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The human tympanic membrane (TM, or eardrum) is composed primarily of layers of collagen fibers
oriented in the radial and circumferential directions, as well as epidermal and mucosal layers at the
lateral and medial surfaces. The mechanical properties of the TM depend on the microstructures of the
collagen fibers, which vary with location, resulting in a spatial variation of Young's modulus. In this study,
the Young's modulus of the human TM is measured using microindentation. A 10 mm diameter spherical
nanoindenter tip is used to indent the TM at different locations in the lateral and medial surfaces.
Through a viscoelastic contact analysis, the steady state out-of-plane (through thickness) Young's
modulus at a constant strain rate for the TM is determined from the uniaxial relaxation modulus. The
measured spatial distribution of Young's modulus is reported for the entire TM pars tensa on both lateral
and medial surfaces. The Young's modulus, for the four TM quadrants, is analyzed statistically using a
normal quantile-quantile (Q-Q) plot. The obtained S-shaped curve indicates a bi-modal Gaussian dis-
tribution in the Q-Q plot. The spatial distribution of the Young's modulus is modeled by a bivariate
Gaussian function in the polar coordinates over the entire TM on both the lateral and medial surfaces. It
is shown that the anterior-superior quadrant has the smallest value of Young's modulus. Differences are
observed in the spatial distribution of the Young's modulus for both the lateral and medial surfaces. For
the medial surface, Young's modulus varies mainly along the radial direction following a small-large-
small trend, emanating from the umbo. For the lateral surface, the modulus at the anterior-superior
quadrant shows the smallest modulus; the modulus decreases gradually along the radial directions.
The quantitative results presented in this paper will help improve future simulation models of the
middle ear by using spatial dependence of Young's modulus over the entire TM.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The eardrum or tympanic membrane (TM) separates the middle
ear from the outer ear, and the tympanicmembrane converts sound
waves into vibrations of ossicular bones. The foot of the stapes
converts the bone movements (vibrations) into a hydrodynamic
pressure wave within the inner ear that travels along the cochlea.
These traveling waves then result in deflection of the stereocilia of
the cochlear hair cells and ultimately to the sensation of hearing.
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However, alterations in the structures or mechanical properties of
the TM due to diseases and trauma can affect the sound trans-
mission and lead to conductive hearing loss (Gan et al., 2004, 2006
& 2010; Kochkin, 2005; Wang et al., 2007). To understand the
sound transmission, it is necessary to understand the role of indi-
vidual components in the middle ear in acoustic transmission
(Eiber and Schidhlen, 1996; Ferris and Prendergast, 2000).

Measurements of the mechanical properties over the entire
eardrum provide material input parameters for finite element
method (FEM) simulation models of the middle ear. Values of
Young's modulus for the TM, under different conditions reported in
the literature, are summarized in Table 1. The first of these mea-
surements in 1960 reported a Young's modulus of 20MPa for the
TM using a beam test (Von B�ek�esy, 1960). At about the same time,
istribution of the human tympanic membrane by microindentation,
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Abbreviations

TM Tympanic Membrane
Q-Q Quantile-Quantile
CDF Cumulative Distribution Function
PDF Probability Density Function
FEM Finite Element Methods
COD Coefficient of Determination
R2 R squared
LP Lateral Process of the malleus
AS Anterior-Superior quadrant
AI Anterior-Inferior quadrant
PS Posterior-Superior quadrant

PI Posterior-Inferior quadrant
U Umbo
M Malleus
SP Short Process of the malleus
TIR Trigonum Interradiale
C Circumferential fiber
R1 radial fibers which attach straight into annular ring
R2 a few radial fibers which diverge or crossover their

terminals
T Transverse fibers
P Parabolic fibers
SMR Submucous Fine Radial fibers
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the Young's modulus of TM strip was measured as 40MPa using a
longitudinal dynamic tensile oscillator (Kirikae, 1960). Later,
through uniaxial tension on a human TM, the Young's modulus was
determined as 23MPa at a relatively high strain of 60% (Decraemer
et al., 1980). The areal modulus of elasticity of the human eardrum
was also found to depend on the undeformed area of the eardrum
(Gaihede et al., 2007). The in-plane Young's relaxation modulus
was determined from tensile relaxation on human TM strip speci-
mens, primarily along the circumferential direction (Cheng et al.,
2007). A nanoindentation technique was used to measure the
relaxation modulus of the TM in the out-of-plane (through-thick-
ness) direction; measurement was conducted on a small sample for
demonstration of the feasibility of the technique. The in-plane
Young's modulus for four quadrants of the TM was determined to
be 26e38MPa from different individuals (Huang et al., 2008). The
Young's modulus of a human TM in the out-of-plane direction was
found in the range of 2e15MPa over the entire TM on the medial
surface without removing the mucosal layer (Daphalapurkar et al.,
2009). A human TM was stretched at high strain rates, corre-
sponding to high frequencies up to 2000Hz (Luo et al., 2009a &
2009b), and the Young's modulus was reported as 45e59MPa in
the radial direction, and 34e57MPa in the circumferential direc-
tion. Using a dynamic mechanical analyzer, the storage modulus of
the human TM was determined as 15e28MPa at 1e3800 Hz using
frequency-temperature superposition (Zhang and Gan, 2013).

Young's modulus values for the TM under different conditions
reported in the literature are summarized in Table 1. Dynamic
properties of human tympanic membrane were also measured
using an electromagnetic driver to actuate remotely a magnet
attached to a TM strip sample under tension (Zhang and Gan, 2010).
In that work, a laser Doppler vibrometor was used to measure the
Table 1
Young's modulus values of TM reported in literature.

Literature Young modulus (MPa) measured

Von B�ek�esy, 1960 20
Kirikae (1960) 40
Decraemer et al. (1980) 23
Cheng et al. (2007). 13e22
Huang et al. (2008) 26e38
Daphalapurkar et al. (2009) 2e15
Luo et al. (2009a)
Luo et al. (2009b)

45e59
34e57

Zhang and Gan (2010) 54e66
Zhang and Gan (2013) 15e28
Liang et al. (2015) 15e28
Liang et al. (2016) 11e25
Hesabgar et al. (2010) 22
Aernouts et al. (2012) 2e5
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movement of the TM to determine the onset of resonance. FEM
simulations were used to model the vibration of the TM strip and
the dynamic stiffness at which resonance occurs. It was determined
that the storage modulus was within 54e66MPa at 200e8000Hz.
A laser holography technique was used to measure the surface
profile, and motion of a tympanic membrane induced by sound
(Puria, 2003; Rosowski et al., 2013; Beyea et al., 2013). A high-speed
digital holography method was used to quantitatively characterize
the transient dynamics of a TM (Dobrev et al., 2014). The strobo-
scopic holography yields maps of the amplitude and phase of the
displacement of the entire membrane surface at selected fre-
quencies (Greef et al., 2014). The measured stiffness of the TM was
found to depend strongly on the fiber density in a particular portion
of a TM. An indentation technique was developed to apply inden-
tation at a particular location in an intact, full size TM, while the
surface topography was measured by geometric moir�e (Hesabgar
et al., 2010; Aernouts et al., 2012). FEM analysis was conducted to
analyze this indentation problem to determine the Young's
modulus of the TM. Using this method, the Young's modulus of a rat
eardrum was determined to be approximately 22MPa, which is
sensitive to the thickness of the pars tensa (Hesabgar et al., 2010).
The Young's modulus of a human TM was determined through
indentation; the value was found to be within 2e5MPa (Aernouts
et al., 2012). The mechanical properties of a guinea pig TM (Liang
et al., 2015) and a chinchilla TM (Liang et al., 2016) were
measured under pressure loading using a combined micro-fringe
projection and the finite element simulation method; Young's
moduli were determined as 15e28MPa and 11e25MPa for guinea
pig and chinchilla, respectively. Since the calculation of the
modulus in bulging experiments needs the thickness data as input
and the thickness of a TM changes with location, using a high-
Direction Type Methods

