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Abstract 

The hearing process involves a series of physical events in which acoustic waves in the outer ear 

are transduced into acousto-mechanical motions of the middle ear, and then into chemo-electro-

mechanical reactions of the inner ear sensors that are interpreted by the brain.  Air in the ear 

canal has low mechanical impedance, whereas the mechanical impedance at the center of the 

eardrum, the umbo, is high.  The eardrum or Tympanic Membrane (TM) must act as a 

transformer between these two impedances; otherwise, most of the energy will be reflected rather 

than transmitted.  The acousto-mechanical transformer behavior of the TM is determined by its 

geometry, internal fibrous structure, and mechanical properties.  Therefore, full-field-of-view 

techniques are required to quantify shape, sound-induced displacements, and mechanical 

properties of the TM.  Shapes of the mammalian TMs are in millimeter ranges, whereas their 

acoustically-induced motions are in nanometer ranges, therefore, a clinically-applicable system 

with a measuring range spanning six orders of magnitude needs to be realized.  In this 

Dissertation, several full-field measuring modalities are developed, to incrementally address the 

questions regarding the geometry, kinematics, and dynamics of the sound-induced energy 

transfer through the mammalian TMs.  First, a digital holographic system with a measuring range 

spanning several orders of magnitude is developed and shape and 1D sound-induced motions of 

the TM are measured with dual-wavelength holographic contouring and single sensitivity vector 

holographic interferometry, respectively.  The sound-induced motions of the TMs are 

hypothesized to be similar to those of thin-shells (with negligible tangential motions) and 

therefore, 3D sound-induced motions of the TM are estimated by combining measurements of 

shape and 1D motions.  In order to test the applicability of the thin-shell hypothesis, and to 

obtain further details of complex spatio-temporal response of the TMs, holographic systems with 
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multiple illumination directions are developed and shape and acoustically-induced vibrational 

patterns of the TMs are quantified in full 3D.  Furthermore, to move toward clinical applications 

and in-vivo measurements, high-speed single-shot multiplexing holographic system are 

developed and 3D sound-induced motions of the TM are measured simultaneously in one single 

frame of the camera.  Finally, MEMS-based high-resolution force sensing capabilities are 

integrated with holographic measurements to relate the kinematics and dynamics of the acousto-

mechanical energy transfer in the hearing processes.  The accuracy and repeatability of the 

measuring systems are tested and verified using artificial samples with geometries similar to 

those of human TMs. 

The systems are then used to measure shape, 3D sound-induced motions, and forces of chinchilla 

and human cadaveric TM samples at different tonal frequencies (ranging from 400 Hz to 15 

kHz) simultaneously at more than 1 million points on its surface.  A general conclusion is that 

the tangential motions are significantly (8-20 dB) smaller than the motions perpendicular to the 

TM plane, which is consistent with the thin-shell hypothesis of the TM.  Force measurements 

reveal that frequency-dependent forces of the TM, are also spatially dependent so that the 

maximum magnitudes of the force transfer function of the umbo occurs at frequencies between 

1.6 to 2.3 kHz, whereas the maximum values for other points on the TM surface occurs at higher 

frequency ranges (4.8 to 6.5 kHz). 

The Dissertation is divided into two Parts, each contains several Chapters.  In the first Part, 

general overviews of the physiology of the human middle ear, along with brief summaries of 

previous studies are given, and basics of holographic interferometry are described.  In the second 

Part, developments and implementations achieved in completion of this work are described in the 

form of a series of manuscripts.  Finally, conclusions and recommendations for future work are 

provided. 
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Objective 

The aim of this work is to develop, implement, and apply three-dimensional full-field 

holographic systems for measurements and characterizations of the spatio-temporal complexity 

of the sound-induced motions of the human Tympanic Membrane (TM).  This includes 

developments of novel: 

i. compact biomedical imaging systems with measuring ranges spanning several orders of 

magnitude, within the same instrument, to characterize shape (i.e., in millimeter scale) 

and sound-induced motions (i.e., in nanometer scale) for applications in the research 

clinic,  

ii. stroboscopic system for quantifications of the sound-induced vibrational patterns in full 

3D, 

iii. multiplexed single-shot holographic system to minimize the acquisition time required for 

3D motion measurements, which eventually may lead to novel full-field quantitative tools 

to capture 3D vibrational patterns of the TM in-vivo,  

iv. methodologies for characterization of micro-scale sound-induced forces in the middle ear 

to understand the relation between kinematics and dynamics of acoustic energy transfer 

within the middle ear, and to enable characterization of stress-strain states of the TMs,  

v. numerical methods, software implementation, and algorithms for batch processing of data 

to efficiently process large amounts of holographic data, and in turn, automatically store 

the kinematics and dynamics information for future data mining and clustering, 
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1. Introduction 

1.1. Problem statement 

It is recognized that sound-induced motions of the eardrum or the Tympanic Membrane (TM) are 

the first step in the transduction of airborne sound energy to the mechanical energy associated 

with motions of the middle ear ossicles and the sensory organs within the inner ear.  Different 

multi-physics phenomena involved in the transfer of energy from the outer ear to the middle ear 

and the inner ear complicate the hearing process.  At the very beginning, the travel of airborne 

acoustic waves down the ear canal and their interaction with the TM forms an acoustic-solid 

interaction problem.  The sound-induced vibrations of the TM set the ossicular chain (smallest 

bones in the human body) behind the TM into vibration, which in turn, induces chemo-electro-

mechanical reactions of the inner ear using the impedance matching mechanisms between the 

air-filled outer ear and fluid-filled inner ear.  These complicated processes and space constraints 

within the human ear make experimental observation and measurements of these processes 

challenging, and instead, several numerical and theoretical models have been developed to help 

further understanding of the hearing processes.  However, there are limited experimental 

descriptions and observations of how the entire surface of the TM moves in response to sound to 

test these models and hypotheses.  Different challenges exist for such measurements and 

metrology systems with high-resolution (magnitudes of sound-induced motions of the TM can be 

on the order of a few nanometers or less), high measuring-range (sound-induced motions are in 

the nanometer range, whereas shape of the TM is in the millimeter range, therefore, a suitable 

metrology system should have a range spanning nearly six orders of magnitude), and high speed 

of acquisition (human hearing frequency range is between 20 to 20,000 Hz, and the Nyquist 

criterion suggests a minimum acquisition rate of 40,000 frames per second) are needed. 
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1.2. Significance of the problem 

Tympanoplasty describes a series of procedures that either repair or reconstruct the TM and the 

ossicular chain in ears damaged by trauma and/or disease.  Otologic surgeons perform tens of 

thousands of tympanoplasties each year with mixed results.  Simpler TM patching procedures 

generally produce good hearing results, but about half of the most complicated TM grafts and 

ossicular reconstructions yield residual conductive hearing losses greater than 30 dB, with some 

as high as 50-60 dB.  However, even simple patching procedures may results in significant 

residual conductive hearing loss.  Our group is developing holographic interferometric tools to 

investigate and understand the sources of this variability in the efficacy of TM reconstructions.  

The 3-Dimensional shape and dynamic sound-induced motion measurements of the entire TM 

surface are coupled with measurements of force at the umbo and other well-defined locations 

along the surface of the TM.  The combination of TM thickness, shape, 3D-motion and force 

measurements will help us understand the factors that govern signal transmission from the outer 

ear to the middle ear and finally to the inner ear and will pave the way toward characterization of 

the TM’s mechanical properties. 
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2. Dissertation outline 

This dissertation is organized in two main Parts each containing several Chapters.  In the first 

part, background, a summary of previous works, and principles of holographic interferometry are 

presented.  In the second part, overviews of the developments through this work, in the form of 

several publications, are presented. 

 Chapter ‎3 gives a brief description of the physiology of the human ear, with an emphasis 

on the function of the middle ear.  The main components of the middle ear including the 

Tympanic Membrane (TM) and the ossicles (malleus, incus, and stapes) and their main task, 

which is the impedance matching mechanism, are reviewed. 

 Chapter ‎4 summarizes previously-developed models for the investigations of middle ear 

function along with their main assumptions and limitations.  The need for experimental 

measurements of shape, full-field sound-induced motion, and forces in the middle ear are also 

highlighted. 

 Chapter ‎5 reviews the state-of-the-art quantitative and qualitative tools and techniques used 

by otolaryngologists for diagnosis and research purposes on the human middle ear.  Their 

limitations for full-field quantitative investigations of shape and 3D sound-induced motion of the 

TM are also explained. 

 Chapter ‎6 describes the principles and mathematics of light interference and lensless digital 

holographic interferometry for quantification of shape and 3D deformation of objects.  

Constraints and limitations of 3D vibrometry of the objects are given and the needs to overcome 

those constraints are described. 

 Chapter ‎7 describes challenges along the way of measurements of three-dimensional 

sound-induced motion of the TM.  Therefore, to simplify the problem, sound-induced kinematics 
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of the TM are hypothesized to be similar to those of thin-shells, where motions tangent to the 

local plane of the membrane are negligible.  Development of a holographic system capable of 

measuring 3D shape and 1D sound-induced motions are described and, using thin-shell 

hypothesis, 3D sound-induced motions of the TM are estimated. 

 Chapter ‎8 provides a comprehensive study of the use of thin-shell hypothesis on chinchilla 

TM samples at several tonal excitation frequencies. 

 Chapter ‎9 describes developments and implementations of a digital holographic 

interferometry system for measurements of shape and 3D sound-induced motions of the human 

TMs.  A new approach for automatic determination of the sensitivity vectors is introduced, and 

the accuracy and repeatability of the measurements are verified. 

 Chapter ‎10 provides detailed analyses of shape and sound-induced motions of multiple 

human TM samples.  The 3D sound-induced motions are determined at different time intervals 

realizing four-dimensional measuring capabilities.  The shapes of the TM are further analyzed 

and radii of curvature for the TM shapes are computed. 

 Chapter ‎11 describes developments and implementations of a new single-frame 

multiplexed holographic system for simultaneous measurements of 3D sound-induced motions. 

 Chapter ‎12 shows the procedures for integration of a micro-force sensor to 3D holographic 

systems to enable characterization of sound-induced sub-micro-Newton scale forces.  The 

combination of the two systems (shape, 3D sound-induced motions, and forces) will enable 

characterization of both kinematics and dynamics of middle ear structures. 

 Chapter ‎13 reviews new technological advancements achieved during completion of this 

Dissertation for the study of shape and function of the middle ear, and in particular the human 

TM, at a level of details that have not been achieved before.  These developments will lead to 

new discoveries in the mysteries of hearing, and encourage and inspire industrial sectors in 
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optics, lasers, and imaging systems to package such imaging modalities for clinical applications.  

Furthermore, this Chapter provides future work including a road map for improving the 

capabilities of the systems. 
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Part 1: Background 
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3. Physiology of the Human Ear 

 The ear is responsible for translating variations in air pressure, whether from music, 

speech, or other sources, into the neural activity necessary for our perception and interpretation 

of sound (Geisler 1998).  The auditory periphery can be broken into three functionally and 

anatomically distinct components: external (acting as a resonator), middle (acting as an 

impedance matcher), and inner ear (acting as a Fourier analyzer), as shown in Figure ‎3.1 .  The 

primary role of the external and middle ear is to pass the sound stimulus from the environment to 

the inner ear.  The sound wave is diffracted and scattered by the body, head, and ear, and some 

fraction of the incident sound energy is gathered at the entrance to the ear canal.  The funneled 

sound is transformed as it travels down the roughly cylindrical ear canal to the Tympanic 

Membrane (TM).  The sound acting on the TM sets the ossicles (malleus, incus, and stapes) into 

motion.  The motion of the ossicular chain conducts acoustic energy into the inner ear through 

the footplate of the stapes that is supported within the oval window at the entrance to the lymph-

filled Scala Vestibuli of the inner ear, or cochlea.  The pressure difference between the fluid in 

the Scala Vestibuli and the Scala Tympani of the inner ear stimulates the cochlear partition, 

resulting in motion of the partition’s basilar membrane, which in turn, is sensed by the hair cells 

within the partition.  Then, hair cells produce graded electrical signals that are sent to the brain 

for further interpretation and perception (Geisler 1998). 
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Figure ‎3.1. Schematic of the auditory system with its primary components including 

external auditory canal, Tympanic Membrane (TM), Ossicles (including Malleus, Incus, 

and Stapes), and the Cochlea (adapted from Chittka 2005). 

 

Therefore, acoustically-induced vibrations of the TM play a primary role at the very beginning in 

the hearing process, in that these motions are the initial mechanical response of the ear to 

airborne sound (Khanna and Tonndorf 1972; Puria and Steele 2008; Rosowski et al., 2009).  

3.1. Tympanic Membrane 

 The eardrum or Tympanic Membrane (TM) separates the outer ear from the middle ear.  

As shown in Figure ‎3.2, the TM is located at the end of the curved ear canal with a particular 

inclination, which allows it to have a larger surface than the cross-section of the ear canal itself.  

The angle between the eardrum and the superior and posterior wall of the ear canal is 140 

degrees, while the angle between the eardrum and the inferior and anterior wall is 30 degrees.  
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Figure ‎3.2. Orientation and structure of human Tympanic Membrane (TM): (a) the TM is 

located at the end of the ear canal with a particular inclination angle, so that the angles 

formed with the ear canal walls are 140 or 30 degrees; (b) the TM of a human right ear as 

it is visible from the ear canal (adapted from Ferrazzini, 2003). 

 

 Mammalian TMs and in particular, human TMs, are multi-layer fibrous structures 

consisting of the epidermal (lateral layer), lamina propria (middle layer), and mucosal epithelial 

(medial layer) layers from the lateral to medial side of the TM (Lim, 1970).  Figure ‎3.3 shows an 

image of a human TM along with the configuration of the layers and fibers within the tissue of 

the TM, with collagen fibers oriented along radial and circumferential directions. 

 
Figure ‎3.3. Human TM and its internal structure: (a) an image of a human TM captured 

through the ear canal; and (b) the internal structure of the TM tissue showing different 

categories of fibers and layers (adapted from Lim, 1970).   
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 The annulus separates the TM into the pars tensa and pars flaccida.  As shown in 

Figure ‎3.3a, the pars tensa is the major part, which is surrounded by tympanic annulus and is 

coupled to the manubrium of the malleus, while the pars flaccida is a small portion superior to 

the manubrium (the handle) of the malleus (Funnell et al., 1982).  When the TM vibrates in 

response to sound pressure in the ear canal, its vibration is confined primarily to the pars tensa, 

which constitutes approximately 80% of the membrane’s surface. 

