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Abstract

The incudostapedial (IS) joint between the incus and stapes is a synovial joint consisting of joint
capsule, cartilage, and synovial fluid. The mechanical properties of the IS joint directly affect the
middle ear transfer function for sound transmission. However, due to the complexity and small
size of the joint, the mechanical properties of the IS joint have not been reported in the literature.
In this paper, we report our current study on mechanical properties of human IS joint using both
experimental measurement and finite element (FE) modeling analysis. Eight IS joint samples with
the incus and stapes attached were harvested from human cadaver temporal bones. Tension,
compression, stress relaxation and failure tests were performed on those samples in a micro-
material testing system. An analytical approach with the hyperelastic Ogden model and a 3D FE
model of the IS joint including the cartilage, joint capsule, and synovial fluid were employed to
derive mechanical parameters of the IS joint. The comparison of measurements and modeling
results reveals the relationship between the mechanical properties and structure of the IS joint.
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1 Introduction

The middle ear ossicular chain includes three ossicles (malleus, incus and stapes) and two
joints (incudomallear and incudostapedial joints). The incudostapedial (IS) joint connects
the incus to the stapes and the stapes footplate sits on the oval window and contacts to fluid
inside the cochlea. The IS joint is a synovial joint consisting of a joint capsule, cartilage, and
synovial fluid as observed from histology (Ohashi et al. 2005; Wang et al. 2006) and
scanning electron microscopy (SEM) of the middle ear (Djeric et al. 1987; Ortug et al. 2006;
Karmody et al. 2009).

Mechanical properties of the IS joint directly affect the stapes movement or the middle ear
transfer function for sound transmission (Gan et al. 2004). IS joint abnormalities, such as
disarticulation and ankylosis, can induce severe conductive hearing loss or even deafness
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(Holler and Greenberg 1972; Suzuki et al. 2008; Sim and Chang 2008). The design and
evaluation of middle ear surgery and reconstruction of the middle ear with ossicular
prosthesis are also related to the structure and mechanical properties of the IS joint
(Schwetschenau and Isaacson 1999; Vishwakarma et al. 2009; Celik et al. 2009).

Experimental measurement on mechanical properties of the human IS joint has never been
reported in the literature because of its extremely small size and complex structure. A lack
of information on the mechanical properties of the IS joint affects full understanding of
middle ear biomechanics. For example, the IS joint was assumed as an isotropic elastic
material in published finite element (FE) models of the human ear with a constant Young’s
modulus of 0.6 MPa (Prendergast et al. 1999; Wada et al. 1997; Gan et al. 2004, 2007; Gan
and Wang 2007). The joint capsule, cartilage, and synovial fluid were not involved in these
FE models. Funnell et al. (2005) reported on the articular connection between the incus
lenticular process and stapes head using a FE model of the cat ear, but the synovial fluid was
not included in the joint.

In this study, we report the experimental measurement of the mechanical properties of the
human IS joint with an analytical approach and FE modeling to derive mechanical
parameters of the joint. Uniaxial tension and compression, stress relaxation, and failure tests
were conducted on IS joint samples in a micro-material testing system (MTS). The 3D FE
model of the IS joint including the joint capsule, cartilage, and synovial fluid was created to
simulate the experiment. The analytical solution was based on the hyperelastic Ogden model
(Ogden 1984) and Prony series to describe mechanical behavior of the joint capsule. Finally,
the comparison of measurements and FE modeling results reveals the relationship between
the mechanical properties and structure of the IS joint.

2 Methods

2.1 Specimen preparation

The IS joints were harvested from eight fresh human temporal bones (5 left and 3 right)
obtained through the Willed Body Program at the University of Oklahoma Health Sciences
Center. The average age of donors (all male) was 62 (ranging from 53 to 82). All the
experiments were performed within 6 days after harvesting the temporal bones. To maintain
soft tissue compliance, the bones were immersed in 0.9% saline solution containing 15%
povidone at 5°C until use. The bone was checked under the microscope to assure no
degradation or abnormality before preparation of the sample. After opening the tegmen and
removing the tympanic membrane together with the malleus, the temporal bone was cut into
a3 x 3 x 1.5 cm3 block to expose the IS joint with incus and stapes attached as shown in
Fig. 1b. Figure 1a is a schematic showing the location of the IS joint in the middle ear.