Circumferential Human Qusai-static beam
Radial Human Dynamic tension
Circumferential Human Uniaxial tension
Circumferential Human Tension
Lateral surface Human Nanoindentation
Medial surface Human Nanoindentation
Radial
Circumferential

Human
Human

SHTB
SHTB

Radial Human Dynamic tension
Circumferential Human DMA
Entire TM Guinea pig Bulging
Entire TM Chinchilla Bulging
Local Human Indentation
Entire TM Human Indentation
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resolution optical coherence tomography apparatus, the thickness
of human eardrum was found to vary between 79 and 97 mm
(Kuypers et al., 2006; Jeught et al., 2013). The conventional
methods for measurements of TM modulus utilize a strip or entire
TM specimen; the average values for a TM are reported. However, a
TM contains heterogeneous structures with possibly anisotropic
behavior in the radial, circumferential, and through-thickness di-
rections. The reported results focused on the in-plane properties;
the out-of-plane properties, which could be different from the in-
plane properties, were not reported for the TM. We investigate in
this work the out-of-plane properties in the human TM.

In this paper, microindentation is used to probe the local
indentation load-displacement response when a spherical indenter
tip indents into the surface of a TM on a substrate. A viscoelastic
indentation contact mechanics analysis is used to calculate the
Young's relaxation modulus (Lu et al., 2003; Huang and Lu, 2006;
Huang et al., 2008; Daphalapurkar et al., 2009). The measured
Young's relaxation modulus is further converted into Young's
modulus at a given strain rate. We report the results of Young's
modulus measured on four different quadrants of a human TM, on
both the lateral and medial surfaces of the human TM.

2. Materials and methods

2.1. TM structures, layout and quadrants

The human TM consists mainly of parsa tensa, surrounded by
the annulus ring. A malleus bone is located in the upper half of the
medial surface in the center of Fig. 1a. The parsa flaccida is located
at the top. The parsa tensa contains posterior-superior (PS),
anterior-superior (AS), posterior-inferior (PI), and anterior-inferior
(AI) quadrants, as shown in Fig. 1a. The human TM consists of
three membrane layers: the epidermal layer on the lateral surface,
middle lamina propria layer, and mucosal layer on the medial
surface. The lamina propria layer consists of two separate layers of
bundled collagen fibers oriented in the radial and the circumfer-
ential directions (Lim, 1970 & 1995) on the lateral and medial sur-
faces, respectively. Fig. 1b shows a schematic diagram of these
layers across the thickness (Lim,1970; Fay et al., 2005). Themucosal
layer is thin (1e2 mm, typically consists of 1e2 layers of cells) in a
healthy TM. The epidermal layer is typically 8 mm thick. In order to
Fig. 1. Schematic diagram of human TM layout and structures.(a). Four quadrants of right ea
Superior quadrant, AI: Anterior-Inferior quadrant, PS: Posterior-Superior quadrant, PI: Poste
et al., 2005; Daphalapurkar et al., 2009).
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investigate the properties of the collagen fibrous layer, both
epidermal and mucosal layers were removed during the prepara-
tion of TM samples.

2.2. Tympanic membrane samples

All TM samples used in this study were harvested from fresh-
frozen human temporal bones (cadaver ears) through the Willed
Body Program at the University of Oklahoma Health Science Center.
The study protocol was approved by both Institutional Animal Care
and Use Committees (IACUC) at the University of Oklahoma and the
University of Texas at Dallas, and met the guidelines of the National
Institutes of Health. The tympanic annulus was separated from the
bony ear canal, while the ossicular bone chain was removed at the
joints with malleus. Then, the malleus bone was removed from the
TM medial surface. Since the outer epidermal and mucosal layers
are much softer than the collagen fiber layers, under observation
through a surgical microscope a round wooden stick (with
rounded-end) was used to slightly scratch both top surfaces of TM
samples for 4e5 times until the lamina propria layer was exposed;
the exposed layer had no visible damage. After the outer epidermal
and mucosal layers were removed, the microindenter tip was
placed in direct contact with the lamina propria layer consisting of
collagen fibers.

Seven (7) TM samples were prepared for the measurement on
the medial surface and eight (8) TM samples were used for the
measurement on the lateral surface. The TM samples were trans-
ported in a thermally-insulated cooler filled with dry ice; then
stored in a freezer at �30 to �40 �C before the experiments. Each
TM was defrosted for approximately 20min prior to sectioning
using a scalpel formicroindentation. The information and images of
the seven TM samples used for the measurement of the medial
surface and the eight TM samples for measurement on the lateral
surface are shown in Tables 2 and 3, respectively. Information for
age, gender, and orientation (left/right) is also shown in both tables
for each TM.

2.3. Microindentation experiments

Since a TM is a nearly conical-shaped membrane with a cone
angle within 132�e137� (Gaihede et al., 2007), it is not possible to
r TM at lateral view (Beyea et al., 2013). LP: lateral process of the malleus, AS: Anterior-
rior-Inferior quadrant; U: Umbo, M: Malleus; (b). Schematic of TM layer structure (Fay

istribution of the human tympanic membrane by microindentation,



Table 2
Information on the 7 TMs for microindentation on the medial surface.

Sample TB08-02 TB08-03 TB08-17 TB08-27 TB08-28 aTB09-05 TB09-08

Image

Information 89/M/R 83/F/L 77/F/L 71/F/L 71/F/R 60/M/L 60/F/R
Data points 82 83 77 74 84 97 89

Notation: M e Male, F e Female, R e Right ear, L e Left ear.
Note:

a TB09-05 TM sample was dyed with biocompatible blue pigments for other testing. Since the pigments are ultramarine nanoparticle with diameters in tens of nanometers,
soluble to water and dispersed in solution with less than 1%w/w concentration, the dye is not anticipated to significantly affect the TMmechanical properties such as modulus
results. The total number of indentations made on these samples is 586.

Table 3
Information on the 8 TMs for microindentation on the lateral surface.

