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Abstract

The ossicular joints of the middle ear can significantly affect middle-ear function, particularly under
conditions such as high-intensity sound pressures or high quasi-static pressures. Experimental
investigations of the mechanical behaviour of the human incudostapedial joint have shown strong non-
linearity and asymmetry in tension and compression tests, but some previous finite-element models of
the joint have had difficulty replicating such behaviour. In this paper, we present a finite-element model
of the joint that can match the asymmetry and non-linearity well without using different model
structures or parameters in tension and compression. The model includes some of the detailed
structures of the joint seen in histological sections. The material properties are found from the literature
when available, but some parameters are calculated by fitting the model to experimental data from
tension, compression and relaxation tests. The model can predict the hysteresis loops of loading and
unloading curves. A sensitivity analysis for various parameters shows that the geometrical parameters
have substantial effects on the joint mechanical behaviour. While the joint capsule affects the tension
curve more, the cartilage layers affect the compression curve more.
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Introduction

The ossicular chain of the human middle ear includes two joints that connect the three ossicles to one
another: the incudomallear and incudostapedial joints. The incudostapedial joint (ISJ), the smallest
joint in the human body (e.g., Karmody et al., 2009), lies between the lenticular plate of the incus (LPI)
and the stapes head (SH). As a synovial joint, it consists of articular cartilage layers that are separated
by a synovial gap filled with synovial fluid (SF). A ligamentous joint capsule encloses the joint

structure.

For normal sound pressures, the middle ear is usually considered to function as a linear impedance
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transformer that improves the energy transfer from the low-acoustical-impedance air in the external ear
to the high-acoustical-impedance liquid in the cochlea. However, the flexibility of the ossicular joints
may contribute to additional roles for the middle ear under some conditions. Non-linear actions of the
ossicular joints have been suggested (e.g., Price & Kalb, 1991; Cheng et al., 2017). Even in the linear
case, Gottlieb et al. (2018) showed, by fixing each of the ossicular joints separately, that the joints can
reduce the peak amplitude (and increase the width) of potentially damaging impulsive stimuli, which
may protect the hair cells in the cochlea. The early middle-ear model of Zwislocki (1957) had already
suggested the filtering effect of the incudostapedial joint. Moreover, the contributions of the joints to
the middle-ear response at the high quasi-static pressures that occur during tympanometry, for example,
have yet to be considered (Qi et al. 2008). These observations motivate further study on the mechanical

behaviour of the ossicular joints.

A few experimental and numerical investigations have been conducted on the mechanical behaviour of
the ISJ. Ghosh and Funnell (1995) performed an early exploration of the effects of ISJ flexibility in a
very simple finite-element (FE) model of the cat middle ear. Funnell et al. (2005, 2006) numerically
investigated the function of the ISJ in cat and human with a FE model to compare the flexibility of the
incudal pedicle and the ISJ. For moderate sound pressures, FE modelling of the joints as blocks of
visco-elastic material has been shown to result in satisfactory agreement with experimental data,
particularly at low frequencies (Maftoon et al. 2015; O’Connor et al. 2017). However, for higher
pressures and frequencies it may be necessary to use detailed models of the joints (Gottlieb et al. 2018).
To obtain experimental data relevant to large quasi-static pressures, Gea (2010) recorded X-ray
microCT scans of intact human and gerbil middle ears while the tympanic membrane was under static
pressures. He determined the distance between the LPI and SH as a function of the applied pressure.

Zhang and Gan (2011) extracted incus-stapes samples from fresh human temporal bones; performed



tension, compression, relaxation and failure tests; and then compared the experimental results with a
FE model that included several components of the ISJ. The model was later incorporated into a middle-
ear model (Gan and Wang 2015). Recently the same group used a dynamic mechanical analyzer and
frequency-temperature superposition to measure the dynamic mechanical properties of the ISJ over a
wide frequency range, and again fitted a FE model to the data (Jiang and Gan 2018). Both Gea (2010)
and Zhang and Gan (2011) observed a strong non-linearity in their experiments on the quasi-static

mechanical response of the ISJ, and a strong asymmetry between tension and compression.