The whole specimen was then placed on a 2D microtranslational stage in MTS (Model
100R, TestResources, MN) as shown in the experimental setup schematic (Fig. 1d). The
translational stage was used for aligning the IS joint with the load cell in the vertical axis
with the help of a CCD camera attached to a surgical microscope, viewing from two
directions (front and side views). The stapes footplate was fixed to the bony wall using
cyanoacrylate gel glue (Loctite). As validated in Cheng et al.’s studies (2007 and 2008), this
kind of glue can provide sufficient fixation on the samples without noticeable dislocation
happening. The other end of the IS joint, long process of the incus, was grabbed by a
specially designed metal adapter, which was connected to the load cell in MTS (see pictures
of the adapter in Fig. 1c). The adapter had a U-shaped groove to fit the incus with glue.
Great care was taken to avoid the glue dropping onto the IS joint.
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Note that the load cell’s deformation was not taken into account as it had much higher
stiffness than soft tissues (GPa level of load cell vs. MPa level of soft tissue). The
deformation of the pedicle, which connects the incus long process and lenticular process,
was also not taken into account because of its much larger elastic modulus (12 GPa, reported
from Funnell et al. 2005) than that of the IS joint (MPa level).After the specimen was lined
up in MTS, a preload of 0.001 N was applied to the specimen through the load cell to be
settled as the initial state. This is the same method as used in our previous tests of middle ear
soft tissues (Cheng et al. 2007; Cheng and Gan 2008).

2.2 Mechanical testing

The MTS with SMT-1 (10.0 Newton capacity) load cell (Interface, Inc.) was used to
measure the force-displacement relation, stress relaxation function, and failure strength of
the IS joint specimens. The displacement was applied to the stapes footplate, and the load
cell on the top measured the force on the IS joint (Fig. 1d). In this study, the displacements
recorded by MTS were used to calculate the specimen deformation. To reach the steady state
for the specimen, the preconditioning was performed first on each specimen (Fung 1993).
The MIS was programmed to perform 5 cycles of loading and unloading at the stretch rate
of 0.025 mm/s and displacement of 0.2 mm. After preconditioning, the specimen was
subjected to four tests: uniaxial tension, compression, stress relaxation, and failure tests.
Note that the specimen was returned to the initial unstressed state after the tension,
compression, and relaxation tests, respectively, and waited 2 min for recovery from the
previous deformation. The specimen was maintained in its physiological condition by
spraying normal saline solution to the specimen during the test.

2.2.1 Tension and compression tests—The dominant motion of the stapes at low
frequency is a piston-like vibration under acoustic input in the ear canal (von Békésy 1960;
Gyo et al. 1987), and the IS joint is subject to cyclic tension and compression. Thus, the
quasi-static tension and compression tests were conducted to the specimen for measuring the
stress—strain relationship of the IS joint. The tension test was performed on eight specimens
at a stretch rate of 0.005 mm/s and an elongation of 0.2 mm. The compression test was
performed on five specimens at a rate of 0.005 mm/s and the compressive displacement of
0.1 mm. The data recording interval was 0.2 s. Three parameters, force, displacement, and
time, were recorded with a resolution level of 1073 N in force and 1073 mm in displacement.
This data were further used to calculate the stress—strain relationship of the IS joint under
tension and compression.

2.2.2 Stress relaxation test—The stress relaxation test was performed on all eight
specimens to investigate the viscoelastic properties of the joint. An approximate step
function of elongation was applied to the specimen at the beginning (t = 0) with a stretch
rate of 0.4 mm/s and displacement of 0.2 mm. It took about 0.5 s to reach the peak
displacement, which was small enough compared to the relaxation time (see Sect. 3). The
corresponding stress including the initial stress og at t = 0 and relaxed stress o(t) were
recorded over a period of time until the rate of loading change was less than 0.1 % s™1, or
fully relaxed. The data recording interval was 0.1 s. Then, the MTS data recording program
was stopped manually, and the specimen was returned to the initial unstressed state for the
failure test.

2.2.3 Failure test—The failure test was performed on all eight specimens. The stretch rate
was set at 0.005 mm/s. The specimen was stretched until it was broken, and the data
recording interval was 0.2 s. The entire failure process, including the force and
displacement, was recorded and the breaking situation of the specimen was observed using
the CCD camera.
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2.3 Measurement of specimen dimensions

The IS joint is a complicated structure including the soft capsule, cartilages, and synovial
fluid, and it is difficult to measure its dimensions in situ. After the completion of the failure
test, the IS joint was disconnected. The incus long process, tiny pedicle, and the lenticular
process were checked under the microscope carefully to assure that there was no damage on
the bone. The still image of the incus lenticular process was captured using a digital CCD
camera as shown in Fig. 2a. The lenticular process was placed on a horizontal plane, and the
camera’s angle was adjusted in a range of £15° around the vertical direction to take at least
nine images. The length a and width b of the lenticular process for each specimen were
measured using the image analysis tool (Adobe Photoshop 7.0). The measurement was
based on the calculation of pixels with a resolution of 50 pixels/mm or 20 um/pixel. The
largest values of a and b in perpendicular directions were accepted, and the perimeter ¢ was
calculated as ¢ = = - (a+b)/2 under the assumption that the lenticular process plate was
elliptical. Table 1 lists the dimensions of the IS joint measured from eight specimens with
mean and SD values. The mean values for length a, width b, and perimeter ¢ were 0.82,
0.51, and 2.08 mm, respectively. The thickness and length of the capsule were measured
based on the histology section shown in Fig. 2b from Wang et al.” paper (2006), using the
same image analysis tool with 4 um/pixel resolution. The value of 0.08 mm for capsule
thickness t and 0.28 mm for length L were obtained and employed for the calculation of
capsule cross-sectional area A, which was defined as the area difference between two
ellipses (with capsule and without capsule) and calculatedby A=n-[a-b—(a—2t) - (b —
2t)] /4. Table 1 lists the capsule cross-sectional area values for eight samples with a mean of
0.147 mm2,