The exterior edge of the TM (annulus or annular ring) consists of a fibrous and cartilaginous 

tissue that is thicker and stiffer than the rest of the membrane.  Figure ‎3.4 shows the images of 

the fibrous structure of the TM of a guinea pig captured by scanning electron microscope 

(Kawabata and Ishii, 1971).  As shown in Figure ‎3.4, four different groups of fiber bundles 

including parabolic (PF), circular (CF), radial fibers (RF) and the annular ligament (AL), can be 

observed in different areas on the surface of the membrane. 
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Figure ‎3.4. Fibrous structure of a guinea pig TM imaged with scanning electron 

microscope in: (a) the anterior superior quadrant of the TM  (×300); (b) the posterior 

superior quadrant of the TM  (×300); (c) the bordering area between the superior and 

inferior-posterior quadrant (×1000); and (d) circular fibers cross over the radial fibers and 

branch and anastomose to each other forming a network (×3400)   PF: Parabolic Fibers, 

AL: Annular Ligament, RF: Radial Fibers, CF: Circular Fibers (adapted from Kawabata 

and Ishii, 1971). 

 

3.2. Function of the Middle ear 

 The smallest bones inside the human body are three middle ear ossicular bones (Malleus, 

Incus, and Stapes) located inside the middle ear space, as shown in Figure ‎3.5.  The middle ear 

cavity is normally filled with air, and under normal operation conditions, the static air pressure in 

the middle ear cavity is the same as the atmospheric pressure in the ear canal (Geisler 1998).  

Equal air pressure on both sides of the TM is needed to maintain the proper shape and tension of 

the TM.  The pressure equalization in the middle ear cavity is maintained by the periodic 
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opening and closing of the Eustachian tube (auditory tube).  This tube connects the middle ear 

with the nasopharynx (back of the throat) and can be opened or closed by the action of the tensor 

velipalatine muscles (muscles from the velum and palate). The tube is normally closed, but it 

pops open during yawning and swallowing.  If the air pressure in the middle ear cavity is 

significantly different from the pressure in the ear canal, this may cause over- or under-stretching 

of the TM, which leads to inefficient sound transmission, pain and can also produce middle ear 

diseases.  The function of the middle ear is to transfer sound from the air to the fluids of the 

cochlea (i.e., from     to    in Figure ‎3.5a) through the vibration of the TM and three middle ear 

ossicular bones.  The process can be considered as an impedance matcher. The specific acoustic 

impedance of a medium is the ratio of the sound pressure to the particle velocity of a plane wave 

propagating through the medium and is a property of the medium itself.  When sound impinges 

on an interface between two media with different impedances, such as an air-water (low 

pressure, large velocity)-(high pressure, low velocity) interface, energy is reflected from the 

boundary.  The stapes terminates at the entrance of the cochlea, on a flexible membrane called 

the oval window.  The velocity of the stapes    is the input signal to the cochlea. It produces a 

pressure variation    in the fluids of the Scala vestibule.  The function of the external and middle 

ears is to capture the energy in the external sound field of sound pressure    and transfer it to the 

stapes motion   , and in turn, to the sound pressure    in the scala vestibule.  
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Figure ‎3.5. Human middle ear ossicular chain: (a) schematic of the human external, 

middle, and inner ears; and (b) human ossicular chain including the malleus (M), incus (I), 

and stapes (S) (adapted from Rossing 2007). 

 

3.3. Middle-ear Impedance Matching Mechanisms 

 The primary function of the middle ear is to act as an impedance matching element 

between the air-filled outer ear and the fluid-filled inner ear.  If we assume that the impedance of 

cochlear fluids is the same as the specific acoustic impedance of the fluid, the impedance ratio,  , 

of the liquid in the cochlea to the air is 4000:1, the following equation can be used to determine 

what the energy transmission coefficient, T, would be without the middle ear function 

  
  

      
   (‎3-1) 

Equation  3-1 gives a transmission of 0.001 or 0.1%.  This transmission value is equivalent to a 

SPL drop of about 30 dB.  To overcome this impedance mismatch, the middle ear employs three 

mechanical amplification mechanisms 

1. Area ratio transformation 

2. Ossicular chain lever action 
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3. Catenary lever action 

3.3.1. Area Ratio Transformation 

 The surface area ratio (pressure) transformer is the first and the most effective impedance 

matching mechanisms in the middle ear.  As shown in Figure ‎3.6a, it results from the differences 

in surface areas of the TM and Oval Window (OW: the membrane covering the oval window).  

 
Figure ‎3.6. Middle ear impedance matching mechanisms: (a) area ratio transformation 

resulting from surface area mismatch between TM and Oval Window; and (b) ossicular 

chain lever action (adapted from Emanuel and Letowski, 2009). 

 

 A pressure    acts over the surface of the TM and results in a force   . Assuming that the 

ossicular chain is a lossless system, the force    acting on the oval window is equal to force   , 

that is,        .  Since force (F), surface area (A), and pressure (P) are related by the 

equation      , then 

              . (‎3-2) 

Therefore,  

      
  

  
    (‎3-3) 

Since the vibrating area of the TM (   = 55 mm
2
) is approximately 17.2 times larger than the 

vibrating area of the oval window membrane (   = 3.2 mm
2
), this results in an increase in SPL at 

the oval window of approximately 25 dB. 
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3.3.2. Ossicular Chain Lever Action 

 The second impedance matching mechanism of the middle ear is shown in Figure ‎3.6b and 

is called the ossicular chain lever action, which involves the rotational motion between the 

malleus and incus.  This type of motion is possible because the ossicles are fixed at the junction 

between the malleus and incus while being suspended in the middle ear cavity by the anterior 

ligament of the malleus (anteriorly) and the posterior ligament of the incus (posteriorly).  This 

arrangement creates a central pivot point (fulcrum) and allows for the relative rotational motion 

of the malleus and incus, thereby forming a lever mechanism.  In a lever system, an input force 

   applied at effort arm    results in the output force    acting on load arm   , and their products 

are equal, which is 

            . (‎3-4) 

 In the case of the ossicular chain lever, the forces    and    are the forces acting at the 

malleus and incus and the distances    and    are the lengths of the malleus and incus, 

respectively.  Since the length of the malleus is approximately 1.3 times longer that the length of 

the incus, this increases the force between the TM and the oval window membrane by 

approximately 2.3 dB. 

3.3.3. Catenary lever action 

 The third impedance matching mechanism, the catenary lever action (also known as curved 

membrane effect, or buckling effect of the tympanic membrane) was first explained by 

Helmholtz (1868).  Because of his observation of the membrane’s curvature, he hypothesized 

that the umbo of the TM vibrates less than the remaining surface of the TM, and the magnitude 

of force and motion vary inversely and regularly along each radius of the curved TM.  Since the 

outside edge of the membrane is firmly attached to the annulus and curves medially to attach to 
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the umbo, the displacement of the membrane between the annulus and umbo is larger than the 

umbo motion (Khanna and Tonndorf, 1970).  A simple example of this lever action is a tennis 

net.  The tighter the net is stretched, the larger the forces exerted on the two posts holding it.  

Because the bony annulus is immobile, and due to this catenary action, the sound-induced force 

at the umbo is amplified relative to the force midway between the umbo and the rim.  This 

creates a lever action which increases the force acting at the umbo by approximately 2 times or 6 

dB (Rosowski, 1996). 

Therefore the total increase in pressure between the stapes footplate and the TM can be obtained 

with 

                                . (‎3-5) 

In the literature, 33 dB ratio to compensate for the air-to-cochlea impedance mismatch is called 

the ideal transformer prediction (Rosowski, 1994).  Without the impedance matching function of 

the middle ear, more than 99.9% of the acoustic energy acting on the TM would be reflected 

back into the ear canal and not used. If the human middle ear matching function is not 

functioning properly, sound can only be transmitted via a shunt pathway (tympanic membrane to 

the air in the middle ear to the fluid of the inner ear), which leads to a hearing loss of as much as 

60 dB (Peake et al., 1992). 
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4. Previous Middle ear Studies 

 There are plenty of publications and reports on developments of different acousto-

mechano-electrical models for describing the function of the middle ear.  These models have 

been mainly developed for a better understanding of the sound transmission mechanisms in the 

human ear.  However, all of these models and hypotheses have been established based on several 

assumptions.  The real experimental data about shape and sound-induced motion of the TM and 

force within the middle ear are indispensable to fully test and verify the accuracy and 

applicability of these models.  In this chapter, an overview of some of the existing models is 

given to signify the needs for accurate measurements of shape, sound-induced motions and 

forces within the human auditory systems. 

4.1. Input impedance of the stapes and cochlea 

 As mentioned earlier, acoustic impedance is the ratio of the complex acoustic pressure 

applied to a system to the resulting complex acoustic volume flow rate through a surface 

perpendicular to the direction of this acoustic pressure at its point of application such that 

  
 

 
         (‎4-1) 

where P is the complex acoustic pressure in Pa,   is the complex acoustic volume flow rate in 

      , R and X are the acoustic resistance and reactance measured in         .  Therefore, 

acoustic impedance Z is a complex quantity that has two parts, resistance (real part) and 

reactance (imaginary part), that are responsible for the transfer and storage of energy, 

respectively.  The transfer of energy from one system to another is most efficient when both 

systems have the same impedance (Møller, 1965; Emanuel and Letowski, 2009).  In case of 
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complex impedances, the most efficient transfer occurs when the two impedances are complex 

conjugates with equal magnitude, but opposite phase. 

The acousto-mechanical transformation of the middle ear serves to match the high acoustic 

impedance of the fluid-filled inner ear with the low acoustic impedance of the air in which sound 

waves propagate in order to optimize energy transfer between these two systems.  The main 

resistive component is contributed by the input impedance of the cochlea at the oval window that 

is the entrance to the cochlea.  Therefore, in order to calculate the actual impedance mismatch, 

the input impedance of the oval window and the impedance of the source from which the sound 

impinges on the window should be determined.  

 Researchers at Harvard Medical School (Merchant et al., 1996) measured acoustic input 

impedance of the stapes and cochlea in several human temporal bones.  The acoustic input 

impedance of the stapes and cochlea     in temporal bones have been measured in response to a 

sound pressure at the stapes head    , where the sound pressure stimulus was restricted to the 

region of the oval window     and was much larger than the sound pressure outside the round 

window     (as is the case in normal ears).  The load of the stapes and cochlea on the middle ear 

can be defined as the ratio of the pressure acting on the stapes and the stapes volume velocity 

with 

    
   

   
 

  

         
    (‎4-2) 

where     is the area of the footplate, j is the imaginary constant,   is the angular frequency that 

is equal to    , and        is the complex amplitude representing the time derivative of the 

sinusoidal stapes displacement.  Considering a value of 3.2     for      for human footplate, 

the frequency-dependent acoustic input impedance of the stapes and cochlea have been 

calculated to vary between 800,000 to 10,000,000                (Merchant et al., 1996).  
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Zwislocki (1962) also measured this value for cat’s ear and he reported values between 350,000 

to 1,200,000      
 

    (              ).  All of these impedances are much higher than the 

characteristic impedance of air, which is approximately 41.5      
 

    at 30°C temperature.  

Therefore, in order to ensure an efficient transfer of energy between the acoustic system of the 

ear canal and the hydraulic system of the inner ear, the middle ear must compensate for this 

mismatched impedance by increasing the pressure between the tympanic membrane and oval 

window by approximately 63 times (63
2
 ~ 4000).  

4.2. Middle ear input-output gains 

 Generally, our knowledge of middle-ear sound transfer depends on single point 

measurements of sound-induced umbo and stapes motion, together with a few measurements of 

TM surface displacement and a few direct measurements of middle-ear pressure gain      ⁄ .  

Due to the lack of full-field 3D displacement and shape measurement of the middle ear, 

theoretical assumptions and modeling have been developed by several researchers all around the 

world to further characterize the middle-ear input-output transfer function.  In its simplest form, 

the middle ear has been described as a two-port system with one port at the ear canal and the 

other port at the stapes footplate as follows: 

[
   
   

]  [
  
  

] [
  

    
]    (‎4-3) 

where     and     are the ear canal pressure and volume velocity,    and     are the vestibule 

pressure and stapes volume velocity, respectively.  Velocities entering the middle ear are defined 

as positive (   ) and velocities departing the middle ear are defined as negative (    ).  

Equation ‎4-3 states that the four frequency-dependent input-output variables are related to each 

other by four matrix elements A, B, C, and D that characterize the middle ear function.  An 
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important attribute of the ABCD matrices is that they are independent of the cochlear and ear-

canal loads, which allows a better comparison of the properties of the middle ear alone.  A 

schematic of the setup for characterization of input-output parameters of the middle ear is shown 

Figure ‎4.1, where the ear-canal pressure    , inner-ear pressure   , and the stapes volume 

velocity     are directly measured with a microphone probe, hydro-pressure transducer, and a 

single point LDV, respectively. 

 

 

 
Figure ‎4.1. A simplified horizontal cross-section of a human temporal bone (right ear) 

preparation for driving the middle ear in the forward and reverse directions (note the 

presence of the inner-ear sound source).  A small speaker is used as the sound-source in 

the ear canal to drive the middle ear in the forward direction.  The inner-ear sound source 

coupled to a tube cemented near the round window was used to drive the inner ear in the 

reverse direction. The ear-canal pressure     was measured with an ER-7C probe-tube 

microphone. To measure the inner-ear pressure   , a hydro-pressure transducer was 

placed in the vestibule. The stapes velocity was measured with a HLV-1000 PolyTec laser 

vibrometer. An inlet and outlet tube allowed flushing of the inner ear to ensure that it 

remained fluid filled (Puria 2003). 
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 Four different frequency-dependent complex middle ear parameters M1, M2, M3, and    

are defined to determine the transfer function of the middle ear.  These variables are defined in 

the following equations: 

   
  
⃗⃗⃗⃗ 

   
⃗⃗ ⃗⃗ ⃗⃗  

    (‎4-4) 

   
   
⃖⃗ ⃗⃗ ⃗⃗⃗

  
⃖⃗ ⃗⃗⃗

    (‎4-5) 

   
  
⃖⃗ ⃗⃗⃗

   ⃖⃗ ⃗⃗⃗⃗⃗            
    (‎4-6) 

   
  
⃗⃗⃗⃗ 

    ⃗⃗⃗⃗⃗⃗             
    (‎4-7) 

The right arrow (→) indicates forward drive (the sound stimulus delivered to the external ear at 

the TM), while the left arrow (←) indicates the reverse drive (the sound stimulus delivered to the 

inner ear).  Stapes footplate area,     is considered to be π mm
2 

and stapes angle,     of 55º 

relative to an axis perpendicular to the footplate and through the stapes head is assumed (Aibara 

et al., 2001, Puria 2003).  This assumption leads to a simple cosine correction between the 

measured motion of the stapes and its piston-like motion.  