Decraemer et al. (2015) developed several FE models of human and gerbil ISJs, including their various
components, and tried to reproduce the non-linearity and strong asymmetry observed in experimental
quasi-static tension and compression tests. In Soleimani and Funnell (2016, 2018), we simplistically
modelled the joint capsule with a membrane, analytically studied the mechanical behaviour of the joint,
and concluded that the nonlinear asymmetric behaviour may be due to a mechanical instability of the
joint capsule that is governed mainly by the joint-capsule length and the amount of SF in the joint. We
subsequently presented a more realistic FE model of the human ISJ (Soleimani et al. 2018) and
investigated the sensitivity of the model to several geometrical and mechanical properties to determine
potential sources for the asymmetric and nonlinear behaviour of the joint. However, as discussed
below, these and earlier numerical models either failed to fit the experimental data or included

physiologically unrealistic assumptions.

Several assumptions have been used in the past to produce the desired strong asymmetry in FE models
of the ISJ. In the model of Zhang and Gan (2011), “the adhesive force on the contact surface between
fluid and cartilage was not taken into account”, thus unrealistically decoupling the normal
displacements under tension. It seems that the same assumption was used by Gan and Wang (2015) and

Jiang and Gan (2018). In the simulations of an FE model for the gerbil ISJ by Decraemer et al. (2015),



the cartilage layers came into contact during compression. This assumption agrees with those
histological sections of the ISJ where a very thin or even undetectable layer of SF is observed within
the synovial gap, and with experimental observations by Gea (2010) both for human and gerbil ISJ.
However, with this assumption the ISJ of the model became too stiff compared with the experimental
data. We also tried to relate the asymmetry to a mechanical instability in the capsule with an analytical
approach and a membrane approximation for the capsule (Soleimani and Funnell 2016, 2018), the
instability being controlled mainly by capsule length and the volume of the SF. We also implemented
that theory in a FE model with a thick capsule (Soleimani et al. 2018) by removing some of the SF
from the synovial gap, resulting in an increased asymmetry but without any instability occurring.

However, the model with a change in the SF volume was very complicated and difficult to justify.

In this article, we present a new FE model for the human ISJ in which the asymmetry is produced with
realistic geometries for the capsule and the cartilage (see figure 1) and with realistic coupling between
the SF and the solid structures. We estimated the geometrical parameters (the length and thickness of
the joint capsule and the gap between the bony surfaces) from eight histological sections of the human
ISJ from five different ears. For some of the material properties we relied on experimental data for
synovial joints in other parts of the body, and some of the properties are calculated by fitting our model
to the experimental tension, compression and relaxation data of Zhang and Gan (2011) for the human
ISJ. Unlike previous FE models, this model does not assume different boundary conditions in tension
and compression to model asymmetry and nonlinearity. The new model is used to simulate the
hysteresis of the ISJ (i.e., the difference between the loading and unloading curves in the tension and
compression tests) for the first time. A sensitivity analysis is performed to determine the most

influential geometrical and material properties.



Methods

EXPERIMENTAL DATA

The experiments of Zhang and Gan (2011) were performed on isolated incus-and-stapes samples
extracted from fresh human temporal bones. The incus long process was connected to an isometric load
cell, and the stapes was displaced perpendicular to the footplate. A pre-load of 0.001 N was applied to
set the initial joint configuration. For the tension and compression tests, the joints were elongated by
0.2 mm and compressed by 0.1 mm, respectively, at a rate of 0.005 mm/s. It was concluded based on
modelling that any pedicle deformation would be small and it was ignored. Hysteresis loops were
observed through loading and unloading cycles. For the relaxation test, the joints were elongated 0.2
mm in approximately 0.5 s at a rate of 0.4 mm/s to approximate a step function, and the relaxing stress

was recorded until its rate of change was less than 0.1 % s .