Note that the perimeter ¢ and capsule cross-sectional area were calculated under the
assumption that the lenticular process had an elliptical shape. This assumption was assessed
by comparing the lenticular process surface area of 0.356 mm? obtained from sample 1S1 by
calculation of  x 0.84 x 0.54/4 = 0.356 mm? (formula for elliptic area) and the value of
0.348 mm?2 measured from image analysis using AutoCAD. The relative difference was
about 2.2%, and the elliptical assumption was an acceptable approximation.

2.4 Analytical approach

In the uniaxial tension test, the tensile stress of the capsule, ¢, was defined as the force, F,
divided by the capsule cross-sectional area, A:

F
o=—
A

(1)

and the deformation or stretch ratio of the capsule, A, was defined as the ratio of deformed
length, L, to the original length, Lg:

L
A=—
Ly (2)

The Ogden model (Ogden 1984) was appropriate to predict the nonlinear hyperelastic
properties of middle ear soft tissues by (Cheng et al. 2007; Cheng and Gan 2008) and
employed to describe the joint capsule’s nonlinear mechanical properties in this study. The
strain energy function W of the first order Ogden model is generally expressed as
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where A1, A, Az are three principle stretch ratios, pq, and a4 are two material constants of
Ogden model, and p is the initial shear modulus. Under the assumption of incompressibility
of soft tissue, for uniaxial tension, the Ogden model is simplified as the stress—strain
relationship,

(Tzz_ll_l [/lhn—]) _ /l_(O'S"l+l)]
@ )

where o is the tensile stress in Eq. (1) and A is the stretch ratio in Eq. (2). Differentiating Eq.
(4) with respect to A, we have the elastic modulus E()) as a function of A,

E=Z-H [(@1 = DAC D450 +1)a7 O3]
dA @y *

Thus, two material constants (u; and az) can be determined from the stress—stretch ratio
curve of the specimen measured from the tension test through the data iteration process in
MATLAB using the least-square method. Then, the constitutive equation of the IS joint
capsule is derived by substituting p; and a4 into Eq. (4), and the elastic modulus of the joint
is determined from Eq. (5).

Biological soft tissues usually show viscoelastic properties as the stress relaxes under
constant stretch level (Fung 1993). The relaxation function G(t) of the IS joint (capsule) can
be expressed as the ratio of stress o(t) at time t with respect to the initial stress o(0) at t = 0
based on the quasi-linear viscoelastic theory (Fung 1993). To simulate the stress relaxation
function G(t) of the IS joint, we used the two-term Prony series,

_if)_ _ _ -ty _ t/n
G(t)—a(o)—l pil—e"™) = pa(1—e™'™) ©

where 11 and 1, are the Prony relaxation time constants, p; and p, are the first Prony
constants, and (1 — p; — p2) represents the ratio between the relaxed stress and the initial
stress (Li et al. 2006; Van Loocke et al. 2008). These four coefficients, 11, 1o, p1, and pa,
were determined from the measured stress relaxation curve for each specimen.

2.5 Finite element modeling

The mechanical behavior of the IS joint under different loading conditions (e.g.,
compression) and the effects of experimental setup and IS joint structure (cartilage and
fluid) on measurement of joint mechanical properties cannot be derived using the analytic
approach. Using FE modeling, we can simulate the experiment by creating a 3D FE model
of the IS joint including the stapes head, lenticular process, cartilages, joint capsule, and
synovial fluid. Figure 3a shows the 3D FE model of the IS joint and Fig. 3b shows the
vertical (along Z-axis) cross-section view of the model created in ANSYS (ANSYS Inc.,
Canonsburg, PA). The transverse cross-section (X—Y plane) of the model was simulated in
an elliptical shape. The cartilages covering the surfaces of the lenticular process and stapes
head had a long axis length a = 0.82 mm and short axis length or width b = 0.51 mm (not
shown in the figure) based on the mean value of eight specimens from Table 1. The length L
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and thickness t of the soft capsule were 0.28 and 0.08 mm, respectively, based on the
histology section measurement of Fig. 2b as mentioned in the previous section. The
thickness of the cartilage layer h covering the lenticular process or stapes head was assumed
as 0.08 mm, and the depth of the synovial fluid D was assumed as 0.12 mm based on the
histology section measurement. The effects of geometric dimensions of the cartilage and
fluid viscosity are discussed in the Sect. 4.