The forward middle-ear pressure gain, M1 is the ratio of the vestibule pressure to the ear-canal 

pressure          .  The cochlear input impedance is the ratio of the vestibule pressure,    

to the stapes volume velocity     and is           , where     is defined as the stapes 

velocity times the footplate area,    .  M2 and M3 were measured while the ear was stimulated, 

with the inner ear sound source, in the reverse direction. The reverse middle-ear pressure gain, 

M2, is the ratio of the ear-canal pressure to the inner-ear pressure          , and the reverse 

middle-ear impedance, M3, is the ratio of the vestibule pressure to the stapes volume velocity 
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and is calculated with          .  Figure ‎4.2 shows the results of obtained for five human 

temporal bones.  

 

 
Figure ‎4.2. Measurements of M1, M2, M3, and    from five human temporal bones. The 

average of the log-magnitude and angle is shown as thick-solid lines in each panel. M1 

and were    were measured while the ear was stimulated, with an ear canal sound source, 

in the forward direction, whereas M2 and M3 were measured while the ear was 

stimulated, with the inner ear sound source, in the reverse direction (Puria 2003). 

 

Using these variables, the forward middle-ear pressure gain M1, the cochlear input impedance 

(  ), the reverse middle-ear pressure gain M2, and the reverse middle-ear impedance M3 have 

been obtained in order to characterize the middle ear as a two-port system.  Therefore, the effect 

of the middle ear on OtoAcoustic Emissions (OAE) has been quantified by calculating the 

roundtrip middle-ear pressure gain    
   as the product of M1 and M2 (Puria 2003) to study how 

the middle ear modifies the OAE generated by the cochlea and measured in the ear canal. 
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4.3. Mechanical model of the middle ear 

 In 1949, researchers modeled the middle ear vibratory system with a series of fitted 

masses, resistances, and stiffnesses, and then derived equations that approximated the dynamics 

of the middle ear (Onchi, 1961).  In this section, an overview of this mechanical model including 

the problem definition and constitutive equations of motion is presented.  This mechanical model 

of the middle ear, shown in Figure ‎4.3, has been obtained from anatomical observations of the 

middle ear structure.  Designations M, R, and S are mass, resistance, and stiffness, respectively.  

The stiffness of the TM,    is considered to be equal to      , where    is the stiffness 

between the pars tensa (i.e., the most mobile part of the TM) and the bony limbus where the TM 

is rigidly clamped, and    is the stiffness between the malleus handle and the middle area of the 

TM, the umbo. 

 
Figure ‎4.3. Mechanical mode of the middle ear: (a) the middle ear is modelled by a series 

of Masses (M), Stiffnesses (S), and Resistances (R). Subscripts are external auditory canal 

(E), tympanic membrane (T), middle ear cavity (M), antrum (A), pneumatic mastoid cells 

(P), handle of malleus (H), incudo-stapedial joint (J), stapes (S), annular ligament (L), 

basilar membrane (B), and round window (R); and (b) measurements of sound pressure at 

the tympanic membrane (  ) and in the middle ear (  ) (Onchi, 1961). 
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Based on this mechanical model, the kinetic energy (T), the potential energy (V), and the 

dissipation (F) of the middle ear can be calculated with 
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(‎4-10) 

where  ̇      ⁄ , x is the volume displacement, r is the lever ratio,    is the length of the malleus, 

   is the length of incus,    is the mass of cochlear fluid to be added to the mass of the stapes,   , 

due to incompressibility assumption for the cochlear fluid.  Similarly,    is the stiffness of the 

cochlea to be added to the stiffness of the stapes and    is the resistance of the cochlear fluid against the 

displacement of the stapes.  In this model   ,   , and    have been assumed to be frequency-

independent.  Equations ‎4-8, ‎4-9, and ‎4-10 are written in Lagrangian equations of motions and the 

following equations for the motion of the masses of the TM (T), antrum (A), pneumatic mastoid cell (P), 

and malleus (H) are obtained. 

   ̈     ̇                                     (‎4-11) 

   ̈     ̇                         (‎4-12) 

   ̈     ̇                    (‎4-13) 

   ̈     ̇  (          )                 (‎4-14) 

where     is the sound pressure amplitude of a pure tone, with an angular frequency of   at the 

tympanic membrane.  They used this model to understand the effects of different vibratory 
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organs within the human ear and obtained the magnitude and phase of sound-induced motion of 

the TM at a broad frequency range.  However, the main drawback of their model was the fact 

that the entire TM have been considered as one single mass, with one single displacement value 

(i.e.,   ), which is not the case in the real world conditions, where sound-induced motion of the 

TM is different at every single point on its surface.  On the other hand, the curved shape of the 

TM has not been taken into account, therefore, based on their model, a flat latex membrane with 

similar stiffness and mass should produce similar efficacy as the complex structure of the TM 

does. 

4.4. Lumped parametric model of a human eardrum 

 Figure ‎4.4 shows a lumped parametric model consisting of six masses (M) connected by 

springs (K) and dashpots (C) to simulate the human ear, including the external ear canal, 

tympanic membrane, middle ear joints and ossicles, and cochlea (Feng and Gan 2004).  The air 

inside the ear canal is modeled by a mass   , which is coupled to the mass   , the TM, through 

the spring    and dashpot   . Spring    and dashpot    represents the TM annulus.  The three 

ossicular bones (malleus, incus, and stapes) were represented by masses   ,   , and   , 

respectively.  The malleus-incus joint and the incus-stapes joint, which connect the three ossicles 

and form the ossicular chain, have been modeled by two pairs of springs and dashpots:   ,    

and   ,   , respectively.  The malleus (  ) is attached to the TM (    through   ,   .  The two 

major ligaments suspending the malleus and incuse were also modeled as dashpots    and   .  

Cochlear fluid,   , supported by dashpot    and    .  On the other hand, the stapes is coupled 

with the cochlear fluid through the stapedial annulus (   and   ). 
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Figure ‎4.4. Lumped parametric model of a human ear consisting of six masses (   to   ) 

suspended by ten dashpots (   to    ) and six springs (  ,   ,   ,   ,   ,   ) (Feng and 

Gan 2004). 

 

The governing equation for the above-mentioned six-mass lumped element model can be written 

as  

[ ][ ̈]  [ ][ ̇]  [ ][ ]  [  ] , (‎4-15) 

where [ ] is the mass matrix, [ ] is the damping matrix, [ ] is the stiffness matrix, [ ] is the 

displacement matrix (6×1) of the six masses, [  ] is the force matrix (6×1) that includes external 

forces acting on each masses.  [ ̈] and [ ̇] are acceleration and velocity matrices of the system, 

respectively.  Eq. ‎4-15 can be rewritten for the case of harmonic excitation at the TM, which is 

   [ ]  [ ]     , and (‎4-16) 

[  ]  [ ]     . (‎4-17) 

Therefore, Eq. ‎4-15 can be rewritten as 

{   [ ]    [ ]  [ ]}[ ]  [ ] . (‎4-18) 

Figure ‎4.5 shows the result of this mechanical model calculated for magnitude and phase of 

sound-induced motion of the umbo and stapes.  
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Figure ‎4.5. Comparison between predicted displacements at    and    of the lumped 

model and the experimental single-point LDV measurement (Feng and Gan 2004). 

 

4.5. Eardrum modeled as a string with distributed force 

 The eardrum of a guinea-pig has been modeled with a string with distributed force (Goll 

and Dalhoff 2011).  In contrast to known lumped-element models, the distributed force model of 

the eardrum takes the distributed effect of the sound field on the tympanic membrane into 

account.  The model was adjusted to forward and reverse transfer functions of the guinea-pig 

middle ear.  They assumed that the TM is a collection of strings that are bounded at the annular 

ring, and that the umbo is located at the center of the membrane.  On the basis of the radial fiber 

structure of the TM, these assumptions led them to a simple 3-wave model that sums a simple 

modal pattern of motion with a combination of a backward and forward traveling wave along the 

string.   

The partial differential equation governing the transversal, time- and space-dependent 

displacement z of a homogenous vibrating string can be expressed as (Rawitscher and Liss, 

2011; Goll and Dalhoff 2011) 

 
   ̃     

   
  

  ̃     

  
  

   ̃     

   
  ̃        (‎4-19) 
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where   is the linear mass density,   is the internal damping factor,   the tension, and  ̃ is the 

transversal force per unit length.  Assuming that the string is driven by a periodic force (e.g., 

 ̃              ) with an angular frequency of      , so the complex displacement  ̃ can 

be written as the product of a time-dependent and a space-dependent parts 

 ̃                 (‎4-20) 

Therefore, by considering Eq. ‎4-20, the partial differential Eq. ‎4-19 can be transformed into an 

ordinary differential equation  

                
      

   
         (‎4-21) 

Eq. ‎4-21 is a second-order nonhomogeneous linear differential equation with constant 

coefficients; its solution can be written as the sum of the general solution of the related 

homogeneous equation and the particular solution.  The general solution has been obtained by 

solving the characteristic equation, whereas the particular solution was calculated by the method 

of variation of parameters. 

4.6. Finite Element Method (FEM)  

 While previous analytical approaches predicted the general behavior of the middle ear 

structures for some limited situations, they were not able to model the realistic acousto-

mechanical response in the ear involving complex geometry and an array of material 

compositions. The Finite Element (FE) method has distinct advantages over analytical 

approaches in modeling complex biological systems.  FE models can also predict the detailed 

vibrational patterns, stress distributions, and dynamic behaviors at any location in a system, 

which is not possible with analytical and lumped models. 
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Analysis for sound transmission in the ear involves solid structures (e.g., TM, soft tissues, 

bones), acoustics (e.g., air in the ear canal and middle ear cavity), and fluid (cochlear fluid), 

which belong to different engineering disciplines and result in different boundary conditions, 

element attributes, and model parameters.  FE analysis for structure, acoustic, and fluid behavior 

is usually carried out independently.  However, the ear as a complex system, including the 

external ear canal, eardrum, ossicular bones and joints, suspensory ligaments, and middle ear 

cavity, requires coupled multi-physics FE analysis. 

 The first FE model of the ear (for a cat eardrum) was reported in 1978 (Funnell and Laszlo 

1978).  However, a group of scientists at the University of Oklahoma reported one of the very 

first complete FE models of the human middle ear (Sun et al., 2002; Gan et al., 2004).  They 

reconstructed a CAD model of a human middle ear based on 780 histological sections of one 

human temporal bone (left ear of a 61 year-old male).  This FE model is shown in Figure ‎4.6, 

where major suspensory ligaments (superior malleus and incus C1, lateral malleus C2, posterior 

incus C3, and anterior malleus C4) and two intra-aural muscle tendons (stapedial muscle C5 and 

tensor tympani muscle C7) were assumed as elastic constraints with four-noded solid elements.  

The contribution of cochlear impedance to acousto-mechanical transmission through the middle 

ear has been modeled as a mass block with 10 dashpots attached between the stapes footplate and 

fixed bony wall, which represented distributed damping dominant impedance.  The value of 20 

GΩ cochlear impedance applied on 3.2 mm
2
 of stapes footplate was used to calculate the dashpot 

damping, which resulted in 10 dashpots with damping coefficient of 0.02 Ns/m each.  The TM 

has been meshed by three-noded shell elements and the ossicular bones were meshed by four-

noded tetrahedral solid elements. The incudomalleolar joint, incudostapedial joint, and 

manubrium that connects the malleus handle to the TM, were meshed by four-noded solid 

elements. 
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Figure ‎4.6. Finite element model of the left human middle ear: (a) the model includes the 

tympanic membrane, three ossicles (malleus, incus, and stapes), two joints, manubrium, 

ligaments, and muscle tendons (C1, C2, C3, C4, C5, C7), tympanic annulus, stapedial 

annular ligament, external ear canal, middle ear cavity (transparent); and (b) illustration of 

the connection between malleus and eardrum, incudomalleolar joint, incudostapedial joint, 

and the eardrum structure (Gan et al., 2004). 

 

Figure ‎4.7 shows comparison of the results of the frequency-response motion magnitude of two 

different points umbo and stapes, obtained with this FE method and the ones obtained 

experimentally.  

 

Figure ‎4.7. Comparison of the results of frequency-response predicted by FE method 

(thick solid line) with single-point experimental measurements at 10 different bones: (a) 

sound-induced motion at the tip of the manubrium, the umbo; and (b) sound-induced 

motion at the stapes footplate (Gan et al., 2004). 
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Although the model could predict the general sound-induced responses of these two points, due 

to the lack of full-field experimental sound-induced motion data, the accuracy of the model 

cannot be further judged. 

4.7. Kinematics of thin shells 

 The term shell is applied to bodies bounded by two curved surfaces, where the distance 

between the surfaces (thickness) is small compared with other dimensions and its deformations 

are not large compared to the thickness (Ventsel and Krauthammer, 2001).  The locus of points 

that lie at equal distances from these two curved surfaces defines the middle surface of the shell.  

A primary difference between a shell structure and a plate structure is that, in the unstressed 

state, the shell structure has curvature as opposed to the plate’s structure that is flat.  In other 

words, a plate may be considered as a special limiting case of a shell that has no curvature, and 

consequently, shells are sometimes referred to as curved plates.  A shell can be classified as thin 

shell if the following condition is satisfied 

   (
 

 
)  

 

  
    (‎4-22) 

where   and   are the thickness and radius of curvature of the shell, respectively. 

Based on the geometrical dimensions of the TM (i.e., approximate thickness of 30-120 µm and 

radius of 3-5 mm) and small magnitudes of the sound-induced motions relative to its geometrical 

dimensions (typical amplitudes of vibration of 50-300 nm depending on the excitation frequency 

and sound pressure level), the TM can be approximated as a thin shell (Rosowski et al., 2013; 

Khaleghi et al., 2013).  The main kinematic assumptions, also known as the Kirchhoff-Love thin-

shell hypothesis, are 

1. The thickness of the shell, h is small as compared to other dimensions. 
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2. The middle plane of the shell does not go through any deformation. Thus, the middle 

plane remains plane after bending deformation. This implies that shear strains     and     

can be neglected, where z is the thickness direction. 