Sample aTB09-19 TB09-20 TB10-01 TB10-02 TB10-03 TB10-22 bTB10-23 TB10-24

Image

Information 66/M/L 66/M/R 59/F/L 59/F/R 80/M/L 87/F/R 74/F/L 74/F/R
Data points 41 73 78 108 98 77 113 110

Note.
a Only half of TB09-19 TM was harvested.
b TB10-23 TMwas already cut into four quadrants for microindentation testing. The total number of indentations made was 698. The small grids at the bottom of each image

show a scale bar with the side length of each grid at 1.0mm.
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lay down an entire TM flat on a substrate. Thus, to obtain a flat
specimen for the microindentation experiments, a TM was cut into
four quadrants, which were then laid down flat on an aluminum
substrate. A quadrant of the TM sample was placed on the
aluminum substrate. Before microindentation, each TM specimen
was gently stretched by several cycles on a flat substrate for pre-
conditioning and flattened gently before placing it on the
aluminum substrate. This process is not anticipated to damage the
collagen fiber network of the TM sample (Cheng et al., 2007;
Daphalapurkar et al., 2009). The TM initially placed on the
aluminum substrate was soaked in saline solution (0.9% NaCl, pH
5.6). Fingers covered with a silicone rubber glove gently pressed a
quadrant against the hard substrate, to allow the TM quadrant to
stay flat and rest on the substrate, to ensure that no air was
entrapped between the TM sample and the substrate. The force
applied was estimated to be in the neighborhood of 0.1 N, and was
not anticipated to induce damage to the collagen fiber network of
the TM sample. The saline solution allowed its meniscus to make
contact with the TM periphery, so that the TM remained in the
moisturized condition during microindentation. The same round
wooden sticks were used to flip the TM sample, and to stretch and
flatten the TM sample gently for 3e4 times for preconditioning.

A schematic diagram of a samplemounted on a specimen holder
(island) for microindentation is shown in Fig. 2a. The circular
groove surrounding the island was filled with saline solution to
allow the saline solution to moisturize the TM sample during
microindentation. An actual AI quadrant placed on an island sub-
strate in the center is shown in Fig. 2b. An entire TM that was cut to
four quadrants is shown in Fig. 2c, before placement on the
aluminum island substrate. During microindentation, the saline
level was monitored and the saline solution was added every
10min, to ensure that the TM was maintained in a saline-soaked
condition. Microindentation was made on either the medial sur-
face or the lateral surface in all measurements. Within the TM, the
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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collagen fibers are aligned either along the radial direction on the
lateral surface or in the circumferential direction on the medial
surface, as observed by high-magnification SEM images (Moller,
1981, 1984; Cheng, 2007; Mota et al., 2015).

The TM is a thin membrane of material in a rubbery state. Its
lateral surface is in contact with air, and in-vivo its periphery has
only the annulus ring connected to the ear canal tissue at the body
temperature of 37 �C. Under this situation, the TM temperature is
likely to be between room temperature and the body temperature.
Therefore, it seemed feasible to conduct the microindentation ex-
periments at approximately 23 �C.

The long time it took formicroindentationonaTMquadrantmade
it difficult to perform testing on both sides of each sample. Specif-
ically, one microindentation site was conducted in 30min. This pro-
cess includes identification of contact point (5min), loading and
unloading (10min), and thermaldrift correction for thenanoindenter
system (15min). EachTMquadranthad20-30microindentation sites
and it took about 10e15 h to complete the microindentation exper-
iments ononequadrant. After this long timeonone surface, the same
TM was no longer suitable for another 10e15 h of microindentation
on the other surface. Therefore, microindentations were made on
only one of the two surfaces of each sample.

Microindentation was made on each quadrant of TM, starting
from the inner location close to the umbo towards the outer
perimeter along radial directions. The umbo is set as the origin, and
the indents close to umbo were nearly evenly distributed along the
radial lines. For each quadrant, microindentation was made along
3e6 different radial lines; along each radial line, microindentation
wasmade at about 10 locations. Themicroindentation point array is
along the radial direction, with an angle of 20� of separation from a
neighboring array. The first array of microindentation points form
an angle of 10e15� from the cutting edge. The location of each
microindentation point is controlled by a positioning stage with
submicron resolution. The location of the umbo center was taken as
istribution of the human tympanic membrane by microindentation,



Fig. 2. Through-thickness microindentation experimental setup.(a). Schematic setup;(b). An actual top view of AI quadrant TM placed on an aluminum substrate;(c). Image of four
cut TM quadrants (TB10-24).
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the origin, and one cutting edge was selected as the x-direction. A
small amount of shrinkage (5e10%) of collagen fibers in the cutting
section (at the cutting edge) occurred and is considered to have
negligible effect on the property measurements on locations far
away from the edges, and microindentations were made at points
far away from the cutting edge. In Tables 2 and 3, the total number
of microindentation points is also given for each TM sample. The
actual shapes of the manubrium of each TM are also shown in
Tables 2 and 3 In total, 586 and 698 microindentations were made
in the medial surface and the lateral surface, respectively. In Fig. 3a,
a schematic drawing on these measurement points on the AI
quadrant is shown as an example.

Microindentation was conducted on four quadrants of the TM
and the Young's modulus results are reported. To determine the
spatial distribution of Young's modulus, under the nanoindenter tip
(10 mm radius), the indent impression would have a dimension on
the order of 10 mmat an indentation depth of 1.2 mm; hence, there
are many collagen fibers (each collagen fiber has approximately
10 nm diameter) within the indent impression. Thus, for analysis,
the continuum assumption is made to determine the local effective
properties.
Fig. 3. A schematic diagram showing fiber orientations in a human tympanic membrane o
schematic of indent path (4 radial lines separated by about 20�) and indentation points (abou
process of the malleus; TIR: trigonum interradiale; C: circular fiber; R1: radial fibers which a
terminals; T: transverse fiber; P: parabolic fibers; SMR: submucous fine radial fiber.
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2.4. Viscoelastic analysis

The microindentation depth is on the order of a few microns,
which is less than 1/10 of the thickness of the TM (70 mm). There-
fore, the spherical indentation into the TM sample is modeled as a
contact mechanics problem in which a sphere indents into a
viscoelastic half space (Lu et al., 2003, 2006; Huang and Lu, 2006;
Huang et al., 2008). The diamond indenter tip has a modulus that is
four orders of magnitde higher than that of the TM, so that the tip is
modeled as rigid. From Hertzian contact mechanics analysis, with
the consideration of a time-dependent viscoelastic boundary value
problem (Lee and Radok, 1960), the viscoelastic microindentation
depth, h(t), is calculated from the microindentation load, P(t), using
the following equation (Lu et al., 2003):

h3=2ðtÞ ¼ 3ð1� vÞ
8
ffiffiffi
R

p
ðt

�∞

Dðt � xÞ
�
dPðxÞ
dx

�
dx (1)

where v is the Poisson's ratio, assumed to be constant, R is the
radius of the spherical indenter, D(t) is the uniaxial creep
f right ear (adapted from Lim, 1995). (a). Lateral view; (b). Medial view. Note, in (a), a
t 7 points) are marked in red dash-lines and dots in AI quadrant, respectively. SP: short
ttach straight into annular ring; R2: a few radial fibers which diverge or crossover their

istribution of the human tympanic membrane by microindentation,
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compliance. A curve fitting approach is used to determine the creep
compliance. In this method, the uniaxial creep compliance is rep-
resented as a generalized Kelvin model,

DðtÞ ¼ D0 þ
XN
i¼1

Di

�
1� e�t=ti

�
(2)

where D0 and Di (i¼ 1, …, N) are compliance coefficients, ti are
retardation times,N is the number of terms in the Prony's series. For
spherical microindentation under a constant rate loading history,
P(t)¼ _P0tH(t), where _P0 is the constant loading rate, and H(t) is the
Heaviside unit step function, substituting Eqn. (2) into Eqn. (1)
leads to:

h3=2ðtÞ¼3ð1� vÞ
8
ffiffiffi
R

p
" 

D0þ
XN
i¼1

Di

!
PðtÞ�

XN
i¼1

Diðv0tiÞ
�
1�e�

PðtÞ
v0ti

�#

(3)

The loading rate _P0 ¼ 8.83 mN/s was applied in this study. This
value is the same as that used in our previous microindentation
measurements on TM (Huang et al., 2008; Daphalapurkar et al.,
2009). Since the viscoelastic theory was used to convert the
relaxation modulus to Young's modulus at a given strain rate, the
effect of loading rate has been considered in the analysis. However,
it does not play an additional role in the interpretation of the
measurement results.