The FE model was meshed with a total of 29,640 hexahedral elements. The bony lenticular
process and stapes head and the cartilages were assigned as linear elastic Solid 45 elements
in ANSYS. The capsule was assigned as nonlinear Solid 185 elements with hyperelastic and
viscoelastic material properties. The synovial fluid was meshed as Fluid 80 elements. The
material properties used for these components except the capsule were cited from the
published data and listed in Table 2 (Fung 1993;Funnell et al. 2005;Sasada et al. 1979;Gan
et al. 2004;Gan and Wang 2007). The Young’s modulus of 14.1 GPa was used for the bony
structure (incus and stapes head). This value was reported by Herrmann and Liebowitz
(1972) first and employed in the human ear FE model by Gan et al. (2004) and Gan and
Wang (2007). This value is among the range of recent results of 16 + 3 GPa on rabbit
ossicles by Soons et al. (2010).

As the first attempt to model the IS joint, the cartilage was considered as linear elastic
material with Young’s modulus of 10 MPa, the same value as that used by Funnell et al.
(2005). The capsule was assumed as the Ogden model with two material constants, pq and
a1. The values listed in Table 2 were determined by fitting the FE model-derived force-
displacement curves with the experimental results in tension tests obtained in this study (see
Sect. 3). The tensile or compressive force was applied at the lenticular process, and the base
of the stapes head was clamped completely. Note that in tension test, the adhesive force on
the contact surface between fluid and cartilage was not taken into account, and the Z-axial
displacement was not coupled. In the compression test, the Z-axial displacement at the
contact surface between fluid and cartilage was coupled because of the compressive force.

Figure 4a shows the tensile force-displacement curves for loading and unloading obtained
from one IS joint specimen, 1S7. The hysteresis loop was observed for all specimens with
the unloading curve below the loading curve. In this study, the mechanical properties of the
IS joint were derived from the loading curves. Fig. 4b shows the force-displacement curves
of all eight specimens (thin solid lines). The maximum displacement was set at 0.2 mm
while the force was ranged from 0.190 to 0.314 N. The force-displacement curves of the IS
joint show clear nonlinearity under the tension test. The variation among curves might be
due to the differences of sample’s age, sex, health, uncertainty of the geometric parameters,
and post-mortem effects. The mean tensile force-displacement curve with SD (thick solid
line with square symbols) of eight specimens is shown in Fig. 4b with a mean force of 0.262
+0.039 N at 0.2 mm of elongation.

The tensile force-displacement curve obtained from the FE model (thick dashed red line) is
also shown in Fig. 4b. The Ogden material parameters uj and a4 for joint capsule in FE
model were determined by minimizing the difference between the experimental and model-
derived force-displacement curves using the least-square method. It was found that using the
values of pu; =0.0985 MPa and aq = 9.12 (listed in Table 2) the FE model-derived force-
displacement curve was very close to the mean curve of the experimental data. Thus, the FE
model can predict mechanical behavior of the IS joint in tension very well.
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Figure 5a shows the stress—stretch ratio curves for all eight specimens (thin solid lines). The
specimens (capsules) were stretched up to A about 1.7, and the maximum stress was ranged
from 1.47 to 2.31 MPa. The mean stress—stretch ratio curve with an SD (thick solid line with
square symbols) is also shown in Fig. 5a. The mean maximum stress was 1.86 MPa with an
SD of 0.24 MPa. The absolute SD increased with increasing stress. All the stress—stretch
curves in Fig. 5a were used to derive Ogden model constants p; and a4 using Eq. (4) and the
data iteration process in MATLAB. The first two rows in Table 3 list p; and a4 values for
eight specimens with the mean and SD p; was from 0.0758 to 0.165 MPa with a mean of
0.104 MPa; aq was from 7.84 to 10.05 with a mean of 9.13. The correlation coefficients
between the Ogden material constants and all stress—stretch curves were over 0.997, which
proved that the Ogden model well represented nonlinearity of joint capsule’s stress—strain
relationship. For the mean stress—stretch ratio curve in Fig. 5a, pq was determined as 0.102
MPa and a4 as 9.18. Thus, the mean constitutive equation of the IS joint capsule obtained
from tensile experiments was

0=0.0222 x (A%'8 = 173F)MPa @

The elastic modulus-stretch ratio relationship was then obtained by substituting pi; = 0.102
and o1 = 9.18 into Eq. (5):

E(1)=0.0222 x [8.18 x A7'%+5.59 x A7°%°| MPa ®)

which was plotted in Fig. 5b (thick solid line). The elastic modulus changed from 0.30 to
8.92 MPa when the stretch ratio increased from 1 to 1.72.

The dashed red line with square symbols in Fig. 5b represents the FE model-derived elastic
modulus-stretch ratio curve. Using the Ogden constants listed in Table 2 for capsule, the FE
model derived elastic modulus of the capsule at a stretch ratio of 1.72 was 8.34 MPa, which
was 6.5% smaller than that of analytical results.

