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bstract

In this paper, we report mechanical properties of the tensor tympani tendon of human ear measured from uniaxial tensile, stress relaxation
nd failure tests. The hyperelastic Ogden model and digital image correlation method were employed to analyze experimental data. The
onstitutive equation of the tendon was derived through data iteration processes, and Young’s modulus was presented as a function of stress.
he viscoelastic property of the tendon was described by stress relaxation function and hysteresis. Furthermore, three-dimensional finite

lement analysis was carried out on five tendon models to investigate relationship between the structure and properties. The dimensions of
he tendon were also measured by image processing techniques and presented with statistic significance. The structure and properties of the
ensor tympani tendon reported in this study add new data into the study of ear tissue biomechanics.

2007 IPEM. Published by Elsevier Ltd. All rights reserved.

odelin

a
t
m

n
a
s
fi
t
a

s
s
t
o

eywords: Tensor tympani tendon; Mechanical properties; Finite element m

. Introduction

The tensor tympani tendon of human middle ear lies
etween cochleariform process of the bony wall and neck of
he malleus in the middle ear cavity (Fig. 1). The tensor tym-
ani muscle is connected to the tendon directly. The muscle
ontraction increases the tension on the tympanic membrane
TM) through the tendon, which is important since a loose
M will not be able to transmit the vibration effectively to

he ossicles [1,2]. In clinics, tonic contraction of the ten-
or tympani muscle may cause non-specific ear symptoms,
uch as fullness, tinnitus, slight hearing loss or Meniere’s
isease-like findings [3–5]. In middle ear reconstruction, it
s necessary to reconstruct the tensor tympani tendon for a
uccessful restoration of sound conduction [6,7]. The tensor

ympani tendon is also pathologically involved in inflamma-
ory process of otitis media which may affect the acoustic
eflex process [8]. Therefore, understanding the structure
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nd properties of the tensor tympani tendon is impor-
ant for the study of normal and pathological functions of

iddle ear.
Mechanical properties of the tensor tympani tendon have

ot been reported in literature, and this deficiency directly
ffects fully understanding of middle ear mechanics for
ound transmission. Moreover, in developing an accurate
nite element model of human ear, geometric characteriza-

ion and mechanical properties of the tensor tympani tendon
re required [9].

A variety of mechanical tests have been reported to mea-
ure properties of soft tissues, such as uniaxial tensile [10],
trip biaxial tension [11], and shear tests [12]. Among them,
he uniaxial tensile test is commonly used to characterize
ne-dimensional tensile properties of ligament tissues [13]
nd was employed in this study. Soft tissues usually show
iscoelastic behavior in their physiological function range
14]. The stress relaxation and failure tests were carried out
o determine viscoelastic properties and ultimate stress and
train of the tendon.
In addition to experimental measurement, numerous mate-
ial models have been developed to simulate the behavior
f tissues in analytical ways. Weiss et al. [15] used a
yperelastic material model with an exponential strain energy

s reserved.
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ig. 1. Medial view of a left human middle ear model with the tensor tympani
endon.

unction to fit experimental curves of human medial collat-
ral ligament through finite element (FE) analysis. Liu et al.
16] applied a nonlinear Arruda-Boyce model to simulate soft
issues undergoing large indentations. There are several non-
inear hyperelastic material models available for analyzing

echanical properties of biological soft tissues, such as the
gden, Mooney-Rivlin and Yeoh models. In this study, we
sed the Ogden model to analyze behavior of the tensor tym-
ani tendon under the uniaxial tensile test and investigated
he relationship between the structure and properties of the
endon by FE modeling.