Using the least squares correlation to fit Eqn. (3) to the load-
displacement curve measured from microindentation, all parame-
ters, D0, Di, and ti are obtained. With the known parameters, the
creep compliance in Eqn. (2) is determined. The relaxationmodulus
E(t) is obtained from the uniaxial creep compliance (Knauss et al.,
2008) by:

ðt
0

EðtÞDðt � tÞdt ¼ t (4)

Since TM is a soft tissue in its rubbery state, its Poisson's ratio is
usually taken as 0.495 to avoid an ill-posed problem. The relaxation
modulus was determined numerically from the uniaxial creep
compliance using an inversion method (Luo et al., 2013). The
discrete relaxation modulus data is subsequently fitted with a
generalized Maxwell model:

EðtÞ ¼ E∞ þ
XN
i¼0

Eie
�t=ti (5)

where E∞ is the steady-state relaxation modulus, Ei (i¼ 0, …N) are
relaxation coefficients.

Since the TM behaves as nearly linearly viscoelastic at small
deformations (Luo et al., 2009a; 2009b), using a linearly viscoelastic
analysis, the Young's relaxation modulus can be converted into
Young's modulus at a given strain rate (Luo et al., 2010, 2013). For a
linearly viscoelastic material under uniaxial stress state, the uni-
axial stress s(t) is calculated from the applied strain history ε(t),
using the Boltzmann superposition principle:

sðtÞ ¼
ðt
0

Eðt � xÞ dεðxÞ
dx

dx (6)

where E(t) is the Young's relaxation modulus. At a constant strain
rate _ε0, εðtÞ ¼ _ε0t, Eqn. (6) becomes:
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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EðtÞ ¼ sðtÞ
εðtÞ ¼

1
t0

ðt0
0

EðxÞdx (7)

where EðtÞ is the average uniaxial relaxation modulus from time
0 to t0. Eqn. (7) indicates that the average Young's relaxation
modulus (over time period 0 to t0) is equal to the Young's modulus
at a constant strain rate _ε0 (Luo et al., 2009a; 2009b, 2010, 2013).
2.5. Young's modulus map

Since different TMs have different dimensions and shapes, the
dimensions are normalized for comparison of modulus data ob-
tained from different locations of individual TMs. Since most TMs
have either round or elliptical shape, the locations are normalized
by dividing the radial coordinate by the diameter (r0 for round
shape) or the length of the major axis (for elliptical shape). The
actual Cartesian coordinates (x’, y’) are converted into the
normalized Cartesian coordinates (x, y) through x¼ x’/r0 and y¼ y’/
r0, with a range [-1,1], with the umbo center as the origin (0, 0). The
normalized Cartesian coordinates x-y are further converted into
polar coordinates (r,q) through:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

q
; q ¼ tan�1

�y
x

�
(8)

where �1� x, y� 1, 0� r� 1, 0� � q� 360�. Fig. 1a shows the co-
ordinate conversion. At the malleus, q¼ 0�, and q is positive in the
clockwise direction. After normalization into polar coordinates, all
modulus data are combined and plotted as a Young's modulus map.

Since a TM has four views: lateral view at right ear, medial view
at right ear, lateral view at left ear, and medial view at left ear, three
views are transformed onto the lateral view in the right ear as
shown in Fig. 3a. It has the same configuration as themedial view at
the left ear. They are symmetric with respect to other two views
(lateral surface at left ear, and medial surface at right ear) with
respect to the malleus bone axis. Therefore, all other three views
projected onto the lateral view in the right ear are unique for
identification of the location for the comparison.
2.6. Statistical analysis

2.6.1. Q-Q plot
In this statistical analysis, the first step is to construct a histo-

gram from the experimental data. A quantile-quantile (Q-Q) plot is
used to evaluate visually the data set. The Q-Q plot (or probability
plot) gives a quick graphical diagnostic on whether the experi-
mental data follows the assumed distribution or not (Chambers
et al., 1983). It is noted that the location information is not
considered in this Q-Q plot analysis. Instead, the spatial depen-
dence is considered in the modeling of the modulus distribution
described in the next section.

The procedures to construct the Q-Q plot are given as follows
(Chambers et al., 1983):

(a). Sorting data: The experimental data set {x1, x2, ..., xi,…, xn} for
i¼ 1, 2, ..., n, is sorted from the lowest to the highest values.
The sorted values are denoted by {x(1), x(2), ..., x(i), …, x(n)},
where x(1)< x(2)< ...< x(i)< ... <x(n). The subscripts in paren-
theses represent the new resorted order for (i) ¼ (1), (2), ...,
(n).

(b). Calculating the experimental accumulated probability qi: The
values at x(i) are used to calculate this value:
istribution of the human tympanic membrane by microindentation,
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qi ¼
i� 0:5

n
ði ¼ 1; 2; :::; nÞ (9)
(c). Calculating the theoretical quantile: Since the cumulative
distribution function (CDF), F(z), has an integration relation
with the probability density function (PDF) f(z), F(z) is
calculated as:

FðzÞ ¼
ðz
0

fðxÞdx (10)

The quantile notation is used. If zi is the ith quantile of a dis-
tribution, thenF(zi)¼ qi. Thus, the theoretical quantile is defined by
the inverse function of the CDF as

zi ¼ F�1ðqiÞ (11)

(d). Q-Q plot: The sorted experimental quantile set of {x(i)} is
plotted as the abscissa and the theoretical quantile set of {zi}
is plotted as the ordinate, to form the Q-Q plot.
2.6.2. PDF and CDF plots
Through Q-Q plots, the Young's modulus data from human TM is

tested to determine whether it follows a single-modal or multi-
modal normal distribution. At the same time, the histogram and
the empirical CDF figure are constructed. In the histogram, the
sorted experimental quantile data set of {x(i)} (i¼ 1, 2, ..., n) is used
as the abscissa. Then, the ordinate represents the empirical prob-
ability density f0(xi), calculated from the relative frequency fi
divided by the empirical quantile step:

f0(xi)¼ fi /[(x(n)-x(1))/n] (12)

where the relative frequency fi is defined as the ratio of counts
occurring in the interval (xi, xiþ1) to that of the total counts.
Therefore, the bar figurewith sorted data set {x(i)} and the empirical
probability density are plotted as the histogram (PDF plot). For the
empirical CDF figure, the abscissa is the sorted experimental
quantile set of {x(i)} (i¼ 1, 2, ..., n), and the ordinate is the accu-
mulated probability, or the calculated experimental accumulation
{qi}. The data set of {x(i), qi} is then plotted as the empirical CDF
figure and is used for comparison between modeling results and
the experimental data to determine the distribution parameters.