3. Straight lines perpendicular to the mid-plane remain perpendicular after deformation.  

4. The normal strain across the thickness     is ignored. Thus the normal stress component 

    is neglected as compared to the other stress components. 

 

 
Figure ‎4.8. The lack of change in the normal vector during displacement of a thin-shell.  

In-plane displacement components at a distance z from the mid-plane surface along: (a) x-

axis; and (b) y-axis. Mid-plane of the shell is shown with a dashed line. w is the z-axis 

displacement of the mid-plane surface. 

 

As shown in Figure ‎4.8, as a thin shell undergoes deformation, based on Kirchhoff-Love thin-

shell theory, a point at any distance z from the mid-plane will have in-plane deformation 

components u and v due to the rotation of the normal vector, which can be expresses as 

    
  

  
       (‎4-23) 
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    (‎4-24) 

The components of the three-dimensional Lagrangian Green strain tensor are defined as 
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]    (‎4-25) 

 Enforcing the requirement that the plate does not change its thickness during deformation and 

assuming negligible higher order terms in Eq. ‎4-25, the strain tensor components are reduced to 

the von Kármán strains and can be shown with 
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    (‎4-28) 

Consequently the stress-strain relationships for the plate under static and plane stress conditions 

are, 
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(‎4-29) 

where   is the elastic modulus of the shell, and   is the poisson’s ratio.  Therefore, considering 

the strain terms shown in Eqs. ‎4-26, ‎4-28, ‎4-27, the stress terms shown in the left-hand side of 

Eq. ‎4-29 can be expanded to 
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4.7.1. Dynamics of Kirchhoff-Love thin shells 

 In the previous Section, it was assumed that all the external forces are applied slowly, so 

that the resulting stresses and deformations are independent of time.  In the case of dynamic 

loading (i.e., time-dependent external forces or displacements), the governing equations for 

dynamics of shells can be obtained by partial differential equations based on Newton’s laws or 

by integral equations based on the considerations of virtual work.  For an isotropic and 

homogeneous shell, the in-plane deformations can be neglected and the dynamic equation of 

motion can be reduced to a biharmonic equation with 

  [
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(‎4-33) 

 

Where   is the mass density of the shell and D is the bending stiffness (also known as flexural 

rigidity) of the plate and for a plate with a thickness h 

 

  
   

        
    

(‎4-34) 

 

For free vibration          is set to zero and Eq. ‎4-33 becomes 

 

          ̈       
(‎4-35) 

 

 Therefore, for comprehensive dynamic analyses of thin-shell structures, similar to analyses 

of sound-induced motions of mammalian TMs, shape (providing x, y, z, and radii of curvature) 

and displacement field of such a shell should be accurately measured.  On the other hand, and by 

having a closer look at the previously-developed middle ear models and studies, including those 
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briefly described in this Chapter, the main assumption that most of them have used (FEM is an 

exception) is that the TM has been considered as a lumped (single) element, and therefore, the 

spatio-temporal complexity of sound-induced motion, as well as its complex shape have not been 

taken into account.  Therefore, full-field quantitative measurements of shape and motion of the 

TM are required in order to test the accuracy and applicability of these models and shed the light 

on the details of the function of the TM. 
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5. Existing Methodologies for Otolaryngologist 

5.1. Conventional Otoscopy 

 Otoscopy is an examination that involves looking into the ear with an instrument called an 

otoscope.  This is performed in order to examine the external auditory canal and the eardrum. 

 

Figure ‎5.1. Visual inspection of the outer ear (ear canal and eardrum) by qualitative 

otoscopy  (a) schematic of the otoscopy by illuminating the light on the surface of the 

eardrum; and (b) the physician inspects the ear of a patient qualitatively (adapted from 

Healthwise Inc.). 

 

Typical otoscopes can be used to visually and qualitatively examine the outer and middle ear to 

assess healthiness of the eardrum and make sure that, for instance, the ear canal is clean or the 

TM is not perforated.  However, they are unable to quantitatively investigate the shape and 

sound-induced motions of the TM.  

5.2. Single-point measurements by Laser Doppler Vibrometry (LDV)  

 The use of Laser Doppler Vibrometry (LDV) for various hearing research applications has 

been reported.  The applications include, but not limited to, characterizations of the transfer 

function of the manubrium and its tip, the umbo (Foth et al., 1996; de La Rochefoucauld and 

Olson 2010; Rosowski et al., 2003), vibrations and rotational axis characterization of the 
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mammalian ossicles (Decraemer et al., 2014), and the use of a scanning LDV for the 

investigations of the human TM motion in the presence of middle ear liquid (Zhang et al., 2014).  

Figure ‎5.2 shows single-point 1D and 3D LDV measurements that have been used for different 

medical and research applications. 

 

Figure ‎5.2. Laser Doppler Vibrometry (LDV) for single-point analyses of middle ear 

structures: (a) a typical 1D LDV setup for characterization of the umbo transfer function 

(Rosowski et al., 2003); (b) 1D LDV used in a hearing research environment for 

characterization of patient’s hearing loss; (c) retro reflective beads on the surface of the 

TM in order to enhance the reflection of the laser light source in LDV measurements 

(Maftoon et al., 2013); and (d) three-dimensional LDV using three different illumination 

directions (Polytec Inc.,). 

 

 One of the very first 3D sound-induced motion measurements of the middle ear have been 

reported in 1994 (Decraemer et al., 1994).  The LDV head was positioned on a 2D goniometer 

system enabling variation of the sensitivity vector of the measurements in repetitive 

measurements.  Figure ‎5.3a shows the definition of the 3D Cartesian axes x, y, z and the way the 
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TM is located in this coordinate system, where the z-axis is along the axis of the ear canal.  The 

measured components of motions are shown in Figure ‎5.3b, where generally speaking, the x- and 

y-axes motions are smaller than the z-axis motion, but, due to lack of the shape knowledge, it is 

hard to judge relative sizes of motion components tangent and normal to the plane of the TM. 

 
Figure ‎5.3. Single-point 3D sound-induced vibrometry of the umbo of a cat eardrum using 

1D LDV that is mounted on a positioning system: (a) definition of the x, y, and z-axes with 

respect to the estimate of the TM shape; and (b) measured amplitudes of 3D sound-

induced motion of the umbo, along the x, y, and z axes (adapted from Decraemer et al., 

1994). 

 

5.3. Full-field motion measurements 

 LDV is a great technique, but, can only quantify sound-induced motion of the TM at one 

single point.  Recently, scanning LDV has been developed (Polytec) to overcome this limitation 

by allowing the laser beam to be moved across the surface of interest and scan a series of points 

in order to provide a 2D map of the vibration of the membrane.  However, for biological samples 

with time-varying nature, repeating the experiments for several times at different points is not an 

ideal methodology.  Therefore, holographic interferometry is preferred, because it has the 

sensitivity similar to LDV, yet can simultaneously measure full-field vibrational patterns at 

millions of points on the surface of the object (depending on the resolution of the camera). 
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5.3.1. Time-averaged Holography 

 In 1972, Khanna and Tonndorf showed the very first application of time-averaged 

holographic interferometry on the study of the vibrational patterns of the cat TMs (Khanna and 

Tonndorf 1972).  An electromagnetic shutter was used to momentarily expose the plate and the 

time-averaged hologram of the vibration of the TM have been produced by illuminating on a 

high-resolution photographic plate (Agfa-Gervaert 10E70) with both reference and object beams, 

when the object was set in vibrations at the desired frequency and amplitude.  Figure ‎5.4 shows 

six time-averaged holograms corresponding to vibrational patterns of a live cat TM stimulated 

with six different frequencies.  

 
Figure ‎5.4. Time-averaged holograms of the vibrational patterns of a live cat TM at 

different tonal frequencies: (a) 600 Hz; (b) 950 Hz; (c) 2000 Hz; (d) 2900 Hz; (e) 4000 

Hz; and (f) 5000 Hz (adapted from Khanna and Tonndorf 1972). 

 

 In 2009, John J. Rosowski and his colleagues at Harvard Medical School and Worcester 

Polytechnic Institute developed a computer-assisted time-averaged holographic system for the 
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investigations of the sound-induced motion of the surface of the mammalian TMs (Rosowski et 

al., 2009).  They managed to capture and show time-averaged holograms corresponding to 

sound-induced motion of the TMs of different species (human, cat, and chinchilla) at different 

tonal frequencies from 400 Hz up to 25 kHz. 

 

 

Figure ‎5.5. Time-averaged holograms measured in four specimens of cadaveric human, 

chinchilla, and cat and live chinchilla at three different excitations frequencies (adapted 

from Rosowski et al., 2009). 

5.3.2. Quantitative 1D Holographic Measurements 

 Although time-averaged holographic measurements of the TM motions revealed 

complexity of TM motion at different tonal frequencies, quantification of these vibrational 
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patterns was still challenging.  Stroboscopic holographic interferometry was introduced and 

applied to quantify sound-induced motion of the TM (Hernández-Montes et al., 2009; Furlong et 

al., 2009; Cheng et al., 2010 and 2013).  The optical path length between the TM and the 

recording camera is affected by the sound-driven vibrations of the TM, producing time-related 

variations in the intensity of the interference pattern at each camera pixel.  In stroboscopic 

measurements, the camera records holographic images while the object is illuminated by a train 

of brief laser pulses that are locked to one of nine phases of the acoustic stimulus.  Two 

holograms illuminated at different stimulus phases are used to compute the deformation of the 

TM between the two phases. Figure ‎5.6 shows magnitudes and phases of sound-induced motion 

of a human TM at four different tonal frequencies, obtained with stroboscopic holographic 

interferometry (Cheng et al., 2013).  

 
Figure ‎5.6. Magnitudes and phases of sound-induced motion of a human TM at four 

different tonal frequencies. The data are normalized by the stimulus sound pressure (units 

of µm/Pa). The size of each image is 800 × 800 pixels (adapted from Cheng et al., 2013). 

 

5.4. 3D Shape Measurements  

 There are different contact and noncontact techniques that can be used to quantify 3D 

shape of the objects.  In the case of the middle ear, and in particular, for quantifying the 3D 

shape of the TM, due to its delicate structure and the space constraints in the ear canal, the most 
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ideal technique must be first, noncontact and second, small enough to fit within the ear canal for 

in-vivo measurements.  Researchers in the field of middle ear have been mainly using moiré 

interferometry to measure the shape of the TM (Dirckx and Decraemer 1997, Aernouts and 

Dirckx 2011).  As shown in Figure ‎5.7, a grid is projected onto the surface of interest and a 

camera, placed at an angle with the projection direction, records the sum of the demodulated grid 

and the original one.  In this way, a fringe pattern is observed. After averaging out the grid noise 

and recording multiple phase-shifted fringe maps, a topographic map is calculated, as shown in 

Figure ‎5.7b. 

 
Figure ‎5.7. Application of moiré interferometry for characterization of the shape of a 

gerbil TM: (a) schematic drawing of the projection liquid crystal moiré profilometry setup 

with LCD projector, lenses (L1,L2,L3) and a CCD camera.  The liquid crystal modulator 

(LCM) grids and polarizers allow phase stepping and grid averaging; and (b) moiré 

interferogram of a gerbil TM used for characterization of the shape of the TM.  To obtain 

the interferogram, the difference was taken between the grid line image on a flat plate and 

the grid line image on the membrane. The fringes represent contours of equal height, and 

demonstrate the conical shape of the membrane. The fringe plane distance, and hence the 

height difference per fringe order, is 0.082 mm (adapted from Aernouts and Dirckx 2011; 

Dirckx and Decraemer 1997). 

 

 However, for in-vivo applications, where the shape of the patient’s TM needs to be 

measured through the ear canal, having a moiré interferometric system similar to the one shown 

in Figure ‎5.7 is challenging, because of the necessity of triangulation angle in moiré 

interferometry, and in general, in structured light profilometry techniques.  On the other hand, a 
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system with minimum opto-electronic components should be realized in order to avoid any 

potential misalignment when approaching to the TM through the ear canal.  Therefore, as will be 

described in the next Chapter, lensless holographic interferometry is considered as an alternative 

methodology for measurements of shape and sound-induced motion of the TM and further 

developments are implemented based on these techniques. 
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6. Digital Holographic Interferometry 

Based on the problem statement given in Chapter 1, Digital Holographic Interferometry (DHI) is 

chosen as an appropriate technique to achieve all the aims, which are full-field measurements of 

shape and 3D sound-induced motions of the TM, because 

 DHI provides measurements of shape and motion by capturing the entire surface of the 

objects using a digital CCD camera 

 DHI provides wavelength-dependent measuring resolution (   ⁄ , Vest 1979; Hernández-

Montes et al., 2009), therefore, nanometer-scale sound-induced motions of the TM can be 

captured using appropriate wavelengths (i.e., Ultraviolet and visible light sources) and 

CCD detectors  

 DHI delivers the temporal resolution required for characterization of acoustically-induced 

motion of the TM (i.e., in microsecond regimes), since, the temporal resolution of the 

DHI is defined with frame rate and exposure time of the CCD camera, which can go 

down to femtoseconds 

The holographic process consists of two steps: recording and reconstruction.  In the past, silver 

halide holographic plates used to be utilized for recording of the holograms (Smith, 1977).  As 

digital technologies progressed, the conventional silver halide holographic plates have been 

replaced with digital cameras in order to avoid the wet chemical processing involved in the 

reconstruction of the conventional holography and also to increase the speed and efficiency of 

the recording and the reconstruction of the holograms.  In this Chapter, principles of 

electromagnetic waves, light interference, recording and reconstruction of digital holograms are 

described.  Furthermore, the use of holographic interferometry for measurements of shape and 

deformations of objects are also described. 
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6.1. Electromagnetic waves 

 The primary phenomena in holography are interference and diffraction, which take place 

because of the wave nature of light (Kreis 2006).  Light can be described as a transverse 

electromagnetic wave with time varying electric,  , and magnetic, 𝐵, fields.  These two fields are 

perpendicular to each other and the composed wave of   and 𝐵 travels in the direction of  ×𝐵 as 

shown in Figure ‎6.1. 