. Methods
.1. Specimen preparation

Ten tensor tympani tendon specimens were harvested from
resh frozen human temporal bones through the Willed Body

i
e
o
c

ig. 2. (A) The tensor tympani tendon in middle ear cavity connecting to the malle
B) The tensor tympani tendon specimen was fixed at the mounting fixture along
ttached to the metal holder at the load cell side as a dimensional reference.
g & Physics 30 (2008) 358–366 359

rogram at University of Oklahoma Health Sciences Cen-
er. The donors’ ages were from 50 to 85 years old, three

ales and seven females. All the experiments were per-
ormed within 6 days after obtaining the bones. The specimen
as prepared with the malleus and cochleariform attached

s shown in Fig. 2A. Two bony ends were trimmed and
ttached to the mounting fixture under the microscope (Olym-
us SZX12) by cyanoacrylate glue. The fixture has two
re-aligned metal plates to hold the specimen along the lon-
itudinal direction. Care was taken to avoid distortion of the
pecimen during this process. The metal plates were then con-
ected by two plastic adapters and mounted to the material
esting system (MTS, TestResources, MN) as a whole unit. A
uler was attached to the upper metal plate as a dimensional
eference (Fig. 2B). After the specimen was lined up with
rips in MTS, plastic adapters were removed and a preload
f 0.001 N was applied to the specimen through the load
ell to adjust the zero load state. The still images of the ten-
on in front and side views were captured at the initial state
sing a digital CCD camera attached to a surgical microscope
OPMI 1-FC, Zeiss). The tendon was distinguished from
ony ends in the image to measure initial dimensions through
he Measuring Tools in Adobe Photoshop 7.0 at a resolution
f 0.01 mm. The length, width, and thickness of specimens
re listed in Table 1, with mean and standard deviation
S.D.).

.2. Mechanical testing

The MTS with SMT1-2.2lbs load cell (Interface, Inc.)
as used to measure load and deformation data of the spec-

men during the test. The displacement was applied to the
ottom part of the specimen, and the top part was fixed
Fig. 2B). A preconditioning was performed on each spec-

men at the beginning [14], with five cycles of uniaxial
longation at the elongation rate of 0.1 mm/s and stretching
f 10% of the original length. Repeated loading–unloading
urves were gradually decreasing and a steady state was gen-

us head and cochleariform was viewed in a human cadaver temporal bone.
the longitudinal direction in material testing system (MTS). A ruler was
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Table 1
Dimensions of tensor tympani tendon (TTT) specimens (N = 10)

TTT1 TTT2 TTT3 TTT4 TTT5 TTT6 TTT7 TTT8 TTT9 TTT10 Mean S.D. (±)

Length (mm) 1.23 1.27 1.58 1.44 1.59 1.79 1.51 1.25 1.39 1.45 1.45 0.18
W 1.26
T 1.05
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idth (mm) 1.14 0.97 1.39 1.46 1.23
hickness (mm) 0.50 0.57 1.00 1.05 1.58

rally observed after the third cycle as shown in Fig. 3. After
reconditioning, the specimen was subjected to following
ests under the uniaxial tensile test setup. Note that at the
nd of each test, the specimen was returned to the initial
nstressed state and enough time (2–3 min) was given for
he recovery from previous deformation. The images of the
eformation process were recorded simultaneously using the
igital CCD camera with a frame rate of 30 frames/s.

.2.1. Uniaxial tensile test
The elongation rate was set at 0.01 mm/s and stretching at

0% of the original length. Three parameters: load, deforma-
ion and time, were recorded with a resolution level of 10−6 N
n force, and 10−6 mm in displacement.

.2.2. Stress relaxation test
An approximate step function of elongation was applied

o the specimen at the beginning (t = 0) with the elongation
ate of 1.8 mm/s and stretching of 40% of the original length.
he corresponding stress including the initial stress response
0 and relaxed stress σ(t) were recorded over a period of

ime until the rate of loading change was less than 0.1%/s,
r fully relaxed. The MTS data recording program was then
topped manually and the specimen was returned to the initial
nstressed state.

.2.3. Failure test

The elongation rate was set at 0.02 mm/s. The specimen

as stretched till it was broken. The entire failure process
as recorded using the CCD camera and the breaking site of

ach specimen was observed.

ig. 3. The preconditioning process (five cycles) of a tensor tympani tendon
pecimen recorded in MTS.
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1.10 0.96 0.90 0.82 1.12 0.21
0.47 0.88 1.10 0.67 0.84 0.43

Note that all the specimens were maintained in their phys-
ological conditions by spraying normal saline solution to
ack side (opposite to the camera) of the tissue during the
est.

