bench model with the
inserted pressure sensors was placed in a specially designed
holder and exposed to blast overpressure in the high intensity
sound chamber in Gan’s biomedical engineering lab at the Univer-
sity of Oklahoma. The compressed air (nitrogen)-driven blast ap-
paratus is capable of generating an overpressure or impulse of at
least 30 psi or 207 kPa inside an anechoic chamber.

Five exposure tests were performed on the bench model, and
Fig. 8 illustrates the recorded pressure waveforms of p0 and p2.

Figure 8(a) shows the typical overpressure waveform of p0

measured at the ear canal entrance within the time duration of
3 ms to reach the peak pressure. The waveform of p2 displayed in
Fig. 8(b) demonstrates that the impulse pressure transmitted
into the middle ear cavity became somewhat similar to an acoustic
waveform. The mean peak pressure of p0 from five tests
was 5.29 psi (36.5 kPa) with standard deviation 60.71 psi
or 64.93 kPa. The mean peak-to-peak pressure of p2 was
1.91 6 0.47 psi (or 13.17 6 3.28 kPa). The ratio of p0 to p2 ranged
from 2.55 to 3.46 with an average of 2.77 6 0.43. The statistical
results for p0 and p2 (student t-test, p-value< 0.01 with 95% confi-
dence interval) indicates that the peak pressure measured at the
ear canal entrance (p0) was significantly different from the pres-
sure inside the middle ear cavity (p2). These pressure results
obtained from the bench model tests will be compared with simu-
lation results in the Simulation Results and Discussions section.

Simulation Results and Discussions

Several high intensity noise loadings (between 17 and 135 kPa)
induced deformation of the TM, and the changes of the pressure
inside the middle ear cavity have been derived with various TM
densities (between 1.2 and 36 kg/m3) and TM Young’s moduli
(between 2� 104 and 6� 105 N/m2). A typical example of time-
history plots of the pressure propagation is shown in Fig. 8. This
example is simulated with p0¼ 49 kPa, EY¼ 6� 105 N/m2, and
qs¼ 36 kg/m3. Note that the initial location of the TM is at
x¼ 30 mm, and the input target pressure at the inlet of the ear
canal is presented in Fig. 2. The peak target pressure was 70 kPa;
however, a large initial pressure fluctuation is presented in that
figure. The input pressure is damped, and the peak pressure decays
to 49 kPa (see Fig. 9). The pressure wave is stabilized at
t¼ 0.04 ms and propagates toward the TM with t0 ¼ 90ls (see
Fig. 2). The slight sharp increase of the pressure observed at the
location x¼ 30 mm at t¼ 0.08 ms in Fig. 8 indicates the initial
contact with the TM. This pressure wave moves the TM front as
we see the movement of the sharp increase of the pressure to the
middle ear cavity side at t¼ 0.10 ms. At t¼ 0.12 ms, a large pres-
sure discontinuity is observed at the location x¼ 32.5 mm. This
indicates that the maximum deformation of the TM is reached at
this time. The maximum deformation and the associated pressure
are approximately 2.5 mm and 111 kPa, respectively.

At patm¼ 101 kPa and p0¼ 49 kPa, pr is approximately 117 kPa.
However, the maximum pressure obtained from the simulations is
pr¼ 111 kPa, which is slightly less than the predicted value
because there is an energy loss at the TM due to its lighter density
and elasticity. Also, the pressure value near the TM is slightly
higher than twice the incident pressure p0. The increase of the
reflected pressure above the expected value of twice the incident

Fig. 5 Pressure ratio dependence of the number of nodes in
the flow field

Fig. 6 TM deflection dependence of the number of nodes of
the TM structure

111108-4 / Vol. 136, NOVEMBER 2014 Transactions of the ASME

Downloaded From: http://fluidsengineering.asmedigitalcollection.asme.org/ on 09/11/2014 Terms of Use: http://asme.org/terms



value is due to the dynamic (or shock) pressure. In addition, the
deformation of the TM generates another wave propagating down-
stream inside of the middle ear cavity. The amplitude of the pres-
sure in the cavity (p2) is approximately 30.5 kPa, which provides
the pressure ratio p0/p2 approximately 1.63. Due to the presence
of the TM, the pressure reduction in the middle ear cavity was
observed; however, since the TM is elastic, the pressure reduction
is not significantly high but dependent on the intensity of the
noise. The pressure increase in the middle ear cavity could be suf-
ficiently high to induce auditory damage and injury. After reach-
ing the maximum deformation of the TM, the incident pressure
wave is reflected in the ear canal, and the pressure peak quickly
decays to slightly less than the original incident pressure value
due to the loss of the energy at the TM.

A summary of the pressure ratios for various duration (t0), EY,
and qs values is presented in Table 1. Note that the values of t0,
EY, and qs are chosen to maintain the time scale ratio q and the
dimensionless impulse. q is set to be 10.3 as described in previous
section, which is the value calculated based on t0 obtained from
the experiments and qs of the human TM. It can be seen from the
table that in the simulations with the incident pressure value p0

being approximately the same, the pressure ratio does not change
as long as the q value and the dimensionless impulse are main-
tained at the same values.