 

 
Figure ‎6.1. Propagation of electro-magnetic wave in a direction perpendicular to its 

electric and magnetic fields. 

 

 The propagation of light is described by the wave equation, which is derived from the 

Maxwell equations.  The wave equation for propagation of light in vacuum is 

     
 

  

   

   
      (‎6-1) 

where   is the electrical field strength vector,   is the Laplace operator 

   
  

   
 

  

   
 

  

   
    (‎6-2) 

where         are the Cartesian spatial coordinates,   denotes the temporal coordinate, time, and 

  is the propagation speed of the wave that depends on the refractive index of the propagation 

medium and the speed of light,   , in vacuum (i.e. ~3×10
8 

m/s).   
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The direction of vibration of the light is described by its polarization and it is transverse to the 

direction of propagation (Hecht, 1998).  The polarization direction could be horizontal, vertical 

or in any combination of these.  Light waves vibrating in a single plane are called plane polarized 

light.  For a plane polarized light propagating in the z-direction, Eq. ‎6-1 could be converted to a 

scalar wave equation 

   

   
  

 

  

   

   
      (‎6-3) 

 The wave field described by the scalar wave equation, Eq. ‎6-3, retains its form during 

propagation (Hecht 1998).  The scalar wave equation is a linear differential equation, thus the 

superposition principle is valid.  Most practical applications of holography rely on a solution of 

the wave equation called the harmonic wave 

                          (‎6-4) 

where    is the real amplitude of the wave, the         term is the phase of the wave,   is 

the initial phase offset,   is the wave number and   is the angular frequency of the light wave 

       
   

 
        

  

 
    (‎6-5) 

where   and   are the frequency and corresponding wavelength of the light wave.  The wave 

number,  , quantifies the fundamental relationship between phase of the harmonic wave and its 

spatial and temporal distribution.  Using Euler’s formula, the trigonometric functions in Eq. ‎6-4 

can be represented as complex exponentials 

        
 

 
   

           
 

 
   

             
 

 
   

              (‎6-6) 

where the second term of Eq. ‎6-6 represents the complex conjugate of the first term and it can be 

omitted since only the real part of Eq. ‎6-6 represents the physical light wave.  The spatial 

distribution of the harmonic wave forms surfaces of constant phase, called wavefronts, which are 
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normal to the direction of propagation of the harmonic wave.  A wavefront that has constant 

phase in all planes orthogonal to the propagation direction for a given time t is called a planar 

wave.  Analogously, a spherical wavefront is called spherical wave and an arbitrary coordinate 

system, the position vector           and the wave (propagation) vector  ,   (        ), 

can be used to define the harmonic wave by substituting them into Eq. ‎6-6 to yield (within a 

constant) 

           
               (‎6-7) 

6.2. Light Interference 

 The basic principle of holographic interferometry is the interference between two or more 

coherent light waves when they are superimposed.  In order to mathematically describe the 

coherent superposition, two linearly polarized waves of the same frequency, emitted by the same 

source, with wave vector directions    and   , phases    and   , and amplitudes     and     

are considered: 

             
                  (‎6-8) 

             
                 (‎6-9) 

The superposition of the two waves shown in Eqs. ‎6-8 and ‎6-9 can be obtained with 

       ∑                          (‎6-10) 

The vacuum wavelengths of visible light are in the range of 400 nm (violet) to 800 nm (near IR).  

The corresponding frequency range is 750 THz to 380 THz.  Therefore, common light sensors, 

such as photographic film, photodiodes, and CCDs, are not able to detect such high frequencies 

due to the technical and physical reasons (Kreis, 2005; Schnars et al., 2015).  The only directly 
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measurable quantity is the intensity that is proportional to the average of the square of the 

electrical field and can be obtained with  

   
 

 
    | |   

 

 
             (‎6-11) 

where    is the vacuum permittivity, c is the light speed, and n is the refractive index of the 

medium.  In practice, only the proportionality of the intensity,  , to the electric field strength, 

| | , is considered, i.e.,   | | , which can be written as 

       | |                         
     (‎6-12) 

where * denotes the complex conjugate.  Substituting Eq. ‎6-10 into ‎6-12 results in 

       [    
                  

             ]

 [    
                   

              ]    

(‎6-13) 

The exponential terms with temporal variables cancel out each other and Eq. ‎6-13 can be 

simplified to  

          
     

        [ 
                                         ] , (‎6-14) 

which can be further simplified to 

          
     

                     (‎6-15) 

where          and         .  Equation ‎6-15 can be written in terms of intensities of 

the two waves 

            √                 (‎6-16) 

Therefore, the resulting interference pattern between two waves of equal frequency does not 

depend on the temporal variation of their electromagnetic field (Kreis, 2005). 
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6.3. Holographic recording and reconstruction 

 Holograms are usually recorded with an optical set-up consisting of a light source (e.g. a 

laser), beam guiding components (e.g., mirrors and lenses) and a recording device (e.g. a 

hologram plate).  Figure ‎6.2 shows the two main steps of holographic process, which are 

Recording and Reconstruction.  In the recording step, principles of interferometry can be used to 

record the wavefronts scattered off the surface of an object at a specified time.  In the recording 

step, as shown in Figure ‎6.2a, light with sufficient coherence length (Kreis, 2005) is split into 

two waves Reference and Object by a beamsplitter (BS).  One wave, called the object wave, 

illuminates the object and is then scattered and reflected to the recording medium, e.g., a 

photographic plate or a camera sensor.  The second wave, called the reference wave, illuminates 

the sensor directly. 

 

Figure ‎6.2. Principles of recording and reconstruction of holograms: (a) the hologram is 

illuminated with both reference and object beams; and (b) the hologram is illuminated 

with only the reference beam during holographic reconstruction.  In the figure, M is 

mirror; L is lens; BS is beam splitter; and S is shutter (Dobrev, 2014). 

 

In this case, the reference and object waves can be described with 

               [       ]      (‎6-17) 

               [       ]   (‎6-18) 

where   and    are the amplitude and phase of the complex object wave and   and    are the 

amplitude and phase of the complex reference wave.  The interference between the two waves at 
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the plane of the sensor (hologram plate) is recorded by the holographic plate.  Similar to 

Eq. ‎6-12, the intensity,       , of the complex field of the hologram can be expressed as 

       |             |                 

  √                 [       ]    

(‎6-19) 

where         and         are the intensities of the two waves at the hologram plane, and    is 

the phase difference between the two waves.  The recorded holographic wavefront,       , at 

the sensor is proportional to        

                                        (‎6-20) 

where   is a constant related to the light sensitivity of the sensor (holographic plate or camera 

sensor),    is the exposure time (measurement time), and    represents the read-out noise (or 

amplitude transmission of the unexposed plate) of the sensor and it will be neglected in further 

descriptions of the holographic recording process.  

During the reconstruction step, as shown in Figure ‎6.2b, the object beam is typically turned off 

(by a shutter) and the hologram is illuminated with the reference beam only.  This produces a 

virtual image of the original object that can be observed by a viewer through the holographic 

plate.  The reconstruction process can be mathematically described as a multiplication between 

the hologram and the reconstruction (reference) wave.  Based on Eqs. ‎6-19 and ‎6-20, the 

reconstructed hologram,    at the recording plane can be expressed as 

          [                 ]    (‎6-21) 

where the spatial dependence,      , of all variables has been omitted for brevity.  The first term 

represents undiffracted wave, also called zero diffraction order, which does not have any 

information about the phase of the object wave.  The second term is the reconstructed object 

wave that forms an image at the object plane that can be observed through the recording media, 
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as shown in Figure ‎6.2b, assuming a holographic plate was used.  The third term produces an 

out-of-focus real image of the object. 

6.4. Fresnel-Kirchhoff Diffraction Theory 

 During the process of holographic reconstruction, the reconstruction (reference) wave is 

diffracted by the aperture of the hologram and it produces a diffraction pattern at the image 

plane.  Figure ‎6.3 illustrates the coordinate systems where       are Cartesian coordinates in the 

hologram plane,       are Cartesian coordinates in the image plane,   is the Cartesian coordinate 

along the surface normal of the hologram plane in the direction of the image plane.  

 

Figure ‎6.3. Schematics of the coordinate system nomenclature for lensless digital 

numerical reconstruction (Kreis, 2005).  

 

 During numerical reconstruction, the propagating wavefronts can be modeled by the 

Fresnel-Kirchhoff diffraction formula (Schnars et al., 2015) that is 

         
 

 
∬             

   
  
  

 

 
    

 

  

       (‎6-22) 

 



52 

 

where          ,          is the reconstructed hologram, and   is the distance between any 

two points on the hologram and image planes, as shown in Figure ‎6.3, and is defined as 

  √                    (‎6-23) 

 

6.5. Numerical reconstruction By the Fresnel Transform 

 Fresnel-Kirchhoff diffraction formula shown in Eq. ‎6-22 is computationally expensive and 

for practical applications of the Fresnel transformation, several assumptions should be made in 

order to simplify and optimize this equation.  It can be assumed that the distance between the 

hologram and the image plane is large compared to the lateral size of the hologram and the 

image (Kolenovic, et al., 2004; Kreis et al., 2005; Schnar et al., 2015).  This means that   in the 

denominator of the integral shown given in Eq. ‎6-22 can be replaced by  .  However, since   is 

typically in the centimeter to meter range and   is in the sub-micron range, slight variations of   

in the exponential term may lead to significant phase errors.  Thus, an approximation of   is 

required in order to simplify the exponential term.  This leads to the Fresnel approximation that 

relies on the binomial expansion of Eq. ‎6-23 using a Taylor series to approximate   with 

    
      

  
 

      

  
 

 

 

[             ] 

  
      (‎6-24) 

The Fresnel approximation is valid as long as the quadratic term in the binomial expansion series 

(i.e., the forth term in Eq. ‎6-24) leads to a phase changes    radian, which means 

  √
 

   
[             ] 

 
    (‎6-25) 

Equation ‎6-25 defines the near field region, where the Fresnel approximation can be applied.  

Therefore, Eq. ‎6-24 can be simplified to  
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    (‎6-26) 

Assuming that the requirements stated by Eqs. ‎6-25 and ‎6-26 are met, the Fresnel approximation, 

Eq. ‎6-26, can be applied to the exponential term of Eq. ‎6-22 as follows 
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(‎6-27) 

If the multiplication term in the argument of the exponential under the integral is carried out, 

then Eq. ‎6-27 can be written as 
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       ]      . 

(‎6-28) 

This equation is known as Fresnel Transformation, which enables reconstruction of the 

wavefield in a plane (plane of the real image) behind the hologram.  

To digitize the Fresnel Transform shown in Eq. ‎6-28, the substitutions      ⁄  and      ⁄  

are introduced and Eq. ‎6-28 can be modified to 

       
 

  
   [  

  

 
 ]    [            ]

 ∬          [  
 

  
       ]    [          ]

 

  

       

(‎6-29) 

Aside from a constant intensity and quadratic phase factors preceding the integral, Eq. ‎6-29 is the 

two-dimensional inverse Fourier Transform of the product of the hologram function,       , 

with a 2D chirp function    [  
 

  
       ].  In practical applications with recordings of 

diffuse (optically rough) objects, the constant intensity and phase factors preceding the double-
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integrals of Eq. ‎6-29 can be omitted since only the phase change and not the absolute phase of 

the object field is of importance, therefore Eq. ‎6-29 can be expressed as (Kreis, 2005) 

            [          
 
   

[     ]
]   (‎6-30) 

6.5.1. Discrete Fresnel transformation 

 The function        shown in Eq. ‎6-30 can be digitized if the hologram function,       , 

is sampled on a rectangular sensor array with     pixels and a pixel pitch of    and   .  

According to Fourier Transform procedures,    and    can be written in terms of the pixel sizes 

  ,    with  

   
 

   
                   

 

   
    (‎6-31) 

 Therefore, the horizontal and vertical resolution of the reconstructed hologram,    and    

(i.e., the pixel size in the image plane) can be obtained with 

   
 

   
 

  

   
     (‎6-32) 

   
 

   
 

  

   
    (‎6-33) 

 Therefore, the discrete form of Eq. ‎6-29 can be mathematically expressed as the Fast 

Fourier Transformation (FFT) of 

              [                    ]    (‎6-34) 

where IFFT2 is the discrete 2D Inverse Fast Fourier Transform (FFT),        is the discretized 

hologram recorded by the sensor,        is discrete numerical model of the reconstruction 

(reference) wave, and          is the discrete chirp function used for reconstruction at a 

position   away (behind the sensor) from the hologram plane 
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            [
   

   
[           ]]    (‎6-35) 

Equation ‎6-34 allows for numerical reconstruction of a digitally recorded hologram.  Adjustment 

of the reconstruction distance,  , during the numerical reconstruction process, allows focusing at 

a user defined imaging plane, thus allowing free-focusing capabilities after the recording of the 

hologram (Schnars and Jüptner 2002; Kreis 2005).  The intensity and optical phase of the 

numerically-reconstructed hologram can be respectively obtained with  

       |      |        (‎6-36) 

              
 [        ]

 [        ]
    (‎6-37) 

where   and   denotes the imaginary and real parts.  In order to avoid the [   ⁄    ⁄ ] 

ambiguity of the       function, the computationally efficient       function is utilized, 

allowing for quantification of the phase within the full [    ] range.  Furthermore, the 

mathematical nature of atan2 function leads to sudden jumps in the optical phase data from –π to 

π and vice versa and these discontinuities should be removed in the phase unwrapping post-

processing step (Herráez et al., 2002; Karasev et al., 2007; Pham et al., 2010). 

6.6. 3D Displacements measurements 

 Digital holography allows for quantification of the deformation of an object, by comparing 

holograms of the object before and after deformation.  The holograms are individually 

reconstructed using Eq. ‎6-34 and the Fringe-locus function of a double-exposure (DE) hologram, 

i.e., the unwrapped optical phase difference of two reconstructed holograms corresponding to 

deformed and reference states of the object, is used to obtain the 3D displacement with 

             (         )  
  

 
            (‎6-38) 
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where        is the fringe-locus function at coordinates   and   in the reconstruction plane, 

     and      are optical phases of the reconstructed holograms recorded at deformed and 

reference states of the object, respectively,              is the sensitivity vector, defined by 

vectorial subtraction of the observation vector from the illumination vectors, and        is the 

displacement vector with three components of   ,   , and   .  Assuming a coordinate system as 

given in Figure ‎6.4, the directions of observation and illumination vectors are described by unit 

vectors    and   .  Based on this geometrical setup, the resulting sensitivity vector is defined as 

         (Vest, 1979).  The sensitivity vector,   , indicates the direction of the component 

of the displacement field vector,         , of the object’s surface, which the holographic system 

is sensitive to.  In other words, at each object point the holographic system measures the 

projection of the displacement vector,  ,  onto the sensitivity vector,   . 