Figure 6a shows the compressive force-displacement curves for loading and unloading
obtained from IS joint specimen 1S7, the same specimen as that in Fig. 4a. Compared with
Fig. 4a, a larger hysteresis loop was observed in the compression test. This may suggest that
more energy was dissipated during the loading and unloading cycle in compression than in
tension. Figure 6b shows the force-displacement curves (thin solid lines) of five specimens
(no compression test on the first three specimens). The maximum compressive displacement
was set at 0.1 mm while the force was ranged from 0.354 to 0.676 N, much larger than the
tensile force observed in Fig. 4b. The variation of these curves was due to individual
difference among the specimens. The results show that the compressive force-displacement
relations of all specimens are nonlinear, similar to the tension results. However, the force in
compression was much larger than that recorded in the tension test at the same displacement,
which could be caused by involvement of the synovial fluid and cartilages in compression.
The mean force-displacement curve with SD was also shown in Fig. 6b. The mean value of
compressive force increased to 0.505 N with the displacement increasing to 0.1 mm. The
absolute SD increased with the displacement increasing while the relative SD remained
stable at around 25%. The relative SD in compression tests was larger than that in tension
tests (Fig. 4b). This may be caused by more components involved in compression with more
complicated deformation.

The compressive force-displacement curve obtained from the FE model (thick dashed red
line) is also displayed in Fig. 6b. The model-derived force at displacement of 0.1 mm was
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0.411 N, which was 18.6% smaller than the mean value of measurement results (0.505 N).
However, the curve was still within the range of experimental curves and was 16.1% larger
than the smallest value of 0.354 N at 0.1 mm displacement. It is noticeable that the FE-
derived curve was very close to the experimental curves on specimen 1S7. The results in Fig.
6b demonstrate that the FE model of the IS joint is able to predict the mechanical behavior
of the IS joint in compression.

Figure 7a shows the normalized stress relaxation function G(t) measured from eight
specimens. The relaxation function decreased with time and finally reached a stable state
after 200 s. The mean stress relaxation function G(t) is shown in Fig. 7b with SD. The Prony
series of Eq. (6) was used to describe the relaxation function for each individual sample.
Through the data iteration in MATLAB based on the eight curves in Fig. 7a, the Prony
constants p1, P2, T1, and 1, were derived and listed in Table 3 with mean values and SDs. p;
was ranged from 0.229 to 0.498 with a mean of 0.392, p, from 0.079 to 0.232 with a mean
of 0.140, t; from 0.81 to 1.95 s with a mean of 1.30 s, and t, from 14.06 to 73.04 s with a
mean of 46.07 s. Using the mean values of py, py, t1, and 1y, the relaxation function G(t) was
finally obtained as

G(=1-04 x (1 - =0.129 x (1 —™30%) o

Note that in stress relaxation tests, the ramp load process (displacement 0.2 mm with initial
stretch rate 0.4 mm/s) was used to simulate the step function approximately. Considering
that the loading time of 0.5 s was quite smaller than the relaxation time 14, and 1, the stress
relaxation function derived from the tests was accepted as an approximation of the real
relaxation function of the IS joint.

The failure tensile force, stress, displacement, and stretch ratio obtained from eight
specimens are listed in Table 4. The failure force varied from 0.259 to 0.713 N with a mean
value of 0.465 N and SD of 0.164 N. The failure stress varied from 1.81 to 4.68 MPa with a
mean of 3.19 MPa and SD of 1.15 MPa. The failure displacement ranged from 0.249 to
0.330 mm with a mean of 0.291 mm and SD of 0.034 mm. The failure stretch ratio ranged
from 1.89 to 2.18 with a mean value of 2.04 and SD of 0.12. The failure stretch ratio had
relatively smaller variation among different specimens than that of the failure stress. The
joint capsule usually broke gradually from one side to another side, and the breaking area
generally started at the middle of the capsule. Figure 8 shows the broken status of the joint
from two specimens (1S4 and 1S8).

4 Discussion

4.1 Tension test versus compression test

The IS joint presented quite different properties in tension and compression tests as observed
from the experiments. In compression, the IS joint sustained much larger force than that in
tension test when the displacement was the same. This difference may be caused by
involvement of the synovial fluid and cartilages. Due to the complicated deformation shape
and multiple components, there is no simple analytical solution for the compression test. The
FE model became the best choice to study the deformation behavior of the IS joint in tension
and compression. Figure 9a shows the FE model-derived deformation shape (in X — Z plane)
and Z-axial displacement distribution of the IS joint under tensile force. The force applied at
the lenticular process was 0.20 N, and the displacement was 0.184 mm. As mentioned in the
previous Sect. 2.5, the Z-axial displacements of the fluid and cartilage were not coupled
together and the fluid had almost no contribution to sustain the tensile force. The bones
(incus lenticular process and stapes head) and cartilages had very little deformation. The
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average Green strain components of selected capsule element (located at the middle region
of the capsule as shown in Fig. 9a) are Ez = 0.557, Ex = —0.375, and Eyxz = 0.004. The shear
strain is much smaller than the normal strain and can be neglected. Thus, the capsule soft
tissue can be considered under pure tension except the boundary area near the junction to the
bone.