GEOMETRY

Figure 1b shows our 3D FE model of the ISJ. The model has six components: LPI, SH, joint capsule,
two cartilage layers, and SF. The articular surfaces of the LPI and SH are approximately flat and their
cross-sections can be approximated as elliptical, as done by Zhang and Gan (2011) and Jiang and Gan
(2018), who measured the longest and shortest diameters for two sets of eight different ISJs each.
Based on their measurements, we use a1 = 0.9 mm for the longest diameter and b1 = 0.6 mm for the
shortest diameter. We assume that the SH has the same cross-sectional shape, aligned with and parallel
to the LPI, and that the opposing surfaces are both planar (see figure 1c).

The articular cartilage layers completely cover the bones except for a very narrow gap (0.01 mm) next
to the joint capsule. The sidewalls of the cartilage are inclined to avoid sharp corners and to avoid

having contact with the capsule during deformation. This also approximates the rounded shapes of the



bony surfaces and the cartilage layers at the corners. The thickness is 2 = 0.09 mm for both cartilage
layers, decreasing to #1 = 0.01 mm at the sides. The shortest and longest diameters of the cartilage-layer
surfaces facing the SF are b3 = 0.38 mm and a3 = 0.57 mm, respectively.

The joint capsule is initially modelled as a straight elliptical tube, with a constant thickness 7. = 0.08
mm, connected to the exterior sides of the bones. The synovial gap is enclosed by the capsule, cartilage
layers and bones, and is filled entirely with SF. Based on histological sections (e.g., figure 1a, and those
published by Karmody et al., 2009), and on the appearance of the ISJ during experiments under a
microscope (Feizollah et al., 2019), we assume that the real capsule has a curved profile when no force
is applied to the joint. We create such a profile from the initial straight profile by compressing the joint
axially while holding the geometry of the bones and cartilage layers fixed and treating the SF and the
capsule as incompressible (figure 1d). The geometry of the joint with the curved profile of the capsule
was then exported and used as the unloaded joint shape. The free length of the initial straight version of
the capsule (i.e., the length of the part not attached to the bones) is L. = 0.36 mm, and the final gap
between the bony surfaces is 4, = 0.3 mm. The parameters L. and /4, together determine the curved
shape of the capsule in its neutral state. Although ranges of these two parameters were taken from
histological sections, the actual values used were found by fitting the FE model to the experimental

tension and compression data, as described below in the Material Properties section.

The simulations were run in FEBio 2.3.1, an open-source nonlinear FE solver suitable for
biomechanics and biophysics applications (Maas et al. 2012). The geometry was developed and
meshed in Preview 1.17.2, a preprocessor associated with FEBio. We used hexahedral solid elements to
mesh all of the component geometries and connected them together by sharing all of the nodes at the
boundary surfaces between neighbouring components. The final discretized geometry had 47556 nodes

and 44800 elements. To check the adequacy of the resolution, we performed a mesh-convergence



analysis by increasing the number of nodes in all directions (azimuthal, radial, and longitudinal) by
50%, resulting in 149812 nodes and 143820 elements. The changes in the results were less than 7% in
the tension and compression tests. Ideally, further mesh refinement would have been done, but
construction of the model geometry was very time-consuming because, as explained above, we ran
simulations for constructing the capsule and cartilage geometries, and then had to match these
geometries and their meshes with the other components in order to manage their contacts at shared
surfaces and to have a smooth mesh. The non-linear simulations themselves were time-consuming.
Therefore, in view of the unavoidable uncertainties in the geometry and material properties, we decided
to use 47556 nodes for all of the simulations in this paper, which resulted in sufficient numerical
precision in the results and run times of 3 to 5 hours for each simulation. The simulations were run on
the McGill University High Performance Computing facility (Guillimin cluster) which provides access
to processors of type Dual Intel Sandy Bridge EP E5-2670 (8-core, 2.6 GHz, 20MB Cache, 115W) and
Quad Intel Sandy Bridge EP E5-4620 (8-core, 2.2 GHz, 16MB Cache, 95W). We ran simulations on

one node with 4 processors.