 

Figure ‎6.4. Geometrical definition of the sensitivity vector that is the vectorial subtraction 

of the observation vector from the illumination vector (Pryputniewicz et al., 1990). 

 

 In order to measure all three components of the displacement vector,  , shown in Eq. ‎6-38, 

at least three independent measurements with different sensitivity vectors are required.  In our 

approach, and to minimize experimental errors, optical phase maps are obtained with four 

sensitivity vectors to form an over determined system of equations that is solved with the least-

squares error minimization method with 



57 

 

{ }   [[ ] [ ]]
  

{ [ ] { }}    (‎6-39) 

where [ ] is the sensitivity matrix containing all the sensitivity vectors   , and { } is the fringe-

locus function vector.  In this method, all the sensitivity vectors need to be as linearly 

independent as possible for the system to provide accurate results.  Therefore, the condition 

number,  , of the square matrix, [ ]   [ ] [ ], characterizing the geometry of a holographic 

setup is calculated with (Osten, 1985) 

     √
       

       
    (‎6-40) 

where     , and      are the maximum and the minimum eigenvalues of [ ].  A condition 

number close to one indicates a well-conditioned matrix, but this represents a holographic setup 

with large angles of illumination (Vest, 1979; Osten, 1985; Furlong, 1999).  However, in our 

application and because of the particular cone-like geometry of the TM and the presence of the 

bony structures around it, the maximum possible angles of illumination are limited.  Therefore, a 

holographic setup has to be arranged to achieve the largest angles of illumination within the 

constraints imposed by the geometry of the TM.  

6.7. 3D Shape measurements with Holographic Interferometry 

 Contouring in general means the modulation of the image of a 3D object by fringes 

corresponding to contours of constant phases (Kreis 2005).  In holographic contouring, the 

shape-related fringe pattern arises from the superposition of two holograms recorded and 

reconstructed at two states with different sensitivity vectors, which relates the geometric shape of 

an object to the measured optical phases.  The sensitivity vector in holographic interferometry 

contains three variables, wavelength, refractive index, and illumination and observation 

directions (Vest 1985, Li 2009).  Therefore, the differences in the two states are either due to 
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change in the refractive indexes (Zelenka and Varner 1969; Hung et al., 1978; Chen et al., 2000), 

the change in the positions of the illumination directions (Joenathan et al., 1990; Zou et al., 1992; 

Pedrini et al., 1999; Furlong 1999), or the changes in the applied wavelengths (Polhemus 1973; 

Furlong 2000; Wagner et al., 2000; Yamaguchi et al., 2006).  The other technique for shape 

measurements is time-of-flight method, which is based on the direct measurement of the time of 

flight of a laser pulse (Makynen et al., 1994; Cui et al., 2010).  During measurements, an object 

pulse is reflected back to the receiving sensor and a reference pulse is passed through an optical 

fiber and received by the sensor.  The time difference between the two pulses is converted to 

distance.  The main three approaches for holographic contouring are described below.  

6.7.1. Two-refractive Index holographic contouring 

 In this technique, the object is located in an immersion cell containing a specific liquid.  By 

changing the refractive index of the fluid around the object between the two exposures of the 

hologram, interference fringes are produced (Zelenka and Varner 1969; Hung et al., 1978).  Two 

holograms are captured at two different refractive indices and the phase difference between the 

two states is related to the shape of the object,       , with 

       
         

         
        

  

         
    (‎6-41) 

where    and    are the two refractive indices of the fluid surrounding the object during each of 

the two exposures, and    is the phase difference. 

6.7.2. Multiple illumination directions holographic contouring 

 The second shape measurement techniques can be achieved by changing the illumination 

direction between the two exposures of the hologram.  A change in the illumination beam 

produces a change in the phase of the wavefront which depends on the object shape (Pedrini et 
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al., 1999; Furlong 1999).  The change in the illumination direction can be achieved by translating 

the illumination point from one to another.  The phase difference between the two states can be 

obtained with 

             
  

 
    [  

  

 
]       

  

 
         [  

  

 
]    (‎6-42) 

where        is the object height, and    is the angle change between the two illuminations. 

 

6.7.3. Dual-wavelength holographic contouring  

 Fringe pattern corresponding to the shape of an object can be generated by phase 

measurements of the object using an interferometer with a wavelength  .  However, these shape 

measurements are limited to geometries with heights of less than a few wavelengths, e.g., for 

geometries with heights less than 20 µm for a wavelength of 780 nm.  In order to extend the 

shape measuring range, a dual-wavelength holographic contouring technique is developed and 

implemented, in which the height measurements are performed based on a beating frequency 

between the two wavelengths (Seebacher et al., 1998; Furlong and Pryputniewicz 2000).  In this 

case, first, the complex amplitude of the object of interest is recorded and reconstructed with 

wavelength of   .  Then, the wavelength is tuned to a new value of    and the complex 

amplitude of the object is recorded and reconstructed with wavelength of   .  The optical phases 

obtained with the two wavelengths are subtracted from one another in order to obtain a fringe 

pattern corresponding to the shape of the object with   
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    (‎6-43) 

where     is the optical pathlength of the laser light.  It has been mathematically shown 

(Polhemus 1973) that the dual-wavelength contouring technique generates the same fringe 
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pattern as if the shape measurements would have been interferometrically performed with a 

synthetic wavelength of   that is equal to   
    

|     |
 .  In parallel illumination-observation 

configurations, the contour depth is equal to half the synthetic wavelength (     ⁄ ) and 

therefore, the height at each point on the surface of the object can be calculated with 

       
  

  
         (‎6-44) 

 One of the prominent advantages of this holographic contouring technique is that the 

measuring sensitivity can be adjusted by controlling the differences between the first and second 

wavelengths.  As shown in Figure ‎6.5, larger wavelength differences,         , provide 

smaller contour depth, which in turn, enables better shape measuring resolutions. 

 
Figure ‎6.5. Adjusting the measuring sensitivity range in dual-wavelength holographic 

contouring by controlling the differences between the first and second wavelengths 

        : (a) broad changes in the wavelengths (in this case up to 100 nm) leads to 

fine contour depths   ⁄       and in turn, a better shape measurement resolution; and 

(b) narrow changes in the wavelength (in this case up to 1 nm) leads to larger contour 

depths   ⁄         and hence, lower measuring sensitivity.  The results are shown for 

four different central wavelengths 473, 532, 632, and 780 nm. 

 

6.8. Applications of Holographic Interferometry in Hearing Research 

 Study of the sound-induced vibrational patterns of different mammalian TMs has been an 

ongoing area of interest for many researchers.  Previous studies on the applications of 

holographic interferometry for the study of the middle ear can be divided into three main 
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categories: qualitative investigations of the sound-induced vibrational patterns of the TM using 

conventional time-averaged and double exposure holography (Khanna and Tonndorf 1972; von 

Bally 1978; Uyemura et al., 1979;  von Bally and Greguss 1982; Ogura et al., 1979 and 1983); 

quantitative one-dimensional measurements of sound-induced motions of the TMs (Wada et al., 

2002; Rosowski et al., 2009; Cheng et al., 2010; Chang et al., 2013; Cheng et al., 2013; Dobrev 

et al., 2014); and measurements of 3D shapes of the TMs (Decraemer et al., 1991; Solís et al., 

2012).   

 One of the main goals of this Dissertation is to realize a clinically-applicable integrated 

holographic system capable of full-field qualitative and quantitative measurements of shape, and 

3D sound-induced motions of the TMs.  The main challenge along the way is that a broad 

measuring range is indispensable for such a holographic system to cover both shape (i.e., in the 

millimeter range) and 3D sound-induced motions (i.e., in the nanometer range).  Therefore, a 

clinically-applicable holographic system with a measuring range spanning nearly six orders of 

magnitude needs to be realized.  Furthermore, the system should be capable of being 

miniaturized and packaged to be used in the clinics and for in-vivo applications. 
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PART 2: Developments 
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General Overview 

In this Part, developments and contributions towards expanding the capabilities of the previous 

state-of-the-art technologies are described by realizing metrological imaging modalities to 

improve the knowledge and understanding about shape and function of the mammalian TMs.  

The developments have been organized in several consecutive publications that incrementally 

describe advancements leading to innovative tools for the study of the middle ear mechanics. 

 

 Chapter 7 describes developments and applications of a holographic system that is used 

to estimate 3D sound-induced displacements of TM by combining shape information and 1D 

components of displacement.  Shape and displacement measurements are carried out with a 

lensless dual-wavelength digital holographic system with shape measured in two-wavelength 

mode and 1D displacements measured in single wavelength mode.  The assumptions we used in 

the computation of the 3-Dimensional sound-induced motions from measured shape and 1D-

displacments are based on considering the TM as a thin-shell, where sound-induced 

displacement vectors at each point on the surface of the TM are hypothesized to be along the 

normal vectors of its shape.  This approach is tested and verified using FEM models and then, 

the system is used to measure shape and 1D motion, and in turn, to estimate all 3D sound-

induced motions of the TM at several tonal excitation frequencies. 

 

 Chapter 8 describes the use of thin-shell hypothesis on a chinchilla TM sample at several 

tonal frequencies.  The measurement of shape and its application to realize thin-shell hypothesis 

enable to separate the measured motions into those components orthogonal to the plane of the 

tympanic ring, and those components within the plane of the tympanic ring.  The predicted       
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in-plane motion components (x- and y-axis motions) are generally smaller than the motions 

normal to the plane of the tympanic ring (z-axis motion), and the tangential motions are assumed 

to be negligible.  The needs for true measurements of 3D sound-induced motions of the TMs are 

also highlighted. 

 

 Chapter 9 describes developments of a three-dimensional holographic system capable to 

near-simultaneously measure shape and three-dimensional sound-induced motion of the TM.  3D 

components of sound-induced displacements of the TM are measured with the method of 

multiple illumination directions in holographic interferometry using a series of repetitive 

stroboscopic measurements for each sensitivity vectors.  To accurately obtain sensitivity vectors, 

a new technique is developed and used in which the sensitivity vectors are obtained from the 

images of a specular sphere that is being illuminated from different directions.  Shape and 3D 

acoustically-induced displacement components of cadaveric human TMs at several excitation 

frequencies are measured at more than one million points on its surface. 

 

 The physiological applications of the developed holographic system are described in 

Chapter 10, where, the system is used to quantify shapes and 4-Dimensional sound-induced 

motions (in space (x, y, z) and time (t)) of multiple TM samples at several tonal frequencies.  The 

results obtained from the shape measurements are combined with 3D components of 

displacements in order to obtain motion components tangent (in-plane) and normal (out-of-

plane) to the local plane of the TM. The results support thin-shell hypothesis of the TMs, in 

which the tangential motion components are negligible and the motion vectors are hypothesized 

to be mainly along the normal vector of the surface of the membrane. 

 



65 

 

 Due to the time-varying nature of biological tissues like the TM, a novel method for 3D 

deformation measurements based on multiplexed holography is described in Chapter 11, which 

allows for simultaneous holographic measurements along multiple sensitivity vectors.  The 

developed methodology is a critical step forward towards in-vivo measurements of 3D TM 

motions.  The holograms of the objects of interest are recorded with three simultaneous 

incoherently-superimposed pairs of reference and object beams, such that the modulation image 

corresponding to each illumination direction is reconstructed at a different position of the image.  

An image registration algorithm based on the shift theorem of the Fourier Transform is 

implemented to register the images.  The time needed for a given 3D motion measurement is 

decreased at least threefold.  We demonstrate that the present method is a valid alternative to 

repetitive holographic methods and offers promising perspectives towards accurate 3D 

deformation measurements of biological specimens for in-vivo applications. 

 

 To further expand our knowledge on the dynamics of sound-induced energy transfer 

through the middle ear, measurements of sound-induced forces are also required.  Force sensing 

techniques are usually invasive and due to the viscoelastic properties of the TM, any interaction 

between the probe and the TM may result in modification of its mechanics.  In chapter 12, efforts 

to measure sound-induced forces of the TM using minimally-invasive sensing methodologies are 

described.  The methodologies consist of integrating MEMS-based sensors with the developed 

holographic systems for simultaneous characterizations of kinematics and dynamics of the TM.  

The MEMS-based force sensors have sub-micro-Newton resolution and are capable of 

measurements along a single axis on a localized area of the sample on the order of 50×50 µm
2
.  

A computer-controlled 3D nano-positioner automatically places and scans the force sensor at 

several locations on the TM that are critical for the transfer of energy from the outer ear to the 
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inner ear.  These developments are enabling new approaches for quantitative investigations of 

middle ear mechanics. 
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7. Paper A: Digital holographic measurements of shape 

and three-dimensional sound-induced displacements of 

tympanic membrane 
 

Overview 

This paper, published in Optical Engineering in 2013, describes the development of a single 

holographic system capable of measurements of shape and sound-induced motions of the 

mammalian tympanic membranes.  The Shapes of the mammalian TMs are in millimeters range, 

whereas sound-induced motions of such membranes are in nanometers range.  It is truly 

challenging to find one single imaging system with resolutions spanning six orders of magnitude 

from millimeter (for shape measurements) to nanometer (for sound-induced motion 

measurements), but we have developed a holographic system capable of near-simultaneous 

measurements of shape and acoustically-induced motion of the TMs.  Conventional methods for 

3D motion measurements require data from at least three different sensitivity vectors, which, due 

to space constraints, is challenging for measurements of the sound-induced motions of 

mammalian ear drums.  Based on geometrical similarities of mammalian TMs with those of thin-

shells, Kirchhoff-Love’s thin-shell theory is applied to the case of mammalian TMs in order to 

estimate three-dimensional sound-induced motions from shape and motion measurements 

obtained along only one single sensitivity vector.  Therefore, the sound-induced kinematics of 

mammalian TMs are hypothesize to be similar to those of thin-shells, where the sound-induced 

motion vector is along the vector normal to the local surface and motion components tangent to 

the surface of the TM are negligible.  The applicability of this thin-shell hypothesis is tested and 

verified using Finite Element Methods and an implementation of the method using real 

chinchilla’s TM samples is presented.  
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7.1. Shape measuring approach 

 There are several techniques for holographic measurements of 3D shape of the objects.  