Figure 9b shows the deformation shape (in X—Z plane) and Z-axial displacement distribution
of the IS joint under compression. The compressive force applied on the incus lenticular
process was 0.20 N, the same as that applied in tension test, and the displacement was
—0.069 mm. The bone, cartilage, fluid, and capsule together as a structure were involved in
the compression. The force applied on the bone (lenticular process) was transferred into the
pressure in fluid, and the fluid was squeezed from the center to sides and created pressure on
the capsule. Not like the pure tension, the capsule in compression suffered different
deformations: the compression directly from the lenticular process and the bending induced
by fluid pressure. The average Green strain components of the same capsule element as that
in tension are Ez = —0.108, Ex = —0.145, and Exz = —0.680. The shear strain here is much
higher than in the tension test. The cartilages show noticeable deformations compared to the
tension test. The strain Ez in cartilage was almost evenly distributed and had a mean value
around —0.109. The joint structure deformation under compression induced smaller
displacement than in the tension test under the same force (0.069 vs. 0.185 mm) as
visualized in Fig. 9. The differences of compression from the tension test were probably
caused by two factors: (1) the different deformation mode of joint capsule (nearly pure
tension versus compression plus bending); (2) the involvement of fluid and cartilage in
compression. The contributions of the cartilage and fluid to the IS joint mechanics in
compression are discussed in the following section.

4.2 Effects of cartilage and synovial fluid on compression

As discussed in the earlier section, the cartilage and synovial fluid in the IS joint play an
important role in compression. We did realize that there were some difficulties to get
accurate dimension for the cartilage thickness, h, and the synovial fluid depth, D as shown in
Fig. 3b. Moreover, the thickness of cartilage may not distribute evenly. The elastic modulus
for the cartilage employed in the model of 10 MPa was from normal human articular
cartilage not from IS joint cartilage. The elastic modulus of IS joint cartilage has not been
reported and may have certain difference from 10 MPa. The viscosity of synovial fluid used
in this study, 0.4 N - s/m2, was from other human joint not from IS joint. Thus, the effects of
cartilage and fluid geometry, the elastic modulus of the cartilage, and the viscosity of
synovial fluid on the IS joint compression were evaluated in FE model as follows.

1. Cartilage and fluid geometry effects. The length of the capsule, L (L=2 x h + D,
see Fig 3b), was kept constant while h and D changed. Two cases were studied: (1)
control case where h =80 um and D = 120 um; and (2) h = 40 um and D = 200
pum. Figure 10a shows the compressive force-displacement curves derived from the
FE model with different cartilage thickness and fluid depth. The force at
displacement of 0.1 mm in case 2 was 0.361 N, 12.1% smaller than the value of the
control case, 0.411 N. The results indicate that smaller cartilage thickness
decreased the IS joint’s ability to sustain compressive force.

2. Cartilage elastic modulus effect. Three values of cartilage modulus were employed
in the FE model: 10 MPa (control case), 5 and 20 MPa. Figure 10b shows the
compressive force-displacement curves with three cartilage elastic moduli. The
force at displacement of 0.1 mm was 0.387 N when the cartilage elastic modulus
was 5 MPa. This force was 5.7% smaller than that of the control case (0.411 N).
The force at displacement of 0.1 mm increased to 0.429 N when the cartilage
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elastic modulus was 20 MPa. This force was 4.4% larger than that of the control
case. The cartilage elastic modulus did effect the IS joint mechanics in
compression, but it was less significant compared to the cartilage thickness effect.
The change of cartilage thickness also induced the change of boundary and load
conditions of the capsule, while cartilage elastic modulus only changed itself. This
may also cause the difference between these two factors’ effects on compression.

3. Synovial fluid viscosity effect. Two viscosity values were employed in the FE
model: 0.4 N - s/m2 (control) and 0.1 N - s/m? (reduced). The stretch rate in the FE
model was set to the same value as the experiments, 0.005 mm/s. Figure 10c shows
the compressive force-displacement curves derived from FE model with these two
viscosities of fluid. The results indicate that the fluid viscosity did not have a
noticeable effect on the quasi-static test with a low strain rate.

4.3 Off-axial force effect on experimental measurement

The force applied to the incus lenticular process during the experiment might not coincide
perfectly with the central axis of the IS joint, and tilting of the lenticular process could
occur. To estimate the effect of off-axial force on experimental measurement, 0.25 N force
was applied at the lenticular process with 0.2 mm offset from the central axis of the IS joint
in the FE model. The force-displacement curves were derived for both tension and
compression cases. Figure 11a shows the deformation shape and distribution of the Z-axial
displacement of the IS joint under off-axial tensile force (the deformation under
compression not shown). ¢ is the tilting angle between the lenticular process and X—Y plane.
Figure 11b shows the tensile force-displacement curve derived from the control and off-
axial loading from the model in comparison with the mean experimental curve from Fig. 4b.
When the force reached 0.25 N, the off-axial displacement of the node where the force was
applied was 0.211 mm, 7.1% larger than the control displacement, which was 0.197 mm and
the tilting angle ¢ was 11.3°. Figure 11c shows the compressive force-displacement curve
derived from the control and off-axial cases from the model in comparison with the mean
experimental curve from Fig. 6b. When the force reached 0.40 N, the off-axial displacement
was 0.104 mm, 6.3% larger than the on-axial displacement of 0.098 mm, and ¢ was 8.7°.
These results indicate that the off-axial force does not affect the force-displacement relations
significantly, and the experimental results in both tension and compression tests had better
agreement with the control modeling results than the off-axial results. Thus, the error
induced by the off-axial load in experimental setup was limited and can be neglected
reasonably.