2.6.3. Modeling the modulus map
The Young's modulus of human TM changes with location as

indicated by microindentation measurement; the modulus de-
pends on the fiber arrangements. Fig. 3a shows the conceptual fiber
arrangements for human tympanic membrane (adapted from Lim,
1995) of the right ear. In addition to the major radial and circum-
ferential collagen fibers, R1, R2, T, P, and SMR, fibers also exist in a
TM either on the medial or lateral surface. Fig. 3b for the medial
surface shows a pattern, similar to the lateral surface, except with a
different orientation. It is nearly a mirror image of Fig. 3a with
respect to the malleus bone axis. The solid lines represent the fibers
at the top, and the dashed lines refer to the hidden fibers below the
surface layer. The other two views of TMs in the left ear have similar
patterns to those of the right ear, at different orientations. With a
projection onto the lateral view in the right ear, all modulus results
are presented in the sequel for comparison. With all this data
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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available, it is possible to model the statistical distribution of
Young's modulus.

In general, for the multi-modal Gaussian distribution, the
probability density function is the summation of individual
Gaussian PDFs weighted by factors, given as:

gðEÞ ¼
XN
i¼1

ai
si

ffiffiffiffiffiffi
2p

p e

�
�0:5

�
E�mi
si

�2
�
; (13)

where N is the order of multi-modes, ai, si, mi (i¼ 1 to N) are the

weight factors ðPN
i¼1

ai ¼ 1Þ, the standard deviation and expectation

(mean) values, respectively. The corresponding CDF is given as:

GðEÞ ¼ 0:5þ 0:5
XN
i¼1

ai�erf
�
E � mi
si

�
; (14)

where erf is the error function. When a bimodal Gaussian function
is chosen, the order is N¼ 2. The best-fit parameters ai, si, mi (i¼ 1,
2) are determined using the nonlinear least squares Levenberg-
Marquardt method (Luo et al., 2015; Xu et al., 2018). With these
parameters known, the theoretical multi-Gaussian PDF curve was
constructed, and compared with the experimental histogram.
3. Results and discussion

3.1. TM samples and microindentation

The information and images for the TM samples are shown in
Tables 2 and 3 It is noted that portions of some annulus rings are
damaged during preparation of the TM samples. Since micro-
indentation is made on the pars tensa, the damage in the annulus
ring does not affect the TM modulus measurement. The left/right
ear orientation listed is important for projection of TMs at different
surfaces and orientations onto the same lateral view in the right
ear, so that the combined modulus data from different TMs can be
analyzed for further comparison.

The mechanical properties determined represent those of the
lamina propria. The maximum indentation depth used for visco-
elastic analysis to determine viscoelastic properties (Lu et al., 2006)
is restricted to 1.2 mm so that the effect of substrate can be
neglected since themaximum indentation depthwas less than 1/35
of the TM thickness. The microindentation load-displacement
curve is very similar to previous work on the human TM (Huang
et al., 2008; Daphalapurkar et al., 2009). A typical micro-
indentation load-displacement curve is shown in Fig. 4, with labels
indicating the loading and unloading paths. The Young's modulus is
calculated from the loading curve.

In any quadrant of the TM, collagen fibers are largely oriented
within a plane. The TM quadrant could be considered as a trans-
versely isotropic material. The Young's modulus in the through-
thickness direction can be different from the in-plane modulus.
The relaxation functions were obtained based on the analysis of a
homogeneous, isotropic, linearly viscoelastic material. The nano-
indentation in the through-thickness direction invokes primarily
the behavior of the material in the thickness direction
(Daphalapurkar et al., 2009). The assumption of isotropy in this
analysis is not anticipated to affect the measurement of the
through-thickness Young's relaxation modulus significantly
(Daphalapurkar et al., 2009).
istribution of the human tympanic membrane by microindentation,



Fig. 4. Typical microindentation load-displacement curve for human TM.
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3.2. Young's modulus map

A typical Young's modulus map at the medial surface in the
normalized (x, y) coordinate system for the TM sample TB 08-02 is
shown in Fig. 5a. It is noted that the original Young's modulus map
in the actual (x’, y’) coordinate system has the same map as shown
in Fig. 5a, the difference is in the coordinate scales used. After the
rectilinear coordinates (x, y) are converted into the polar co-
ordinates (r, q), the Young's modulus map has a symmetric
configuration with respect to the y-axis. For the right ear with
microindentation at the medial surface, the medial view is shown
in Fig. 5a and the lateral view is shown in Fig. 5b. The small black
dots in the polar coordinates show the actual locations of micro-
indentation. The original modulus maps (Fig. 5a) show an irregular
boundary formed by piecewise lines connecting neighboring points
at the actual boundary. The boundary is within the TM parsa tensa
range, close to the annulus ring. The maps in the polar coordinates
(Fig. 5b) show a smooth round boundary at r¼ 1.0, defined as the
dimensionless radial coordinate, which is the ratio of the radius of a
point to the radius of the annulus. The data at the boundary is
interpolated. The Young's modulus maps for the other six TMs
Fig. 5. Young's modulus distribution of TM (TB08-02) at the medial surface. An outline of the
map in normalized x-y coordinates; (b). Smoothed map in normalized polar coordinates. N
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measured at the medial surface (TB08-03, TB08-17, TB08-27, TB
08e28, TB09-05 and TB09-08) are shown in the lateral view of
Fig. 6aef in the normalized polar coordinates.

Another typical Young's modulus map of TM at the lateral sur-
face is shown in Fig. 7 for the TM sample labeled TB10-02. Fig. 7a is
plotted with the same configuration as Fig. 7b at the same lateral
view of right ear. Fig. 8aef (the lateral view) show the Young's
modulus maps for the lateral surface for six TMs: TB09-20, TB10-01,
TB10-03, TB10-22, TB10-23 and TB10-24, except for TB09-19, which
has results for only a half of the TM.

In Figs. 5e8, the Young's modulus data shows one or more
peaks, where the locations and values vary with different TMs. In
order to find common features, all modulus data from different TMs
are combined into a single modulusmap from all seven TM samples
at the medial surface and all eight TMs at the lateral surface,
respectively.

We define the coordinates of each point in Fig. 1a and convert
the map of four quadrants into a combined map for each TM.
Figs. 5b, 6 and 7b and 8 show the smooth interpolated 2D map in
polar coordinates. Even though microindentation on each TM has
low spatial resolution and different distribution, combining all data
from different TMs, a trend and distribution are obtained through
statistical analysis. The results are analyzed statistically in Section
3.3, and the modulus map is modeled based on the statistical
analysis. These results show effective properties for the TMs used in
this study.

3.3. Normal Q-Q plot

A normal Q-Q plot is used to test whether the modulus distri-
bution follows a single-modal or multi-modal normal distribution.
This plot compares the experimental quantiles against a corre-
sponding theoretical fitted quantiles. The normal (Gaussian) dis-
tribution is assumed as the theoretical reference. It is represented
as N[m,s], with mean m and standard deviation s. Consequently, the
normal probability (or normal Q-Q) plot provides a quick test for
the null hypothesis that the data follows a normal distribution
(Filliben, 1975; Gnanadesikan, 1977). If the points in the Q-Q plot
fall approximately on a straight line, the hypothesis is supported.
manubrium is plotted as a blue dot-dash curve in Fig. 5a. (a). Original Young's modulus
ote, the malleus is located at x¼ 0, 0< y< 1 in Fig. 5a, and q¼ 0� or 360� , 0< r< 1.

istribution of the human tympanic membrane by microindentation,



Fig. 6. Young's modulus map data at medial surface in normalized polar coordinates. (a). TB0803; (b). TB08-17; (c). TB08-27; (d). TB08-28; (e). TB 09-05; (f). TB09-08.