However, delicate structure and space constraints within the human ear restrict the use of some 

of those techniques.  For instance, the shape measuring technique based on inducing a change in 

the refractive index of the medium is not applicable for measurements of mammalian TMs, since 

the object needs to be located within a medium with a refractive index that can be tuned, e.g., the 

TM would be submerged in water, which is an undesirable method.  Another shape measuring 

technique, holographic contouring by changing the illumination direction, is also challenging for 

measurements of TMs’ shapes, because, for instance in humans, the TM is located at the end of a 

curved canal with a length of 3 centimeter and a diameter of 8 millimeter, and changing the 

illumination direction in such a restricted area is difficult.  Therefore, for TM shape 

measurements, and considering the metrological challenges, dual-wavelength holographic 

contouring technique are developed.  The dual-wavelength capability can be embedded into an 

optical fiber-based configuration capable of measurements of both, shape and motions.  

Furthermore, the system can be miniaturized and packaged for clinical and in-vivo applications. 

 

7.2. TM as a thin-shell 

 Figure ‎7.1 shows an example of the shape of a mammalian TM modeled as a thin-shell 

(Rosowski et al., 2013; Khaleghi et al., 2013).  For each differential TM element, shown in 

Figure ‎7.1b, a curvilinear coordinate system         can be defined and corresponding 

components of displacement,   ,   , and   , are expressed as  
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     (‎7-1) 

where   
 ,   

 , and   
  are tangential and normal components of displacements of the neutral 

plane. 

 

Figure ‎7.1. Thin-shell modeling of a TM: (a) measured shape of a chinchilla TM 

(Khaleghi et al., 2013); and (b) schematic of curvilinear coordinate system         on a 

TM element with a thickness t. Tangential components of the neutral plane,   
  and   

 , 

are negligible. 

 

 Based on thin-shell assumptions (Chen et al., 1987; Love, 1888), straight lines, initially 

normal to the neutral plane, remain straight and normal to it after deformation and the length of 

such element is not altered.  The lack of change in the direction of the normals to the neutral 

plane during deformation leads to negligible out-of-plane shear strains      and     .  

Furthermore, considering the relatively small magnitudes of sound-induced motion of the TM 

(100-300 nm) compared to its thickness (50-150 μm), the gradient terms, shown in the tangential 

components of Eq. ‎7-1, are assumed to be negligible and in turn, the neutral plane is assumed to 

remain unstrained after deformation, resulting in   
 , and   

  being zero.  The second assumption, 

that is the constant thickness of the shell during the deformation process, results in negligible 
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normal strain,    .  Therefore, based on Eq. ‎7-1, the displacement vector on the TM element 

remains, mainly, out-of-plane, which is along the normal vector of the surface.  This 

displacement vector, then, can be decomposed along three axes x, y, z, providing 3D components 

of displacement.  Using these thin-shell assumptions, it is possible to obtain 3D components of 

displacement of the TM by having displacement’s component along only a single axis (e.g. ear 

canal axis), and combining it with components of the normal vectors of the shape.  Therefore, 

principal components of displacement   ,   , and    at every point on the surface of the 

membrane along Cartesian axes x, y, and z, can be obtained by decomposition of the 

displacement vector along the normal vector’s components              with 

     

|  |

|  |
       (‎7-2) 

     

|  |

|  |
   (‎7-3) 

 By using this approach, complexity in the 3D displacement measurements, that requires 

acquiring displacements data from at least three independent directions, will be bypassed by 

measuring the shape and 1D displacement, both measured from a single axis. 
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Figure ‎7.2. Application of thin-shell theory to recover three-dimensional motion 

components from shape and only 1D motion measurements: (a) shape of the TM to 

determine surface normal vectors; (b) 1D sound-induced motion measurements of the TM 

through lateral axis (z-axis); (c), (d), and (e) are recovered x- and y-axes, and measured z-

axis sound-induced motion, superimposed on the shape of the TM, respectively.  The TM 

was subjected to tonal frequency of 5,730 Hz at the sound pressure level of 101 dB SPL. 
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8. Paper B: Measurements of three-dimensional shape and 

sound-induced motion of the chinchilla tympanic membrane 
 

 

Overview 

The precise mechanism by which the TM gathers and couples sound-energy to the ossicular 

system is a continuous point of investigations.  In the previous Paper, we hypothesized that the 

kinematics of the mammalian TMs resemble thin-shells.  One incentive for establishing this 

hypothesis is that the intact human eardrum is located at the end of the ear canal (3 centimeter 

long and 8 mm in diameter) and application of typical 3D motion measurements techniques 

(which require at least three different illumination or observation directions) is limited.  In this 

paper, published in Hearing Research in 2013, the thin-shell hypothesis is applied to chinchilla 

TM and the results at multiple tonal excitation frequencies are shown with emphasis on the 

medical side and importance of the technique.  The importance of accurate shape measurements 

and in turn, the effects of shape local normal vectors on final 3D sound-induced motions are 

highlighted.  One of the limitations of the thin-shell hypothesis is that the relative sizes of the 

predicted motion components along the x- and y-axes are fixed by anatomy and don’t vary with 

frequency.  Furthermore, the thin-shell assumption predicts that motions that occur in the plane 

of the tympanic ring are either in-phase or half a cycle out of phase with the motions normal to 

the tympanic ring.  Therefore, the need for real 3D sound-induced motion measurements are also 

highlighted to test and potentially verify the applicability of this hypothesis. 
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9. Paper C: Three-dimensional vibrometry of the human 

eardrum with stroboscopic lensless digital holography 
 

 

Overview 

 In this paper, published in Journal of Biomedical Optics in 2015, the development of a 

unique holographic system capable of near-simultaneous measurements of shape and three-

dimensional sound-induced motion of the human TM is described.  The sound-induced motions 

of the TM are measured stroboscopically along four different sensitivity vectors to realize a 

system of equations that in turn, enables computation of 3D motions.  A new technique is 

proposed for accurate estimation of the sensitivity vectors to decrease the experimental errors 

induced by manual calculation of the sensitivity vectors.  Artificial samples with repetitive 

motions are used to characterize repeatability and accuracy of the measurements.  The system is 

then used to quantify, three-dimensional sound-induced motion of human TMs at different tonal 

frequencies.  Furthermore, these 3D data are used in combination with the shape of the TMs to 

enable characterization of motion components tangent and normal to the TM surface.  These 

results also enable experimental evaluation of the validity and applicability of the thin-shell 

hypothesis.  A general conclusion is that the motion components tangent to the local plane of the 

TM are smaller than the ones perpendicular to the plane.  The system, opto-electro-mechanical 

components, and its working principles are described in the following paper, however, some 

general procedures are discussed in the following Sections.  
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9.1. Stroboscopic measurements of motion  

 Sound-induced vibrations of mammalian TMs are fast phenomena whose capture requires 

high-speed acquisition methods.  In our system, we use stroboscopic measurements (Furlong et 

al., 2009; Cheng et al., 2010; Rosowski et al., 2013; Khaleghi et al., 2013) with a conventional 

speed camera to capture the repetitive fast motions produced by sinusoidal stimuli.  Acoustically-

induced motions of the TM are frozen at different stimulus phases using pulses of laser light to 

illuminate the sample at particular points during the sinusoidal excitation signal.  As shown in 

Figure ‎9.1, a dual-channel function generator is used with one of the channels set to a sine wave 

for stimulating the TM through a speaker.  The second channel is set to the same frequency, but 

with a pulse wave to drive an Acousto-Optic Modulator (AOM) to enable and disable the laser 

beam illumination.  Typically, each laser pulse has a duration of 2-5% of the period of the tonal 

stimulus (Rosowski et al., 2013).  This generates the same effect as a strobe light by only 

capturing the motion of the TM at desired phases of the stimulus wave.  

 
Figure ‎9.1. Signals for stroboscopic measurements of sound-induced displacements of the 

TM at an example phase of 90 degrees: (a) sinusoidal signal sent to the speaker to 

stimulate the TM; and (b) pulsed signal sent to the AOM that acts as a high-speed shutter 

for laser light illumination with a duty cycle of 2-5% of the tonal excitation period.  

During a full measurement, the phase position of the pulse is varied from 0 to 360 degrees 

at specified increments to capture the complete cyclic motion. 



95 

 

 

 A double-exposure technique that compares the deformed state strobe hologram gathered 

at one phase and a hologram gathered at a reference phase (usually 0) is used to compute the 

displacement of a series of strobe holograms to describe the phase-locked sound-induced 

variation in the optical phase.  The result is a wrapped phase map that describes the differences 

in optical phase between the deformed and reference states.  At every double-exposure strobe 

hologram, including reference and deformed states, the system records four images containing 

holographic patterns that result from the phase stepping of the reference beam (RB) in steps of 

multiples of  
 

 
 , equivalent to adding steps of 1/4 of a wavelength.  Considering the intensities at 

each pixel measured by the camera at each of the four phase steps to be   ,…,    in the reference 

state, and   
 ,…,   

  in the deformed state, the wrapped optical phase difference between any two 

states is related to displacements of the sample and obtained with 

 

              [ 
          

    
             

    
  

          
    

             
    

  
]   (‎9-1) 

 

9.2. Three-dimensional vibrometry 

 Principal components of displacements,   ,   ,    of a given point of a sinusoidally-

driven object are all harmonic functions of time, i.e.,  

         |        |     [            ]   (‎9-2) 

         |        |     [            ]   (‎9-3) 

         |        |     [            ]   (‎9-4) 
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with appropriate amplitudes and phases relative to the sound pressure.  In order to quantify all 

three components of displacement vector,    ,    , and    , the harmonically-induced motion of 

the objects should be stroboscopically recorded at least three times from three linearly-

independent sensitivity vectors.  In our experimental system and to minimize the experimental 

errors, sinusoidal motion of the objects are repetitively captured along four different sensitivity 

vectors, realizing an over-determined system of equations (i.e., four knowns and three 

unknowns) and then, the 3D data are quantified.  

 

 In repetitive measurements of vibrations, the phase of the harmonic load and in turn, the 

vibrational phase of the sample cannot be granted to be similar when repeating the measurements 

from different sensitivity vectors.  This issue was one of the most troublesome challenges 

through measurements of 3D motion of vibratory objects with the method of multiple 

illumination directions, and instead, researchers have suggested the use of multiple observation 

directions for such measurements (Pryputniewicz and Bowley 1978; Vest, 1979).  However, for 

our application (i.e., 3D sound-induced motion measurements of human TM) the method of 

multiple observation directions is not preferred, because first, it requires complicated image 

processing algorithms to register data from different cameras coordinate systems to one common 

coordinated system for all of the observers; and second, having three different cameras requires 

larger space, which is not applicable for the study of the space-limited middle ear.  Therefore, the 

method of multiple illumination directions is preferred and the phase issue is solved as follows.  

Figure ‎9.2 shows the overall procedures for quantification of 3D sound-induced motion of the 

TM.  Sinusoidal motions of the TM are frozen at nine equally-spaced stimuli phases and the 

digital holograms corresponding to sound-induced motion of the TM at each stroboscopic phase 

are recorded.  This step (step 1 in Figure ‎9.2) is repeated four times along four different 
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sensitivity vectors    to   .  Therefore, temporal variations of sound-induced motion of the TM 

at each point on its surface are obtained along all the sensitivity vectors (step 2 and 3 in 

Figure ‎9.2).  Due to the potential phase lags between the measurements, the system of equations 

shown in Eq. ‎6-39 is solved at every single stroboscopic phase 0, 45, 90, …, 360 º, individually 

(step 4 in Figure ‎9.2). 

 
Figure ‎9.2. Procedures for stroboscopic measurements of three-dimensional magnitudes 

and phases of sound-induced motion of the TM. 

 

 FFT algorithms are then used along each Cartesian axes x, y, z with 8 discrete temporal 

points (motion measurements at each 8 stroboscopic phases) in order to obtain magnitudes and 

phases of motion at every single pixel on the surface of the TM (step 5, 6 in Figure ‎9.2). 

 

9.3. General procedures for 3D motion measurements 

 In this Section, an example is given to further describe the procedures for quantification of 

magnitudes and phases of three-dimensional motions of a harmonically-driven membrane.  The 
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stroboscopic measurements of motion are repeated four times along four different sensitivity 

vectors by varying the illumination direction.  For each sensitivity vector, sinusoidally-driven 

motion of the membrane is frozen at 9 distinct instances corresponding to 9 equally-spaced 

vibrational phases 0, 45, 90, …, 360.  Figure ‎9.3 shows wrapped optical phases obtained with 

Eq. ‎9-1 corresponding to stroboscopic measurements of motions at each stimuli phase along four 

sensitivity vectors.  2D phase unwrapping algorithms (Herráez et al., 2002) are then used to 

unwrap the discontinuous phase maps (data shown in Figure ‎9.3) and the results are shown in 

Figure ‎9.4. 
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Figure ‎9.3. Wrapped optical phases corresponding to stroboscopically-measured motion of 

a harmonically-driven semi-spherical artificial membrane along four sensitivity vectors at 

8 different temporal phases. 
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Figure ‎9.4. Unwrapped optical phases corresponding to harmonically-driven motion of a 

semi-spherical artificial membrane along four sensitivity vectors at 8 different 

stroboscopic phases. 
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 The position versus stimulus phase functions gathered at each of the camera pixels were 

Fourier transformed and the magnitudes and phases of the fundamental and second harmonic 

components are computed for data of all four sensitivity vectors (Cheng et al., 2010; Khaleghi et 

al., 2015).  The magnitude of the second harmonic was always at least 30 dB below the 

fundamental, except in regions where the motion magnitude was less than the effective 10 nm 

resolution of our measurement system.  Figure ‎9.5 shows representative examples for 

magnitudes (top) and phases (middle) of the reconstructed motions along four sensitivity vectors 

   to   . 