.3. Digital image correlation method

It is important to verify effects of boundary conditions on
echanical testing of tissues with small dimensions. The dig-

tal image correlation (DIC) method, a non-contact method
or measuring the surface displacement or strain distribu-
ion, was employed based on images simultaneously recorded
uring the uniaxial tensile test. In DIC, the deformation
f the specimen was computed by the existence of a dis-
inct gray-scale pattern of pixels on the image. Three steps
ere employed to achieve the DIC algorithm: displacement
apping, bicubic spline interpolation, and least squares cor-

elation (see Lu and Cary [17] for a detail explanation of the
IC algorithm).
All the images were first digitized using Adobe Premiere

.5 and output as sequential images at a constant time interval,
tarting from time t = 0 to the end of loading. The first image
as used as a reference and the consecutive images were used

s deformed images. Fig. 4 shows one reference and three
onsecutive images of a tendon specimen. The horizontal
nd vertical lines were drawn in the reference image within
relatively large area around the center of the specimen in
IC software (WinDIC LS 2.0, provided by Professor Lu

t Oklahoma State University). A grid of nodes was then
enerated along these lines and deformation was calculated
t each node by tracing displacement of nodes in deformed
mages. The normal strain ε in loading direction was then
alculated as ε = (L − L0)/L0, where L0 is the original length
f vertical lines at time t = 0, and L is the length of each
ertical line at time t. The average strain were then derived and
ynchronized with the stress measured by the load cell. The
tress–strain relationship based on DIC analysis was further
ompared with that obtained from the experiment.

.4. Data analysis for viscoelasticity

The MTS experimental data were post-processed to obtain
he stress–strain relationship and Young’s modulus–stress
elationship of the tensor tympani tendon. In literature, the

gden model has been well used to predict the behavior of
onlinear and viscoelastic soft tissues such as the skin [18],
uscle [19] and brain tissue [20], and was employed in this

tudy.
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Fig. 4. Illustration of digital image correlation (DIC) method for calculating the strain distribution of the tensor tympani tendon specimen under the loading
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rocess. The image of the tendon at time t = 0 was used as a reference ima
sed as deformed images. A grid was generated at the middle portion of th
he vertical line in the reference image is measured as the original length (
eformed length (L) of the specimen.

For uniaxial elongation, the Ogden model is generally
xpressed as

= 2μ1

α1
[(1 + ε)α1−1 − (1 + ε)−(0.5α1+1)] (1)

here σ is the normal stress, ε is the strain, and μ1 and α1
re material constants [21]. In this paper, we used the stretch
atio λ, the ratio of deformed length to original length, to
escribe the strain and ε = λ − 1, thus, Eq. (1) becomes

= 2μ1

α1
[λ(α1−1) − λ−(0.5α1+1)] (2)

ifferentiating Eq. (2) with respect to λ, we had the tangent
odulus or Young’s modulus dσ/dλ

dσ

dλ
= 2μ1

α1

[
(α1 − 1)λα1−2 +

(
α1

2 + 1

)
λ−(0.5α1+2)

]
(3)

The material constants (μ1 and α1) were derived from
tress–strain curves of specimens in tensile tests through the
ata iteration process in MATLAB v.7.0., i.e., given experi-
ental data and a user-defined function (Eq. (2) in this study),
nd coefficients that best fit the function to the data in a least-
quares sense. The constitutive equation of the tensor tympani
endon in the Ogden form was then expressed by substitut-
ng μ1 and α1 into Eq. (2). The Young’s modulus dσ/dλ was
erived from Eq. (3).
.5. Finite element modeling

Since the Ogden model was used in data analysis of raw
xperimental data, it was selected in FE analysis. The Ogden

t
t
t
A

three images of the tendon at three time intervals (t = 5, 10 and 20 s) were
nce image and horizontal and vertical lines were identified. The length of

the specimen and the length of the vertical line in deformed images is the

orm of strain energy potential is based on the principal
tretches of left-Cauchy strain tensor, which has the form