Fig. 7. Young's modulus distribution of TM (TB10-02) at the lateral surface. An outline of the manubrium is plotted as a blue dot-dash curve in Fig. 5a.(a). Original map in normalized
x-y coordinates;(b). Smoothed map in normalized polar coordinates.
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The Q-Q plot also provides an assessment of “goodness of fit”
graphically. When a QeQ plot shows an arc and “S” shape, it in-
dicates that one of the distributions is more skewed relative to the
other, indicating most likely the data follow a bimodal distribution
(Kotz et al., 2005; Thode, 2002).

Figs. 9 and 10 show the normal Q-Q plot of the TMmodulus data
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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for each of the four quadrants measured from the medial surface
and the lateral surface, respectively. The points do not form one
straight line. Fig. 11a and b include all the data points from the four
quadrants. The points do not form a straight line even though most
datawithin the range of P80e P20 are close to a straight line. P80 and
P20 are defined as the modulus at which 80% and 20% of the data
istribution of the human tympanic membrane by microindentation,



Fig. 8. Young's modulus map data of TMs at lateral surface in normalized polar coordinates. (a). TB09-20; (b). TB10-01; (c). TB10-03; (d). TB10-22; (e). Tb10-23; (f) TB10-24.
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points have these values, respectively. Based on Figs. 9e11, the data
is likely to follow a bimodal distribution.
3.4. Bi-modal Gaussian distribution

In addition to the CDF distribution, the PDF distribution is also
included. The modulus data points are combined from different
TMs for the same quadrant of PS, AS, PI and AI. They are plotted in
Fig. 12 for the 7 TMs with microindentation at the medial surface.
Similarly, for the 8 TMswithmicroindentation at the lateral surface,
the modulus data points are also combined from different TMs for
the same quadrant of PS, AS, PI and AI. They are plotted in Fig. 13.
Modulus data are also combined for the four quadrants. Fig.14a and
b shows the PDF histogram of all modulus values for the entire TM
at the medial and lateral surfaces, respectively.

In general, the Young's modulus values of the human eardrum
vary within 1.5e50MPa for the medial surface, with most data
falling within 5e30MPa. The modulus values vary within
2e90MPa for the lateral surface, and most data points are within
the range of 15e60MPa. The data on the AS quadrant show in
general the smallest values compared with the other three
quadrants.

Next, a bi-modal Gaussian CDF is used to fit the distribution
parameters. Fig. 15a and b shows the experimental CDF curves of
TM modulus data for all quadrants measured from the medial
surface and lateral surface, respectively, as well as the best-fit re-
sults. The confidence level of the fitting is noted as COD (R2), which
is bounded between 0.0 and 1.0, corresponding to poor to excellent
fitting, respectively. The fitting parameters and confidence levels
obtained in this study are listed in Tables 4 and 5 for the medial
surface and the lateral surface, respectively. All COD (R2) range from
0.99 to 1.00, indicating an excellent fit for statistical analysis. The
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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standard deviations for all parameters are calculated through the
Levenberg-Marquard algorithm, which are summarized in Tables 4
and 5 following the ± symbol. The relative standard deviation was
mostly in the range of 2%e8%, up to 11%, which indicate excellent
confidence levels and statistical reliability. It indicates that the
Young's modulus can bewell described using the bimodal Gaussian
distribution and the Young's modulus maps can be most possibly
modeled as a bi-bivariate Gaussian map. In Fig. 15, the bimodal
Gaussian function fits the CDF well for TM modulus at both medial
and lateral surfaces.

With these parameters known, the theoretical PDF curves,
superimposed in Figs. 12e14, agree reasonably well with the cor-
responding histograms. In Fig. 12, two peaks are seen clearly that
occur at 6e8MPa and 19e20MPa for all TM quadrants at the
medial surface. The weight factor for two expectations is close to
50% for the PS, PI and AI quadrants while only 40% for the AS
quadrant. For the entire TM at the medial surface, the two expec-
tations are 6.6MPa and 19.2MPa with 0.5 wt ratio, as shown in
Fig. 14a. Except for Fig. 13a, where two peaks overlap at 40MPa, the
other three quadrants (AS, PI, and AI) all show two peaks of
modulus in the ranges of 12e24MPa and 44e47MPa as shown in
Fig. 13. The weight factors for the PI and AI quadrants (0.22 and
0.37) are less than that of the AS quadrant (0.48). For the entire TM
at the lateral surface, the modulus has two peaks at 16.3MPa and
41.6MPa with the weight ratio 18:82 as shown in Fig. 14b. This
weight factor represents the ratio of two expectations. The differ-
ences in weight factors in different quadrants may be due to dif-
ferences in the fiber distribution and density.

In the literature, the average values reported for the TM
modulus are approximately 20MPa (Von B�ek�esy, 1960) and about
40MPa (Kirikae, 1960) in the circumferential and radial directions,
respectively. In this study, even smaller values of TMmodulus were
istribution of the human tympanic membrane by microindentation,



Fig. 9. Normal Q-Q plots of four quadrants for 7 TM at medial surfaces. (a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.

Fig. 10. Normal Q-Q plots of four quadrants of TM at the lateral surface. (a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.
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Fig. 11. Normal Q-Q plots for all quadrants.(a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.

Fig. 12. Bi-modal Gaussian distribution of four quadrants for 7 TM at the medial surface.(a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.
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obtained. They are 6.6± 3.5MPa and 16.3± 7.1MPa at both the
medial and the lateral surfaces, respectively. The smaller TM
modulus may be associated with lower density of collagen fibers.
The larger modulus values measured as 19.2± 6.2MPa and
41.6± 18.8MPa for the circumferential and radial fiber layers,
respectively, may be the consequence of difference in collagen fiber
density. From Table 4, the two averages of themean values (mm1 and
mm2) for the four quadrants at the medial surface are 19.6± 0.5MPa
and 6.8± 0.8MPa, likely corresponding to the main circumferential
fibers and the minor fibers such as transverse fibers, TIR (trigonum
interradiale in Fig. 3) fibers and parabolic fibers (Fig. 3), respec-
tively. The statistical average of the modulus of 19.6MPa is very
close to the value of 19.2MPa obtained from all four quadrants. The
value is consistent with the nearly 20MPa reported for the TM in
the circumferential direction (Table 1). From Table 5, the two
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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averages of the mean values (mL2 and mL1) for the four quadrants at
the lateral surface are 44.3± 3.1MPa and 23.6± 11.8MPa, likely
corresponding to themain radial fibers and theminor fibers such as
R1 radial fibers, R2 radial fibers, and SMR submucous fine radial
fibers (Fig. 3), respectively. The average of the larger mean values
(mm2), quoted as a representative modulus, of 44.3MPa is consistent
with most reported data for the modulus in the radial direction
(Table 1). It is noted that the modulus values at minor radial fibers
have a higher standard deviation than the other fibers, which may
be due to the huge difference in configurations among the three
minor radial fibers. Another factor could be the effect of the
thickness of the TM. The thinnest part of the TM is found in the
central region between the annulus and the manubrium (Kuypers
et al., 2006) where there were no modulus measurements. The
TM thickness has a significant effect on measurement of modulus
istribution of the human tympanic membrane by microindentation,



Fig. 13. Bi-modal Gaussian distribution of four quadrants for 8 TM at the lateral surface.(a). PS quadrant; (b). AS quadrant; (c). PI quadrant; (d). AI quadrant.