 

Figure ‎9.5. The results obtained from FFT algorithm obtained for measurements along 

four sensitivity vectors    to   : (a) magnitudes of motions; (b) phases of motion; and (c) 

the squared of the Pearson Product Correlation Coefficient between the measured phasic 

variations of the motion and the sinusoidal motion reconstructed from the magnitude and 

angle of the Fourier determined fundamental component of the phasic motion.  
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 In order to evaluate the quality of the Fourier description of the magnitude and angle of the 

motion at each pixel, we computed the Pearson Product Correlation Coefficient between the 

measured phasic variations of the motion and the sinusoidal motion reconstructed from the 

magnitude and angle of the Fourier determined fundamental component of the phasic motion.  

As shown in Figure ‎9.5c, the square of this correlation R
2
 is generally greater than 0.9 except at 

locations where the magnitude of the measured motions was less than 10 nm. 

 

 In order to measure magnitudes and phases of three-dimensional motion of the membrane, 

Eq. ‎6-39 is solved at every single stroboscopic phases 0, 45, 90, …, 360, individually to realize 

3D motion of the membrane at every single phases of the vibration cycle.  Figure ‎9.6 shows 

representative examples of the 3D motion of the membrane at stroboscopic phases of 45, 90, 

135, 180, 225, 270 degrees.  Motions along each Cartesian axes x, y, and z, are then Fourier 

transformed to enable characterization of magnitudes and phases of motion along all three axes.  

The results of this FT are shown in Figure ‎9.7 illustrating magnitudes and phases of three-

dimensional motion of the sample.  



103 

 

 

Figure ‎9.6. Three-dimensional vibration measurements at different phases of cyclic 

vibration of a thin semi-spherical membrane captured by our developed holographic 

interferometric system.  The results have been obtained by solving the system of equations 

shown in Eq. ‎6-39 for each phase of stimuli. 
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Figure ‎9.7. 3D harmonically-driven reconstructed motion along three axes x, y, and z 

obtained experimentally with the holographic system: (a) motions’ magnitudes; (b) 

motions’ phases; and (c) goodness of curve-fitting by estimating the squared of correlation 

coefficient.  The results have been obtained from data shown in Figure ‎9.6 by fitting a 

sinusoidal function with a given magnitude (a) and phase (b) at each pixel along each 

Cartesian axes x, y, and z using developed FFT algorithms. 
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10. Paper D: 4D Measurements of the in-Plane and out-of-

plane motion of the human tympanic membrane 
 

Overview 

In this paper, being prepared for submission to the Journal of the Acoustical Society of America, 

the developed 3D holographic methodologies are used to study multiple human TM samples in 

order to better understand the general behavior of sound-induced motions of the human TMs.  

The main focus of this Chapter is on the study of relative sizes of in-plane motions (components 

tangent to the local plane of the TM) with respect to the out-of-plane motions (components 

normal to the local plane of the TM).  Shape and sound-induced motions of three human TM 

samples are measured with our 3D holographic system.  Four-dimensional sound-induced 

motions of the TM (i.e., motions along x, y, z, at each temporal phase θ) are quantified, which in 

turn, using FFT algorithms enable both magnitudes and phases of three-dimensional sound-

induced motion of human TMs along all three axes.  A numerical algorithm is developed and 

implemented to rotate the original global Euclidean coordinates of the measuring system (x, y, z), 

so that new local coordinate systems (α, β, η) have unit vectors that are tangent (in-plane) and 

normal (out-of-plane) to the TM surface.  The general conclusion is that the in-plane components 

are generally 10 to 20 dB smaller than the out-of-plane components, which is consistent with the 

TM acting as a Kirchhoff-Love’s thin-shell dominated by out-of-plane motion with little in-plane 

motion.  These results argue against the presence of large in-plane motion components over 

much of the auditory range, and reduce the probability of the involvement of such motions in 

acousto-mechanical energy transformation. 
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11. Paper E: Simultaneous full-field three-dimensional 

vibrometry of the human eardrum using spatial-bandwidth 

multiplexed holography 
 

Overview 

In this paper, published in the Journal of Biomedical Optics in 2015, development of a novel 

single-frame multiplexed lensless holographic system for truly simultaneous measurements of 

the motion of samples such as human TM using multiple sensitivity vectors are described.  

Accepted 3D deformation measurement using holographic techniques require repeating the 

measurement at least along three different directions, and assume high reproducibility of 

response (i.e. the observed specimen behaves similarly when stimulated and measured several 

times).  For in-vivo measurements reproducibility is affected by a number of factors including 

changes in shape due to respiration, motion of the subject, and the subject’s pulse.  A single-

frame multiplexed holographic system is developed, which allows for simultaneous holographic 

measurements along multiple sensitivity vectors.  The holograms of the objects of interest are 

recorded with three simultaneous incoherently-superimposed pairs of reference and object 

beams, such that the modulation image corresponding to each illumination direction is 

reconstructed at a different position of the image.  An image registration algorithm based on the 

shift theorem of the Fourier Transform is implemented to register the images.  The time needed 

for a given 3D motion measurement is decreased at least threefold.  We demonstrate that the 

present method is a valid alternative to repetitive holographic methods and offers promising 

perspectives towards accurate 3D deformation measurements of biological specimens for in-vivo 

applications.  
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12. Paper F: Characterization of acoustically-induced 

forces of the human eardrum 
 

Overview 

In this paper, accepted for publication in a proceedings volume of the Society for Experimental 

Mechanics, acoustically-induced forces of the human TM are characterized to further expand the 

knowledge on the dynamics of sound-induced energy transfer through the middle ear.  Force-

sensing techniques are usually contact-based approaches and due to the viscoelastic properties of 

the TM, any interaction between the probe and the TM may result in modification of its dynamic 

properties by, potentially, squeezing the membrane, and in turn, inducing localized stresses in the 

vicinity of the contact area.  Furthermore, a biologic tissue like the TM exhibits relaxation and 

creep behavior, such that the contact force may decrease over time (even to the point of loss of 

contact between the probe and the TM).  In this paper, efforts toward measurements of sound-

induced forces of the TM using minimally-invasive sensing methodologies are described.  The 

methodologies consist of integrating MEMS-based force sensors with the developed holographic 

systems for simultaneous characterizations of kinematics and dynamics of the TM.  The MEMS-

based force sensor consists of an actuator suspended by four folded springs attached to an outer 

frame.  Compressive or tensile forces applied to the probe in its axial-direction result in a relative 

motion of the actuator and a set of capacitive electrodes, transducing motion into capacity 

changes, which are read out by an analog integrated circuit.  Sensors have sub-micro-Newton 

resolution and are capable of measurements along a single axis on a localized area of 50×50 µm
2 

on the TM surface.  A computer-controlled 3D nanopositioner, with a resolution of 35 nm and 

adjustable positioning rate, automatically places and scans the force sensor at several locations 

on the TM that are critical for the transfer of energy from the outer ear to the inner ear. 

 



147 

 

12.1. Capacitive force sensing approach 

The MEMS-based (MicroElectroMechanical system) capacitive force sensors are suitable for a 

range of biological studies with forces from picoNewton (10
-12

 N) to milliNewton (10
-3

 N).  

Commercially-available MEMS-based capacitive sub-micro-Newton force probes FemtoTools 

FT-S1000 are used to quantify the sound-induced forces of the TM.  Capacitance is a measure of 

the electrical charge between two conductors separated by an air gap.  A load applied to the 

sensor causes a defection. As the conductors are moved closer to or farther from one another, the 

air gap changes, and so does the capacitance (Sun and Nelson 2007; Beyeler et al., 2012).  An 

electronic circuit converts the capacitance variations into DC-voltage variations.  Figure ‎12.1 

shows the details of the probe used to measure sound-induced forces of the TM.   

 

Figure ‎12.1. MEMS force sensor: (a) a solid model of the sensor; (b) schematic of the 

internal structure of the sensor; and (c) block diagram of the sensor and its readout circuit 

(adapted from Sun and Nelson 2007). 
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As shown in Figure ‎12.1a, the sensor probe transmits forces axially, which in turn, causes 

deflection of the unidirectional compliant front springs.  As shown in Figure ‎12.1b, this 

deflection displaces the inner movable capacitor plates (2), so that with a force applied along the 

positive x-axis, plates (2) move away from plates (1) and closer to plates (3).  An AC signal is 

applied to the outer capacitors (plates (1) and (3)), and a voltage divider is formed, as shown in 

Figure ‎12.1c.  The resulting output signal can be obtained by 

       (
  

     
)    (

  

     
)    (‎12-1) 

where    and    are the capacitances of the two capacitors and can be calculated with 

      
  

  
    (‎12-2) 

      
  

  
    

(‎12-3) 

where   is the relative permittivity of the dielectric material between the plates (i.e., equal to one 

for air), and    is the vacuum permittivity and equal to                    ⁄ .  

Considering the nominal plate spacing    
     

 
 , and the spacing between the plates         

         and         , the output voltage that is linearly proportional to the 

displacement can be obtained with  

       

  

  
    (‎12-4) 

By considering the two front springs as one spring constrained on both ends with a point load 

applied in the middle, the force-deflection relation of this single spring can be obtained with  

   
   

     
    (‎12-5) 

where F is the applied force, E=100 GPa is the Young’s modulus of P-type 〈     〉 silicon, l, w, 

and t are the spring length, width and thickness, respectively (Sun and Nelson 2007).  
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12.2. Compensation for the stress relaxation of TM 

One of the challenging issues in the measurements of sound-induced forces at a point involves 

viscoelastic stress relaxation phenomena produced by a constant strain load induced by the 

MEMS probe.  As illustrated in Figure ‎12.2a, there is a gradual stress reduction in time when a 

constant strain is applied.  Thus, during experimental measurements, the preloading force has to 

be monitored and maintained at a constant level.  Therefore, the MEMS-based force sensor 

shown in Figure ‎12.1, is mounted on a computer-controlled 3D nanopositioner having a 

resolution of 35 nm and operating in closed-loop control to maintain a constant DC force level 

on the order of 250 µN during the time window of acoustic excitations.  

 
Figure ‎12.2. Viscoelastic properties of the TM exhibiting stress relaxation: (a) stress 

relaxation as a function of time under constant strain; and (b) Generalized Maxwell Model 

(adapted from Zhang et al., 2007). 

 

In order to determine appropriate constant DC force level, analyses similar to those provided by 

the Generalized Maxwell Model need to be carried out.  Such model, shown in Figure ‎12.2b, can 

be used to predict viscoelastic properties as well as the time constant needed in the closed loop 

control of the 3D nanopositioner. Additional models have also been obtained by other 

researchers (Hoffman and Grigg 2002; Duenwald et al., 2009; Aernouts et al., 2012).  
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In this Chapter, the frequency-domain transfer function of the sound-induced forces at several 

points on the surface of the TM are experimentally obtained with frequency sweep of tonal 

stimuli (harmonic stresses).  However, to minimize the acquisition time, the measurements can 

also be done in transient mode, where the forces are measured by applying either an impulse or a 

Pseudorandom Gaussian white Noise (PGN) stress input to the specimen, and measuring the 

resulting strain (Hoffman and Grigg 2002).  
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13. Conclusions and Future Work 

 We have developed laser holographic interferometric systems to quantify shape and 

sound-induced motions of the mammalian TMs at a new level of detail needed for more 

accurate investigations of middle ear mechanics.  3D Shape and 4D (space and time) 

sound-induced motion of TM samples of several species have been characterized using 

these new holographic systems with spatial resolution of more than one million points on 

the surface of the TM and a temporal resolution of >100 kHz for tonal stimuli.   Sound-

induced motion measurements are combined with shape measurements to enable 

characterization of tangential and normal sound-induced motion components.  The 

motion measurements can be done either in repetitive scheme, where sound-induced 

motions are quantified by a series of consecutive measurements along different sensitivity 

vectors; or using an optical multiplexed approach, where the motions are quantified 

simultaneously in one single frame of the camera.  Furthermore, sound-induced forces at 

the umbo and other well-defined positions on the surface of the human TM have been 

measured by a closed-loop control force measuring system capable of compensating for 

the relaxation of the TM. 

 A general conclusion is that the tangential (in-plane) motion components are 8 to 

20 dB smaller than the normal motion components, and hence, the probabilities of the 

involvement of such in-plane motions in acousto-mechanical energy transformation of 

the TM are low.  Preliminary force measurements data show that frequency-dependent 

forces in the middle ear, and in particular the TM, are also spatially dependent.  For 

instance, the maximum sound-induced forces at the umbo occur at frequencies between 
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1.6 to 2.3 kHz, whereas the maximum forces for locations on the surface of the TM 

occurs at around 4.8 to 6.5 kHz. 

 These developments will lead to new discoveries in the mysteries of hearing, and 

encourage and inspire industrial sectors in optics, lasers, and imaging systems to develop 

new instruments and package such imaging modalities for clinical applications.  The 

following points should be considered as future work and road map to further improve 

the applicability of this system. 

 Comprehensive constitutive equations by combining different datasets: One of 

the most important things that should be considered is how to combine these three 

datasets (shape, 3D sound-induced motion, and force) with currently-existing 

models in order to come up with comprehensive constitutive equations and 

mechanical models that fully characterize the mechanics of the middle ear, and in 

particular the TM.  Such a combination should elucidate the factors that influence 

the coupling of sound from the ear canal to the inner ear, which in turn, should 

lead to insights on how to improve the surgical outcomes observed after more 

complex middle ear reconstructions.  On the other hand, these measurements are 

great tools to test, verify, and improve the accuracy and applicability of currently-

existing Finite Element Models. 

 Optical Coherence Tomography: In terms of the experimental setup, currently the 

system can measure shape, 3D sound-induced motions, and forces of the TM; 

however the system can be modified to have another great capability (i.e., full-

field thickness measuring measurements).  For doing so, optical coherence 

tomography capability can be achieved by coupling a low-coherence light source 
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to the fibers and mounting the reference mirror on a micro-positioner, enabling 

scanning of the reference beam.  The system should be miniaturized and packaged 

to enhance the maneuverability and become portable in order to enable its 

application in the clinics.   

 Full-field 3D Force measurements: In terms of the measurements, the force 

measurements should be expanded significantly, so that instead of having the 

measurements at a few points, a 2D grid of points on the surface of the TM should 

be specified and the force sensor should scan all those points in order to provide 

the full-field sound-induced force of the TM.  Furthermore, currently the system 

can measure only 1D sound-induced forces (i.e., along the single sensitivity axis 

of the force sensor), however, the same force sensor can be positioned differently 

(at least along three different orientations) in order to provide the capabilities of 

3D force measurements, which in turn, will enable a more comprehensive 

understanding of the stress-strain state of the TM. 
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