In our simulations the SH is fixed, and the LPI is displaced by specified amounts. The corresponding
applied force is then calculated by integrating the normal stress over the LPI top surface. The SF

always remains connected to the surrounding components.

CONSTITUTIVE EQUATIONS

Three different material models were used in this work to describe the components of the joint: linear
elastic, Mooney-Rivlin, and Veronda-Westmann. Linear elasticity assumes linear relationships between
the stress and strain tensor components, which is valid only for small deformations. Therefore, we used
this model for the cartilage layers and the bones because they experience deformations that are small
compared to their dimensions. An isotropic linear model is completely described with two parameters,
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for example, Young’s modulus £ and the Poisson ratio v.

For large deformations it is common to use hyperelastic models where the nonlinear stress-strain
relationship is derived from a strain-energy function. The strain-energy function for the Mooney-Rivlin

(Mooney 1940) model is

W=C'(1=3)+C"(I;= 3)+W,u(J) (D

where C'and C"” are material constants, Wyoi(J) is the volumetric energy, and
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where /i and /> are strain invariants and 3 are the stretches. 3 is the determinant of
the deformation gradient tensor. For a constant-volume (incompressible) deformation, J = 1. If the
volume of the material is decreased or increased by the deformation, then J <1 or J > 1, respectively.
The volumetric energy Wyol(J) is the energy due to the changes of the material volume during
deformation. For nearly incompressible materials, FEBio (Maas et al. 2012) defines this energy as

W,,= > Kllog(J)f )
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where £ is the bulk modulus. As & increases, the energy required for the volume change increases,
making the material less compressible. A special case of the Mooney-Rivlin model is the neo-Hookean
model in which C"=0.

The model of Veronda and Westmann (1970) expresses the strain-energy function as
W= c, [eﬁ(u— 3)_ 1+ c,(1,=- 3)+W,, (J) ’ (4)

where S, c1 and ¢, are material constants. FEBio uses a simplifying assumption, co;=—c1 /2 (Maas et



al. 2018), which reduces the number of parameters in equation 4, resulting in

GG
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where C; and C; are the material constants.

For modelling viscoelasticity, FEBio calculates the second Piola-Kirchhof stress tensor S(?) as the
convolution of a normalized relaxation function G(¢) with the derivative of the elastic stress $¢ (Maas et

al. 2018):

sit=| 6(t- u)(§>)du ©)

where ¢ is time. Assuming that $° is the long-term elastic response of the material, FEBio uses the

following form of the Prony series for G(¢) (Maas et al. 2018):

N
G(t)= 1+; giexp(=t/T) (7

9

where '’ are the time constants, gi are the relaxation coefficients, and N is the number of terms in the

Prony series.

MATERIAL PROPERTIES

We have been unable to find any publications on direct measurement of the mechanical properties of
the various components of the ISJ. We therefore used material properties from other synovial joints in

the human body, as explained below.

Cartilage layers: The elastic and viscoelastic properties (i.e., disregarding time effects and including

time effects, respectively) of cartilage have been measured for cartilages taken from different parts of
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the body, particularly the knee joints (e.g., Hayes and Mockros, 1971 for the human knee, June et al.,
2006 for the bovine knee, and Kumar et al., 2018 for the osteoarthritic human knee). For the elastic part
(i.e., the S° part of equation 6), we use an isotropic linear-elastic material with the same Young’s
modulus and Poisson ratio as were used by Funnell et al. (2005), E.=10 MPa (after Bader and Lee
2000) and vc = 0.3. Cartilage shows significant stress relaxation under constant strain because of its
multiphasic nature (e.g., June et al., 2006; Smyth, 2013). Here, for the G(*) part of equation 6, we use a
T,.=15 35

. sand T2¢”

two-term Prony series to model cartilage with time constants s; and
coefficients g1, = 0.8 and g2, = 0.5. We found these values by fitting equation 7 to experimental stress
relaxation results (Smyth and Green 2015) for equine articular cartilage, which is believed to be similar

to human cartilage (Malda et al. 2012).