The dependence of pressure ratio p0/p2 on the incident peak
pressure p0 is shown in Fig. 10. The pressure ratio increases as the
incident peak pressure increases with a slightly larger growth rate
than the linear growth. This indicates that the p2 does not increase
as much as the p0 increase. Although the growth rate of the pres-
sure ratio is not significant, the pressure increase in the middle ear
cavity could be sufficiently high to induce auditory damage and
injury depending on the intensity of the incident pressure noise.
Note that the pressure ratio at p0¼ 36.5 kPa is approximately 1.6

Fig. 7 (a) Illustration of the design of the bench model and (b) picture of the bench
model with inserted pressure sensors placed inside of the blast or high intensity
sound test chamber

Fig. 8 (a) Typical waveform of p0 (pressure amplitude-time
curve) measured in bench model and (b) waveform of p2 meas-
ured in bench model

Fig. 9 A simulation of pressure propagation through the ear
canal, TM, and cavity at six different times, t 5 0.02, 0.04, 0.06,
0.08, 0.10, and 0.12 ms when t0 5 90 ls, qs 5 36 kg/m3, and
EY 5 6 3 105 N/m2

Table 1 Pressure ratio p0/p2 from simulations

t0 (ls) qs (kg/m3) EY (N/m2) p0 (kPa) p1 (kPa) p2 (kPa) p0/p2

3 1.2 2� 104 107 142 51 2.098
5 2 3.3� 104 98 133 50 1.960
10 4 6.7� 105 102 140 50 2.040
30 12 2� 105 105 165 51 2.059
60 24 4� 105 100 170 50 2.000

Fig. 10 Pressure ratio p0/p2 dependence of input pressure p0
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according to the figure, which indicates the pressure reduction
through the TM. This pressure reduction has been seen in our
experiments. The pressure ratio of the experimental data ranges
from 2.55 to 3.46, which are higher than the simulation results.
The difference between the simulation and experimental results is
probably caused by neglecting the nonlinearity of the material
properties of the TM. Moreover, the pressure ratio might depend
on the material properties of the TM, and the use of the latex ma-
terial may cause the difference in simulation and experimental
values of the pressure ratio.

Figure 11 shows the dependence of pressure ratio p0/p2 on the
time scale ratio q computed by simulations. It can be seen that the
pressure ratio increases with a decrease in q exponentially.
The trend of the curve is similar to the relationship between the
momentum ratio and q (Fig. 3). When the TM is relatively mas-
sive, it hardly moves and the amplitude of the pressure wave gen-
erated in the cavity becomes smaller. Thus, the pressure ratio
becomes larger. On the other hand, when the TM is relatively
light, it moves easily and the amplitude of the pressure wave gen-
erated in the cavity becomes larger. Thus, the pressure ratio
becomes smaller as the q decreases. These simulation results clar-
ify the physical mechanisms of the pressure generation in the
cavity.

Conclusion

We have investigated high intensity noise/impulse transmission
through a bench model consisting of a simplified ear canal, TM,
and middle ear cavity using the CFX/ANSYS software package with
fluid-structure interactions. The nondimensional fluid-structure
interaction parameter q and the dimensionless impulse are applied
to describe the interactions between high intensity pressure
impulse and TM. The simulations demonstrate that the pressure
impulse is transmitted through the ear canal to the TM, and the
reflected overpressure becomes slightly higher than twice the inci-
dent pressure. The incident pressure impulse has high enough in-
tensity, which induces the dynamic pressure (shocks) effect. The
reflected overpressure deforms the TM, and the deformation trans-
mits the incident pressure impulse into the middle ear cavity. The
incident pressure peak is much higher than that of the pressure in
the middle ear cavity.

To validate the simulation results, we have conducted experi-
ments on a physical bench model, which has dimensions similar
to the simulation bench model. The experimental results show a
good agreement with the simulations. It is also found that the
increase of the pressure ratio as a function of the incident pressure
is slightly larger than the linear growth rate. The growth rate of
the pressure ratio in this preliminary study suggests that the pres-
sure increase in the middle ear cavity may become sufficiently
high to induce auditory damage and injury if the intensity of the
incident sound noise reaches really high levels.

The model and simulation reported in this paper is our first step
to investigate the overpressure distribution from the ear canal to

the middle ear cavity. In order to understand the details of the
high intensity noise transmission through the ear, it is important to
consider the nonlinear mechanical properties of ear tissues and the
actual geometry of the ear components in the future simulation
models.
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Nomenclature

c ¼ sound speed
d ¼ displacement

EY ¼ Young’s modulus
f ¼ externally applied body force vector
h ¼ static enthalpy

htot ¼ total enthalpy
I ¼ transmitted impulse

I0 ¼ momentum available in the incident pulse
M ¼ mass per unit area of the TM
n ¼ unit normal vector
p ¼ pressure

patm ¼ atmospheric pressure
pr ¼ reflected pressure
p0 ¼ incident pressure peak
P0 ¼ pressure at inlet
P1 ¼ pressure at TM
P2 ¼ pressure in the mid ear cavity
q ¼ nondimensional fluid-structure interaction parameter
t ¼ time

T ¼ temperature
t0 ¼ duration time of the input blast overpressure

t* ¼ characteristic time of the fluid-structure interaction
V ¼ velocity magnitude
V ¼ velocity vector
x ¼ Cartesian coordinates in x-direction
d ¼ Kronecker d
k ¼ thermal conductivity
l ¼ viscosity
q ¼ density
r ¼ Cauchy stress tensor
s ¼ stress tensor

Subscripts

f ¼ fluid
s ¼ solid
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