=
N∑

i=1

2μi

α2
i

(λ̄αi
1 + λ̄αi

2 + λ̄αi
3 − 3) +

N∑
i=1

1

Di

(J − 1)2i (4)

here λ̄i’s are deviatoric principal stretches and λ̄i =
−1/3λi, with λi’s being principal stretches and J the Jaco-
ian determinant of the deformation gradient. N is the number
f terms in series, and μ1’s, α1’s, and Di’s are temperature
ependent material parameters. The initial shear modulus, G,
s given as

=
N∑

i=1

αiμi (5)

or an incompressible material in the uniaxial stress state,
he first-order (N = 1) Ogden potential can be rewritten as

= 2μ1

α2
1

(λα1 + 2λ−0.5α1 − 3) (6)

he derivative of Eq. (6) with respect to λ leads to the same
onstitutive equation as Eq. (2).

A parallel-bundled fibrous microstructure of the tensor
ympani tendon (Fig. 5A) was observed using the scan-
ing electron microscope (SEM, Model: DSM960, Zeiss)
ith 3000× magnification in Samuel Roberts Noble Elec-
ron Microscopy Lab at University of Oklahoma. Based on
hat, five 3D FE models of the tendon with different fiber
o ground substance volume ratio (k) values were created in
NSYS v.10.0 (ANSYS Inc., Canonsburg, PA) as shown in
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ig. 5. (A) SEM picture of the tensor tympani tendon at 3000× magnificat
ubstance ratio k of 2.3 or fiber density of 70%. (C) FE model #2 of the ten
ensity of 75%. (D) FE model #3 with the k of 4.0 or fiber density of 80%.
he k of 9.0 or fiber density of 90%. The elements with dark color represent

ig. 5B–F. Note that only X–Y plane models were shown
or a better illustration. The length, width and thickness of
ach model were 1.45, 1.12 and 0.84 mm, respectively, based
n mean dimensions of specimens listed in Table 1. Each
odel was meshed by eight-node hexahedral solid element

Solid185) with a total of 4860 elements and 5880 nodes.
he tendon was assumed as transverse isotropic material
ith fibers oriented along the Y-axis. By using the first-order
gden model (N = 1), the initial Young’s modulus of the fiber

long Y direction for incompressible material (ν = 0.5) was
xpressed as

Y0 = 2(1 + ν)G = 3G = 3α1μ1 (7)

he initial modulus along X and Z directions are assumed as
/10 of EY0 due to transverse property of the tendon [13]. The
round substance was assumed to be isotropic material with a
niform Young’s modulus of 10 kPa based on the lowest stiff-

ess of soft tissues such as fat [22]. Boundary and loading
onditions were applied through nodes on top and bottom sur-
aces of the model. For the uniaxial tensile test, all the nodes
n the top surface were fixed, and all the nodes on the bottom

t
l
F
m

FE model #1 of the tensor tympani tendon with the collagen fiber-ground
pani tendon with the collagen fiber-ground substance ratio k of 3.0 or fiber
model #4 with the k of 5.7 or fiber density of 85%. (F) FE model #5 with

lagen fibers and those with white color represent the ground substance.

urface were elongated. The elongation was accomplished by
20 substeps to reach the maximum of 0.6 mm.

Nonlinear structural analysis was carried out on FE mod-
ls of the tendon to calculate the force and deformation. The
ominal stress and strain along fiber direction at each sub-
tep were derived. Meanwhile, two material constants (μ1
nd α1) were derived again from FE analysis through regres-
ion process with the experimental data. The stress–strain
urves of FE tendon models with different microstructures
ere compared with that from experiments. The relationship
etween the structure and properties of the tendon was then
etermined.