Joint capsule: The joint capsule experienced quite large deformations under the mechanical tests by
Zhang and Gan, and therefore cannot be modelled as a linear-elastic material. Measurements of capsule
mechanical properties have shown significant differences when comparing capsules from different
joints of the body or different parts of the same joint capsule (e.g., Kaltsas, 1983; Hewitt et al., 2002).
Rainis et al. (2009) and Browe et al. (2014) successfully modelled the mechanical behaviour of the
shoulder-joint capsule using the Veronda-Westmann strain-energy function. We initially tried to use the
material properties of the shoulder joint for modelling the ISJ capsule (Soleimani et al. 2018), but

concluded that the ISJ capsule must be much softer than the shoulder capsule.

We calculated the capsule geometry and elastic properties by fitting our model to the experimental
results of Zhang and Gan (2011), reproduced here in figure 2. The parameters to be fitted were L. and
hy (see figure 1b); the capsule elastic constants; and the position of the experimental zero along the
displacement axis, as discussed at the beginning of the Results section. We used the Veronda-Westmann

strain-energy function and adjusted the values for Ci and C; in equation 5 to fit our FE model to the
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results of the experimental tension and compression tests. Based on our previous observations
(Soleimani et al. 2018), we took initial values of Ci and C> that were smaller by a factor of 10 than the
shoulder-joint-capsule constants that we calculated in that study, resulting in C1 = 6.5 kPa and C; =I.
We changed each of these parameters to understand how they affect the results of the FE simulations,
and then iteratively adjusted them manually in order to reduce the error between the FE model and the
experimental data. The initial values of L. and /4, were 0.33 mm and 0.3 mm, respectively, roughly

estimated from various histological sections. The bulk modulus was fixed at ~=1 GPa.

In the final fitted model the material parameters were C1 = 70 kPa and C> =1.8, with C; actually being
similar to the value in Soleimani et al. (2018) but C> much smaller. Considering equation 5, this
suggests that the ISJ capsule shows less non-linearity than the shoulder joint capsule does, although
their behaviour maybe quite similar at small displacements. The geometrical parameters were L. = 0.36

mm and /4, = 0.3 mm as mentioned above in the section on Geometry.

Various models have been used to describe experimental stress relaxation results for different joint
capsules (Funk et al., 1999; Bonifasi-Lista et al., 2005; Dommelen et al., 2005, 2006; Davis, 2013;
Criscenti et al., 2015). We used a two-term Prony series to model the viscoelastic effects of the capsule

=5 100

with time constants 1. sand T2®" s and coefficients g1.cp = 0.9, g2,cp = 0.1. These parameter
values fit within the range of those determined by Dommelen et al. (2006), Davis (2013) and Criscenti

et al. (2015).

Synovial fluid: Here we used viscoelastic solid elements to model the SF confined within the synovial
gap. We tried to mimic the liquid behaviour by using a very soft neo-Hookean material that was made
highly viscous by assigning small time constants and large coefficients for the Prony series. We
assumed that the energy dissipation mostly occurs in the SF because of its high viscosity and its large

deformations. Therefore, we tried to keep the SF relaxation coefficients larger than those of the other
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components. However, there is a convergence problem for very small elastic constants combined with
very high relaxation coefficients, particularly during the fast elongation of the relaxation test. As a
compromise, we fixed the SF elastic constant Csr = 10 kPa, and used a three-term Prony series with

time constants s 0.01 S, Tos™ 0.1 s and T3ysf=1

s with relaxation coefficients gi,sr= 1, g2sr= 0.4,
g3t = 0.3. The bulk modulus was fixed at k=1 GPa.