It is noticed that in experiments, the load was applied at the end of incus long process and
transferred through the pedicle onto the lenticular process, which may induce bending on the
pedicle. To estimate the deformation and bending angle of the pedicle, the pedicle was
simplified as a cantilever with one end fully clamped with lenticular process and the other
end applied with bending moment of 0.25 x 0.2 N - mm. The pedicle length was
approximately assumed as 0.32 mm and the cross-section was assumed as 0.11 x 0.48 mm?
based on the histology section image and the data used in Funnell et al.’s study (2005)
(doubled the value of the cat pedicle). 12 GPa was used as the elastic modulus for pedicle,
which was the same as that used by the Funnell et al. study. The maximum bending angle
and flexibility at the end of the pedicle were obtained from the FE model as 3.220 and
0.0111 mm. These values were relatively smaller than that of the IS joint deformation. Thus,
the effect of the pedicle on FE modeling results was not taken into account in this study.

4.4 Contributions of this work and future studies

This study is the first report on mechanical properties of the human incudostapedial (IS)
joint. The IS joint was considered as a synovial joint with fluid inside and capsule
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surrounding. The relationship between the structure and mechanical behavior of the joint
was analyzed under tensile and compressive forces. The hysteresis and stress relaxation
observed from the joint specimens demonstrate that the IS joint has typical viscoelastic
properties. The IS joint also presents nonlinear hyperelastic properties for which the Ogden
model was employed to analyze the mechanical behavior of the joint capsule. Two material
constants, pj and a4, were determined based on experimental measurements. These
parameters are valuable to be used in the FE model of the human ear under static pressure,
such as that reported by Wang et al. (2007). The nonlinear hyperelastic properties of ear
tissues are critical for developing the FE model-derived tympanogram, which may have
potential for clinical application in diagnosis of middle ear disease in relation to structure
disorders.

In this study, the quasi-static mechanical properties of human IS joint were obtained from
tension, compression, and failure tests. While the IS joint works over the auditory frequency
range (20-20,000 Hz), its dynamic properties or complex modulus under high frequency is
important for understanding the middle ear function. The dynamic properties of some
middle ear soft tissue, such as the TM, have been reported by Luo et al. (2009). However,
the frequency-dependant mechanical properties of the IS joint have not been reported and
need to be investigated in our future study. Moreover, although the viscosity of synovial
fluid has no significant effect on static or quasi-static mechanics, the dynamic behavior of
the joint should have relation with the synovial fluid viscosity. Thus, the viscosity effect on
IS joint dynamic mechanics needs further studies.

3D kinematics of middle ear ossicles have a close relation with the 1S joint mechanical
properties. The motion of the ossicular chain has been studied through experimental
measurements (Decraemer and Khanna 1995, 2000; Decraemer and Khanna 2004) and
modeling analysis (Eiber 1999; Mills et al. 2004; Funnell et al. 2005; Gan and Wang 2007;
Gan et al. 2007; Homma et al. 2009). However, in these published FE models, the IS joint
was assumed as a solid elastic block and it is not clear what the effect of IS joint synovial
structure on the ossicular motion and middle ear transfer function is. How does the
application of the synovial IS joint bring us new knowledge in middle ear mechanics? To
answer these questions, the FE model of the synovial IS joint reported in this study can be
added into the comprehensive FE model of human ear previously reported by Gan and
Wang (2007); Gan et al. (2007). It is expected that the accuracy of 3D motion of the ossicles
and middle ear transfer function will be improved through future FE modeling.

5 Conclusions

The mechanical properties of the human IS joint were studied through experimental
measurements and FE modeling analysis. The uniaxial tension, compression, relaxation, and
failure tests were conducted in joint samples using the MTS. An FE model of the IS joint
including the bones, cartilages, synovial fluid, and joint capsule was created to simulate the
experiments. The hyperelastic Ogden model was employed to describe the nonlinear
behavior of the joint capsule. The results demonstrate that the IS joint is a viscoelastic
structure with nonlinear stress—strain relationship. The IS joint sustains higher force in
compression than in tension. This behavior was caused by the different deformation modes
under tension and compression and was contributed by synovial fluid and cartilages. The
effects of off-axial force, geometry and elastic modulus of cartilages, and viscosity of fluid
on experimental measurements were evaluated using the FE model.
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Fig. 1.