. Results

Comparison between the stress–stretch loading curve of a

endon specimen directly from the uniaxial tensile test (solid
ine) and that from the DIC method (broken line) is shown in
ig. 6. The results from two approaches are in good agree-
ent up to the stretch ratio of 1.25. However, there is some
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ig. 6. Comparison of the stress–stretch curve of a tensor tympani tendon
pecimen obtained from DIC analysis (broken line) and MTS measurement
solid line).

eviation observed above 35% stretch (or λ = 1.35) which
ay be caused by the sensitivity level of the DIC method for
arge deformation. In MTS test, the specimen was treated as
whole unit and the grip to grip displacement was used for

train calculation. The results from DIC were relied on local

i
F
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ig. 7. (A) Stress–stretch curves of 10 tensor tympani tendon specimens under uni
he elongation rate was 0.01 mm/s. (B) The mean value of stress–stretch curves of 1

ig. 8. (A) Young’s modulus–stress curves of 10 tensor tympani tendon specim
odulus–stress curves of 10 tensor tympani tendon specimens with standard deviat
g & Physics 30 (2008) 358–366 363

icro-deformation in the tissue, which may have different
esponse at large deformation.

Fig. 7A shows stress–stretch curves of 10 specimens under
oading process. Most specimens were stretched up to λ of
.4. Fig. 7B displays the mean and S.D. It is clearly seen that
he absolute S.D. increases with the stress, while the relative
.D. remains the same at 0.12. The stress response of the

endon is almost flat at low strain level, but it stiffens rapidly
fter the stretch ratio λ increases above 1.2.

Through the data iteration process in MATLAB v. 7.0, two
aterial constants, μ1 and α1 in Eq. (2), were determined as
1 = 0.01 MPa and α1 = 23.52 using the mean experimental
ata of Fig. 7. Therefore, the constitutive equation of the
ensor tympani tendon in the Ogden form is derived as

σ = 8.5 × 10−4(λ22.52 − λ−12.76)

for 0 MPa ≤ σ ≤ 1.5 MPa, 1 ≤ λ < 1.4 (8)
s plotted against the stress derived from Eq. (2) as shown in
ig. 8A. The mean Young’s modulus and stress with S.D. is
hown in Fig. 8B. It is clearly seen that the Young’s modulus

axial loading processes. The maximum stretch ratio λ was around 1.4 and
0 tensor tympani tendon specimens with standard deviation (S.D.) bars.

ens under uniaxial loading processes. (B) The mean value of Young’s
ion (S.D.) bars.
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F i tendon specimens from stress relaxation tests. (B) The mean value of G(t) of 10
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Table 2
Material constants of tensor tympani tendon (TTT) obtained from five FE
models

Model # Fiber/substance
ratio, k

Fiber density
(%)

μ1 (MPa) α1

1 2.3 70 0.008 25
2 3.0 75 0.007 32
3
4
5

s
1
i
o

ig. 9. (A) Normalized stress relaxation functions G(t) of 10 tensor tympan
ensor tympani tendon specimens with standard deviation (S.D.) bars.

f the tensor tympani tendon is linearly increasing with the
tress, the value varies from 0.14 to 12.34 MPa when the stress
ncreases from 0 to 1 MPa.

Fig. 9A shows normalized stress relaxation functions of
0 tendon specimens. The stress σ(t) decreases with time and
nally reaches a stable state after 120 s. The normalized stress
elaxation function G(t) is defined as the ratio between stress
(t) and the initial stress σ0. The mean normalized stress

elaxation function G(t) with S.D. is shown in Fig. 9B. The
ean initial stress for 10 specimens is 1.33 MPa. Within 1 s,

1% of the stress is relaxed; after 5 s, 27% of the stress is
elaxed; and finally after 120 s, 37% of the stress is totally
elaxed. The mean stress after total relaxation is 0.84 MPa.

The stress–stretch ratio relationships of five FE ten-
on models are compared with the mean experimental data
Fig. 10). The material constants from FE analysis are listed
n Table 2. It is clearly seen that the FE model #3 with

he fiber density of 80% has the closest behavior as that
rom experiments. The material constants of the FE model
3, μ1 = 0.007 MPa and α1 = 20, are also close to the values
btained from experimental data.

ig. 10. Comparison between stress–stretch curves of the tensor tympani
endon obtained from FE models and the mean curve measured from 10
endon specimens in uniaxial tensile tests. The broken lines with sym-
ols represent modeling results from five FE tendon models. The solid line
ithout symbols represents the experimental mean curve.