Bone: The LPI and the SH were modelled as an isotropic linear-elastic material. The Young’s modulus
of bone varies for different bones in the body, for different parts of the same bone, and even for
different directions in the same bone. Values in the literature fall in the range from 1 to 27 GPa (Funnell
et al. 2005). Following Zhang and Gan (2011), we used £, = 14.1 GPa for Young’s modulus and vy, =
0.3 for the Poisson ratio. This value of Ey is within the range of 16 + 3 GPa that Soons et al. (2010)
measured for rabbit middle-ear ossicles. Because the soft tissue in the joint is several orders of
magnitude more flexible than the bone, the joint mechanical behaviour is expected to have low

sensitivity to this uncertainty in the bone Young’s modulus. We assume that damping in the bones is

negligible.

Mass density: The density of the soft tissue (capsule, cartilage, and SF) is taken to be 1000 kg/m>,
which is almost the same as the value estimated by Funnell and Laszlo (1982). The bone density is

taken to be 2000 kg/m® which is within the range discussed by Maftoon et al. (2015).

Results

TENSION, COMPRESSION, AND STRESS-RELAXATION TESTS

An important aspect of the experimental results of Zhang and Gan (2011) is the very soft mechanical
behaviour of the joint close to the zero force, particularly during tension. This, together with possible

effects related to preconditioning, may cause an incorrect estimation of the zero-force configuration in
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the experiments. Here, while adjusting the four parameters stated above (Lc, /b, C1, C2), we also shifted
the experimental zero along the displacement axis to improve the fit between our FE model and the

experiment.

Figure 2a shows the fit between our FE model results and the experimental tension and compression
results. In this figure, we have moved the experimental data 0.02 mm toward negative displacements.
Note that we need a very small amount of force (less than 0.01 N) to have this displacement, and Zhang
and Gan (2011) already applied 0.001 N of preload on the specimen as the initial state. This 0.02-mm
shift is applied in all of our tension and compression results, including the hysteresis loops. The FE
model and experimental data agree well except around the zero-force point, where we were unable to

reduce the maximum discrepancy of 0.02 N at a displacement of —0.02 mm.

To fit the experimental relaxation results, we used fixed time constants for the Prony series (see above)
and then calculated the coefficients by fitting the model to the relaxation measurements. The final
result is shown in figure 2b. The difference between the fully relaxed state of the FE model and that of
the experimental mean is about 60% of the standard deviation of the experimental results.

After finding the material and geometrical properties of the capsule and SF using the tension,
compression and relaxation tests, we simulated a hysteresis test with our FE model and compared the
results with the experimental data. Figure 3 shows this comparison. (We did not model the two-minute
waiting time between the tension and compression tests that was implemented by Zhang and Gan
(2011) in their experiments.) The disagreement in the loading curves is at least partly because the
experimental results in figure 2, to which the model was fitted, are the averages of the measurements
on several specimens, while here we are comparing our model with the results of only one of the
specimens, because it was the only specimen for which both loading and unloading curves were given.

(We could not refit the model to this one specimen because its individual relaxation results were not
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given.) Our model predicts a hysteresis behaviour that is comparable to the experimental data of the
ISJ, showing a larger area within the hysteresis loop in compression than in tension. The hysteresis
loop in tension has an area of 0.0041 Nmm in the FE model and almost 0.0036 Nmm in the
experimental data. In compression, the loop has an area of 0.0082 Nmm in the FE model and about

0.0069 Nmm in the experimental data.

SENSITIVITY ANALYSIS

As explained in the Methods section, the lack of data introduces large uncertainties in the ISJ material
and geometrical properties. Here we performed a sensitivity analysis on our ISJ model to understand
how each parameter affects the mechanical response of the model. We changed each parameter by
+10% and simulated the tension and compression tests. We changed the curved shape of the capsule by
changing the capsule length L. by £10% while maintaining a constant gap 4y, between the bony
surfaces. Different parameters have different levels of uncertainty, and that uncertainty is often much
greater than +£10%, but using £10% uniformly allows a comparison of the relative effects of the
parameters, at least for small changes, without too much interaction among the effects.