Fig. 14. Bi-modal Gaussian distribution of all quadrants.(a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.

Fig. 15. Bi-modal Gaussian distribution CDF fitting of all quadrants. (a). 7 TM at the medial surface; (b). 8 TM at the lateral surface.
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Table 4
Parameters for the bimodal Gaussian distribution at the medial surface.

Parameters PS AS PI AI Whole

am1 0.50± 0.033 0.40± 0.035 0.50± 0.041 0.50± 0.038 0.50± 0.019
mm1 20.1± 0.479 19.8± 0.602 19.4± 0.998 19.0± 0.729 19.2± 0.329
sm1 5.13± 0.445 5.03± 0.465 6.93± 0.795 6.65± 0.063 6.22± 0.264
mm2 6.61± 0.332 7.85± 0.261 6.09± 0.264 6.56± 0.165 6.59± 0.117
sm2 3.94± 0.265 3.91± 0.163 3.34± 0.269 2.92± 0.177 3.49± 0.095
Data points 142 132 148 141 563
COD(R^2) 0.994 0.997 0.991 0.994 0.996

Note, the subscription “m” refers to the medial surface. am1 is the weight factor of mm1.

The standard errors of the parameters through Levenberg-Marquard algorithm are shown following the ± symbol.

Table 5
Parameters for the bimodal Gaussian distribution at the lateral surface.

Parameters PS AS PI AI Whole

aL1 0.50± 0.057 0.482± 0.038 0.221± 0.006 0.368± 0.019 0.176± 0.011
mL1 39.8± 0.980 18.5± 0.636 12.2± 0.209 23.9± 0.199 16.3± 0.103
sL1 26.6± 1.96 9.47± 0.399 5.62± 0.286 6.95± 0.365 7.05± 0.287
mL2 40.0± 0.614 47.3± 1.430 45.7± 0.173 44.1± 0.758 41.6± 0.314
sL2 14.6± 1.49 14.5± 0.971 14.3± 0.181 23.2± 0.366 18.8± 0.188
Data points 171 158 189 177 695
COD(R^2) 0.994 0.998 0.999 0.998 0.999

Note, the subscription “L” refers to the lateral surface. aL1 is the weight factor of mL1.
The standard errors of the parameters through Levenberg-Marquard algorithm are shown following the ± symbol.
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through tensile experiments and simulation (Liang et al., 2015,
2016). In the tension of a TM strip, the thinnest region of the TM
shows the smallest Young's modulus when the TM is assumed to
have the uniform thickness. The underlying reasons for the exis-
tence of the two peaks in the TM modulus need further investi-
gation to examine possible correlations between the TM
microstructures and the modulus data.
3.5. Modeling the distribution of Young's modulus

The Young's modulus curves (Figs. 12e14) show one or more
peaks, and the locations and values vary in individual TMs
(Figs. 5e8). Moreover, individual TMs show variation in the
modulus map. The statistical analysis indicates that the Young's
modulus follows the bimodal Gaussian distribution. From individ-
ual TM modulus maps, it appears that the bivariate Gaussian sur-
face or the summation of several different bivariate Gaussian
surfaces is appropriate tomodel the Young's modulusmap. Thus, all
modulus values from different TMs are plotted in a single map, as in
Fig. 16a for the medial surface from all 7 TM samples, and Fig. 17a
for the lateral surface from all 8 TMs, respectively.

The bivariate Gaussian curves show a bell shape with multi-
peaks. Thus, we consider describing the spatial distribution of the
Young's modulus as a series of bivariate Gaussian functions in polar
coordinates by:

Eðr; qÞ ¼
XN
i¼1

Ai*e

�
�0:5

�
ðr�mriÞ2

sri
2 þðq�mqiÞ2

sqi
2

��
þ B (15)

where N is the number of terms; Ai is the peak modulus; B is the
baselinemodulus; m and s are the expectation (mean) and standard
deviation, respectively; the subscripts r and q represent radial and
angular coordinates, respectively, as shown in Fig. 1a. The best-fit
parameters Ai, B, si, and mi (i¼ 1, …, N) are determined using the
nonlinear least squares Levenberg-Marquardt method.

It is seen in Figs. 16a and 17a that the combined modulus maps
show numerous bell shapes. Under such a situation, it is
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appropriate to use a series of bivariate Gaussian functions to model
the modulus map. Since the modulus has more bell shapes with
different peaks, two types of mapping functions are used: single
bivariate Gaussian and bi-bivariate Gaussian. The bivariate
Gaussian is a normal distribution function for the radial and the
angular coordinates. It has a baseline modulus value B, and several
peak moduli Ai. The best-fit parameters Ai, B, mri, sqi, mqi, and sqi
(i¼ 1,…, N) are listed in Table 6 for the two fitting approaches. The
standard deviations for all parameters through the Levenberg-
Marquard algorithm are also summarized in Table 6. The confi-
dence levels of modeling is much lower than the statistical analysis
in (Tables 4 and 5), which indicates poor statistical reliability. From
Table 6, the bi-bivariate Gaussian maps show better modeling than
the single-bivariate Gaussian map. It is noted that, in theory, there
are many parameter sets which can be fitted through nonlinear
Levenberg-Marquard algorithm. In practice, only one set of
parameter is searched; the number of parameters depends on the
initial values, the boundaries, and the parameter values. The pa-
rameters are 6 and 11 in the single- and bi-bivariate Gaussian
functions, respectively. In addition to the initial values and the
boundaries, more parameters result in difficulty in fitting through
the nonlinear fitting algorithm. For a large number of parameters
such as 21 parameters in the quad-bivariate Gaussian fitting, there
are occasions when the algorithm does not lead to convergence
even after 400 iterations. In consideration of a balance between
accuracy and convergence in fitting, the bi-bivariate Gaussian
function turns out to be the best option to describe the spatial
distribution of Young's modulus.

As shown in Fig. 16b and c, the modulus distribution at the
medial surface has a certain trend. At the perimeter of the eardrum
close to the annulus ring, the Young's modulus is relatively small; it
is considered to be the baseline modulus. This is reasonable since
the TM tissue close to the annulus ring has a longer perimeter and is
softer than the membrane in the central region. In the central re-
gion around the umbo, the Young's modulus is also smaller,
possibly due to the fact that it is close to the umbo which provides
support to the membrane. It is seen that, along a ray from the
perimeter to the center, the Young's modulus follows a small-large-
istribution of the human tympanic membrane by microindentation,



Fig. 16. Young's modulus map for 7 TM at the medial surface.(a). Combined experi-
mental data from 7 TMs.(b). Single-bivariate Gaussian map.(c). Bi-bivariate Gaussian
map.

Fig. 17. Young's modulus map for 8 TM at the lateral surface(a). Combined experi-
mental data from 8 TMs.(b). Single-bivariate Gaussian map.(c). Bi-bivariate Gaussian
map.