4

i
l
e
h
t
(
e
t

w
i
T
v
t
l
d
c

w
o

4.0 80 0.007 20
5.7 85 0.006 19
9.0 90 0.005 23

Table 3 lists the failure stress and stretch of 10 tendon
pecimens. The mean failure stress is 2.25 MPa with S.D. of
.47 MPa, which shows the strength variation among tested
ndividual specimens. The breaking location of all specimens
ccurred in their midsubstance.

. Discussion

In this study, mechanical experiments were performed
n tensor tympani tendon specimens. Digital image corre-
ation method was applied to test the boundary effect on
xperiments. The experimental data were analyzed using the
yperelastic Ogden model to derive the stress–strain rela-
ionship (Fig. 7) and Young’s modulus–stress relationship
Fig. 8). The constitutive equation (Eq. (8)) shows nonlinear
lastic properties of the tensor tympani tendon for the first
ime in literature.

The hysteresis phenomenon is observed for the tendon
ith the unloading curve below the loading curve as shown

n Fig. 3. The stress relaxation function is shown in Fig. 9.
he results suggest that the tensor tympani tendon is a typical
iscoelastic material with the constitutive behavior related to
he stress and strain history. The lag of unloading curve to
oading curve indicates the loss of internal energy during the
eformation of the specimen. Therefore, only the loading

urves were analyzed in this study.

In stress relaxation test, an elongation rate of 1.8 mm/s
as used to elongate the specimen of about 0.6 mm (based
n average specimen length and 40% elongation). This elon-
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Table 3
Failure stress and stretch of tensor tympani tendon (TTT) specimens (N = 10)

TTT1 TTT2 TTT3 TTT4 TTT5 TTT6 TTT7 TTT8 TTT9 TTT10 Mean S.D. (±)
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ailure stress (MPa) 1.61 2.06 0.98 0.58 1.55
ailure stretch, λ 1.53 1.59 1.70 1.59 1.88

ation rate is 180 times faster than the elongation rate used
n tensile test (0.01 mm/s) and can be considered as a suffi-
iently high rate of loading. The initial stress in specimen was
mposed within 0.3 s, which provided a reasonable approxi-

ation of the tensile stress generated instantaneously in the
issue [14]. However, compared with the ideal step function
f stretching, the relaxation function obtained in this study
ould be slightly lower than that from ideality [23].
The SEM picture of a tendon specimen (Fig. 5A) shows

hat the tendon is mainly composed of collagen fibers embed-
ed into ground substance matrix. However, it is difficult to
alculate the fiber density of the tendon based on the picture.
herefore, five FE tendon models with varying fiber density
ere created to explore the relationship between the structure

nd properties of the tendon. The results in Fig. 10 suggest
hat the stress–strain curve shifts up when the fiber density
ncreases. This indicates that the Young’s modulus increases
ith collagen fiber density and mechanical properties of the

endon are related to the structure of the tissue. Note that
ollagen fibrils of the tendon was assumed straight and uni-
ormly distributed in FE models. In reality, collagen fibrils
ould be crimped for some tissues [24].

The interaction between collagen fibers and ground sub-
tances would also contribute to elastic response of the tissue
25], which was not included in current study. Considering
he moduli in perpendicular directions and the properties
f ground substances may affect FE analysis results, we
erformed sensitivity studies on FE modeling (results not
ncluded) and found that the material constant μ1 was
ensitive to assumption of moduli along the perpendicular
irections, and the behavior of tendon was affected by prop-
rties of ground substances. In our future studies, a FE tendon
odel with more accurate fiber structures will be developed

nd the interaction between fibers and ground substances will
e included.

In summary, the results obtained from this study indicate
hat the tensor tympani tendon is a viscoelastic material with
onlinear stress–strain relationship. The hyperelastic Ogden
odel provides a good representation for non-linear behavior

f the tendon. The data reported in this paper add useful infor-
ation to ear tissue biomechanics through both experimental
easurement and theoretical modeling analysis.
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