Figures 4a and 4b show the force-displacement curves for changes in the geometrical parameters (i.e.,
cartilage thickness and capsule length) while figures 4c to 4e show the curves for changes in material
properties (i.e., capsule elastic constants C; and C; and cartilage Young’s modulus). The capsule length
and the cartilage thickness can be seen to have larger effects on the mechanical behaviour of the ISJ

than the material properties do.

The effect of making the capsule more or less curved is almost entirely for tension and not for
compression, while the opposite is true for the cartilage thickness. Making the capsule more curved
increases asymmetry but decreases non-linearity, while an increase in cartilage thickness increases both
asymmetry and non-linearity.

15



Similar observations apply for the material properties of the capsule and the cartilage. The cartilage
Young’s modulus E. affects the compression curve almost exclusively, such that increasing E. increases
the asymmetry and the non-linearity. The elastic constants of the capsule have larger effects in tension
than in compression, such that increasing either C; or Cz decreases the asymmetry but increases the
non-linearity. The most influential material property is C»; in equation 5, C: is in the exponent and can
strongly influence the non-linearity in the model, while Ci should have more influence on the stiffness

of the material and less on its non-linearity.

We produced plots like those in figure 4 for other material properties including the bone Young’s
modulus and Poisson ratio, the capsule compressibility, the SF elastic constant and compressibility, and
the cartilage Poisson ratio. These other parameters all had negligible effects that were hardly or not at
all visible in such plots. Changes of £10% in the bulk moduli kcp and £s¢, for the capsule and the SF,
respectively, have practically no effect on the behaviour (less than 0.03% at the maximum loads)
because we made them large enough to make the capsule and the SF incompressible. The same thing is
true for the Young’s modulus E, for the bone (less than 0.02% difference at the maximum loads),
because it is large enough that it makes the bones behave like rigid bodies compared to the soft tissue.
Increasing or decreasing the Poisson ratios vy and ve, which are related to the compressibility (£10%
changes in vy and vc corresponded to an 18% increase and a 13.5% decrease, respectively, in the bulk
moduli of the bone and cartilage) causes only small changes in the behaviour (less than 4% at the
maximum loads). The elastic constant Csrof the SF has only a minor effect on the behaviour (less than
3% at the maximum loads) because we chose the SF material properties to be very flexible compared to

the other materials.

Discussion

It is extremely difficult to include all of the details of an ISJ in a FE model, so we have to simplify the
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geometry with plausible assumptions. Here we assumed that the LPI and SH have the same flat cross
section and are parallel and aligned with each other. However, it is clear from our histological sections
and those shown by Karmody et al. (2009) that the LPI actually has a somewhat convex articulating
surface while the SH is concave, and they are not necessarily aligned or parallel, at least not after
histological processing. We also assumed that the cartilage layers have the same thickness on both
articulating surfaces while Karmody et al. (2009) concluded that the cartilage on the LPI is 3 to 4 times
thicker than that of the SH. We have also neglected the presence of calcified cartilage between the
uncalcified cartilage layers and the bones. These assumptions were also used in all previous ISJ
models. Karmody et al. observed a dense fibrous meniscus within the synovial gap, but we have not
modelled it because, first, it was not observed in our histological sections, and second, its material

properties, shape, and links to the other components are not clear.

Biological tissue characteristics typically vary a lot from sample to sample, which causes considerable
uncertainty when constructing an ISJ model. The dimensions and shape of each component obtained
from histological sections (e.g., figure 1a) or from X-ray microCT scans of post-mortem temporal
bones may differ from the in-vivo joint configuration because of, for example, dehydration of the soft
tissue, dislocation of the bones, or processing of the specimen. For example, the amount of SF within
the synovial gap, the thickness of the synovial gap, and the curved shape of the capsule when no force
is applied to the joint cannot be reliably determined. It is even unclear whether the joint is under stress
when no pressure is applied to the tympanic membrane. Another challenge is to determine the free
length of the capsule, as it is not obvious where and how the capsule is connected to the lenticular
process. Karmody et al. (2009) concluded that the joint capsule covers the full height of the lenticular

process, but the beginning of a bonding between them is not obvious.