H. Luo et al. / Hearing Research xxx (xxxx) xxx 15

Please cite this article as: Luo, H et al., Mapping the Young's modulus distribution of the human tympanic membrane by microindentation,
Hearing Research, https://doi.org/10.1016/j.heares.2019.02.009



Table 6
Parameters for the single- and bi-bivariate Gaussian maps.

Parameters Single-bivariate Gaussian Bi-bivariate Gaussian

Medial surface Lateral surface Medial surface Lateral surface

A1 (MPa) 8.66± 2.76 8.00± 4.05 12.8± 5.86 6.44± 5.10
A2 (MPa) N/A N/A 8.96± 2.87 12.6± 7.70
B (MPa) 10.9± 0.782 33.6± 4.96 10.6± 0.832 30.1± 13.3
mr1 (MPa) 0.546± 0.020 1.00± 0.49 0.300± 0.123 0.206± 0.108
mr2 (MPa) N/A N/A 0.548± 0.021 0.956± 0.523
sr1 (MPa) 0.130± 0.028 0.684± 0.340 0.192± 0.115 0.321± 0.182
sr2 (MPa) N/A N/A 0.138± 0.030 0.306± 0.221
mq1 (�) 360.0± 79.0 325.4± 72.7 12.0± 3.75 180.0± 32.9
mq2 (�) N/A N/A 360.0± 51.3 258.8± 42.8
sq1 (�) 250.9± 121 151.9± 94.3 9.54± 4.62 360.0± 120.9
sq2 (�) N/A N/A 208.8± 107.9 115.6± 59.3
COD (R2) 0.060 0.108 0.074 0.13

Note, N/A means that these parameters are not applicable for single-bivariate
Gaussian fitting, they are for use in the bi-bivariate Gaussian fitting only. The
standard deviations of the parameters through Levenberg-Marquard algorithm are
shown following the ± symbol.
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small trend at the medial surface for circumferential fibers. This
lower modulus close to the perimeter may be due to the existence
of the P and TIR fibers, which have lower densities than the
circumferential fibers. The highest modulus close to the half of the
radius may be due to T fibers which have possibly higher density
than the circumferential fibers. The contour lines for the modulus
are distributed along the circumferential fiber directions (Fig.1c). In
Fig. 16b and c for the two different terms, the difference appears
only in the region close to the malleus bone at q¼ 0e30�. Since
malleus bone exists in the top radial direction at the medial surface
of the TM, these differences do not represent the modulus of the
membrane and, therefore, should be ignored. Thus, the single-
bivariate Gaussian function (Fig. 16b) is sufficiently accurate to
describe the map of Young's modulus for circumferential fibers.

As shown in Fig. 17b and c, the modulus distribution at the
lateral surface has a different trend. The AS quadrant shows the
smallest modulus distribution and the AI quadrant shows the
smallest modulus. The lower modulus in the AS quadrant may be
due to the fact that if SMR fibers exist, they probably have lower
fiber density than the other straight R1 radial fibers. However, the
highest modulus is distributed close to the annulus ring edge at the
PS and PI quadrants (q¼ 200e300�); then the modulus decreases
gradually along the radial direction to the origin at the umbo. The
highest modulus at the edge between the PS and PI quadrant may
be due to the presence of the R2 fibers, which are radial fibers
diverging or crossing over their annulus ring terminals, at which
fibers have higher density than the other straight R1 fibers in the
radial direction. It appears that the modulus of the radial fibers is
distributed in a strip shape along the radial fibers. The modulus
increases gradually with the increase of polar angle, from the AS
quadrant to AI quadrant. However, it changes the distribution along
the circumferential direction. Around the region close to the
malleus bone, the modulus has some perturbation since the
malleus bone is attached to the other medial surface. Therefore, the
bi-bivariate Gaussian (Fig. 17c) provides the best-fit to the modulus
map of Young's modulus for the radial fibers.

It is noted that, for the modulus map, the confidence level for
the coefficient of determination (COD) or R squared (R2) is as low as
0.2e0.3. This value is not as high as 0.99 for the fitting of the CDF.
Due to limited TM samples (7 TMs for the medial surface and 8 TMs
for the lateral surface) andmicroindentation data points (about 600
and about 700 data points, respectively), the statistical analysis and
the Young's modulus map may likely have some uncertainties and
variation. However, the TM out-of-plane modulus distribution will
perhaps improve the TM models for computational simulations of
Please cite this article as: Luo, H et al., Mapping the Young's modulus d
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sound transmission. The results obtained in this study will enable
input of TMmechanical properties in both the in-plane and the out-
of-plane directions, necessary for simulation of TM vibrations un-
der sound pressure. With the mechanical properties, data reported
herein and other data reported in the literature for the TM, in the
future, the two-layer collagen fibers of the TM can be assigned with
different material properties, to account for anisotropy and visco-
elastic behavior for the entire TM, for simulations of sound trans-
mission with improved accuracy.

4. Conclusion

Measurement of the Young's modulus in the through-thickness
direction was made by spherical microindentation on a human TM.
The out-of-plane Young's modulus was measured for 7 TMs on the
medial surface and 8 TMs on the lateral surface, respectively. The
collagen fiber layers are in direct contact with the nanoindenter tip
in saline condition. Viscoelastic microindentation analysis yields
the Young's relaxation modulus data, which is converted to the
Young's modulus at a given strain rate. The modulus data exhibit
strong variation from one location to another. The Young's modulus
varies over a wide range from 1.5MPa to 50MPa (mostly around
5e30MPa) on the medial surface, and 2MPae90MPa (mostly
around 15e60MPa) on the lateral surface.

The Q-Q plot, and the empirical CDF and PDF histograms are
used for statistical analysis. Using the normal Q-Q plot, the S-sha-
ped curves indicate a bimodal Gaussian distribution for both the
radial fibers on the lateral surface and the circumferential fibers on
the medial surface. The distribution parameters are determined
from the best-fit CDF for each quadrant and for the entire TM. The
PDF agrees well with the histograms. The two means of Young's
modulus are determined as 6.6MPa and 19.2MPa for the medial
surface, and 16.3MPa and 41.6MPa for the lateral surface, respec-
tively. The lower modulus is likely due to lower fiber density, while
the higher modulus is close to the values reported in the literature.

The Young's modulus maps were also modeled as a series of
bivariate Gaussian functions in polar coordinates at both themedial
and lateral surfaces over the entire TM. Two types of bivariate
Gaussian functions were considered: single and double series. The
parameters for the spatial distribution of modulus were also
determined from the best-fit. For the medial surface, Young's
modulus changed mainly along the radial direction, and followed a
small-large-small trend from the perimeter to the center. For the
lateral surface, Young's modulus showed a trend different from the
medial surface. The AS quadrant showed the smallest modulus,
then followed by the AI quadrant. The higher modulus was located
close to the annulus ring edge at the PS and PI quadrants. The
modulus gradually decreased along the radial direction to the
origin, which is set at the umbo. Among the three types of models,
single-bivariate and bi-bivariate Gaussians provided the best-fit to
the spatial distribution of Young's modulus at the medial surface
and the lateral surface, respectively. The local properties measured
by microindentation can be used as input for future computer
simulations of the middle ear using accurate two-layer structures
with different modulus values over the TM to understand sound
transmission.
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