a A schematic showing the location of the IS joint in the middle ear. b A picture of a human
IS joint specimen with incus and stapes attached. ¢ Two views of the specially designed
metal adapter for gripping the IS joint specimen. d Schematic of the experiment setup for IS
joint testing in MTS. The IS joint specimen was placed in a 2D micro-translational stage on
MTS. The stapes was fixed on the temporal bone and the incus long process was attached to
the metal adaptor. The specimen was lined by adjusting the translational stage with the help
of a CCD camera attached to a surgical microscope
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Fig. 2.

a Image of the incus and lenticular process taken from a specimen. a and b represent the
length and width of the lenticular process surface, respectively. b Image of the histology
section of the human middle ear (Wang et al. 2006) used to measure the length and thickness
of the IS joint capsule
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Fig. 3.

a 3D FE model of the IS joint with the lenticular process (top, red), capsule (middle, blue)
and stapes head (bottom, green). The transverse cross-section (X—Y plane) of the IS joint
was modeled as an ellipse. b Axial cross-section (X—Z plane) of the FE model with
lenticular process, cartilage, synovial fluid, capsule, and stapes head. The force was applied
perpendicularly to the surface of lenticular process and the base of the stapes head was fully
clamped
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Fig. 4.

a The force-displacement curves of specimen IS7 obtained under loading and unloading in
the uniaxial tension test. b The force-displacement curves of eight specimens under loading
process (thin solid line) with the mean curve and SD (thick solid line with square symbols)
and the FE model-derived curve (thick dashed line)
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Fig. 5.

a The stress—stretch ratio curves of eight specimens (thin solid line) with the mean curve and
SD (thick solid line with square symbols) obtained from tension tests. b The elastic
modulus-stretch ratio curve obtained from Eqg. (5) with the experimental mean data of p; =
0.102 MPa and a4 = 9.18 for the capsule (thick solid line) and the FE model-derived elastic
modulus-stretch ratio curve with p; = 0.0985 MPa and a4 = 9.12 listed in Table 2 (dashed
line with square symbols)
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Fig. 6.

a The force-displacement curves of specimen IS7 obtained under loading and unloading in
the compression test. b The force-displacement curves of five specimens from the
compression tests (thin solid line) with the mean curve and SD (thick solid line with square
symbols) and the FE model-derived curve (thick dashed line)
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Fig. 7.
a Normalized stress relaxation function G(t) curves measured from eight IS joint specimens.
b The mean curve of stress relaxation function G(t) of eight specimens with SD
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Fig. 8.
Pictures of the broken status of the joint from two specimens in failure tests. a Specimen
1S4; b Specimen 1S8
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Fig. 9.

a The FE model-derived deformation shape (in X—Z plane) with Z-axial displacement
distribution of the IS joint under tensile force 0.20 N (fluid not shown). The maximum
displacement was 0.184 mm at the lenticular process (top surface). b FE model-derived
deformation shape and Z-axial displacement distribution of the IS joint under compressive
force 0.20 N. The displacement was —0.069 mm at the lenticular process. An element at the
center of the capsule was selected to study the Green strain tensor under tension and
compression

Biomech Model Mechanobiol. Author manuscript; available in PMC 2012 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zhang and Gan Page 23

~ 0.6 ~ 0.6 ~ 0.6

Z < ) < 2

;’ —h-80 um,D-120 um ;’ —Cartilage-10 MPa ;’ —Fluid viscosity-0.4 Ns/m

o -—h-40 pm, D - 200 pm o -—Cartilage-5 MPa (Y -*Fluid viscosity-0.1 Ns/m?

2 0.4 e 0.4 | —Cartilage-20 MPa e 0.4

[ [ [

2 - 2 2

o 0.2 o 0.2 i o 0.2

_ 7 b P

o 7 o o

£ £ £

o =~ o o

O 0.0 : : : : : O 0.0 ' : : : : O 0.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Displacement (mm) Displacement (mm) Displacement (mm)

Fig. 10.

a Compressive force-displacement curves derived from the FE model with different
cartilage thickness. b Compressive force-displacement curves derived from the FE model
with different elastic modulus of cartilage. ¢ Compressive force-displacement curves derived
from the FE model with different viscosity of synovial fluid
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Fig. 11.

a The deformation shape and Z-axial displacement distribution of the IS joint under off-axial
tensile force (0.2 mm offset from the central axis). ¢ is the tilting angle between the
lenticular process and X—Y plane. b Comparison of force-displacement curves in tension
derived from the control (co-axial), off-axial FE model and experimental mean. ¢
Comparison of force-displacement curves in compression derived from the control, off-axial
FE model and experimental mean
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Table 2

Components and mechanical parameters of the IS joint

Components  Young’s Poisson’s ratio  Viscosity
modulus (Pa) (Ns/m?)
Incus 1.41 x 1010 0.3
Stapes head 1.41 x 1010 0.3
Cartilage 1.00 x 107 (Funnell et al. 2005) 03
Capsule Ogden model (m; = 98500 Pa, a; = 9.12)
Synovial fluid  2.20 x 10° (Bulk modulus) 0.4 (Fung 1993; Sasada et al. 1979)

If not specially noted, the parameters are from Gan and Wang (2007); Gan et al. (2007)
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