We previously showed that the curved shape of the capsule and the amount of SF within the synovial
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gap can produce asymmetry between tension and compression tests (Soleimani and Funnell, 2018;
Soleimani et al., 2018). In our present model, we used the curved shape of the capsule (controlled by
the length parameter L. and the gap parameter /) to produce asymmetry, and used both the capsule
shape and the capsule material properties to match the behaviour that is observed experimentally.
Together with a shift of the experimental zero, we thus adjusted 5 parameters (L, hb, C1, C2, and the
shift of the experimental zero) to fit our FE model to the experimental data. We cannot be sure that a
good match could not be obtained with other combinations of these parameters. In particular, a well-
designed automatic fitting algorithm might result in even better matching than our manual trial-and-
error method did. However, the complications related to the geometry development would make an

automatic approach difficult to implement for this model.

The largest difference between the FE model and the experimental data in the tension and compression
tests (figure 2a) is at —0.02 mm, exactly where we applied the shift of the experimental zero. The
difference is larger than the standard deviation of the experimental data for deformations between
—0.05 mm and 0.02 mm. We were unable to make a good match in this region. It might be possible to
produce a good match by using a different hyperelastic model with a differently shaped non-linearity,

or by implementing contact between the cartilage layers in compression.

For the stress relaxation tests, the experimental step function was applied over an interval of 0.5 s,
which is small enough when compared to the time constants used in the model for the capsule or
cartilage, but quite large when compared to the time constants used for the SF. We used the same speed
for the step function in our FE simulations. This means that the SF is already partially relaxed at the
end of the step function, and the observed stress relaxation is actually less than the real relaxation of the
joint. (We need to use short time constants for the SF to model its liquid-like behaviour.) The speed of

the step function may not be fast enough for the SF in the experimental data either.
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The rheological properties of SF are normally described by the viscosity and the dynamic moduli as
functions of shear rate or frequency (e.g., Fam et al., 2007). It is possible in principle to obtain the time
constants and the relaxation coefficients by fitting the Fourier transform of the Prony series to
experimentally measured complex moduli. However, the correct capturing of small time constants
requires data over a wide range of frequencies, which are unavailable because of the limitations of

mechanical rheometry.

It is clear that the relaxation behaviour of the joint is a function of the combination of the relaxation
behaviours of each component. The cartilage layers experience less deformation in this model than the
capsule and the SF do, and therefore the relaxation of the cartilage was found to have relatively little
impact on the relaxation of the joint. We chose the time constants and the relaxation coefficients of the
cartilage and the capsule based on available experimental data, as stated in the Methods section.
Because the viscoelastic properties of the SF are usually measured by means of the dynamic moduli,
we were unable to find any direct experimental data for the relaxation behaviour of the SF. However,
we expect almost complete relaxation for the SF because of its liquid-like behaviour. We tried using
three short time constants and high relaxation coefficients for the SF, but we were unable to model the
nearly complete relaxation of the SF because very high relaxation coefficients prevented convergence
of the FE simulation. This approximate SF model might suffice for quasi-static or low-frequency loads
but more realistic models might be necessary for high-frequency loads. The FE models of Jiang and
Gan (2018) suggested that SF viscosity aftects the ISJ mechanical behaviour more at higher

frequencies.

The FE model could fairly successfully predict the nature of the hysteresis loops in tension and
compression tests (figure 3), providing further validation for the FE model. The hysteresis loop is larger

in compression than in tension, showing that more energy is dissipated in compression. The better
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model fit in compression may be because this particular specimen has a mechanical behaviour that is

close to the experimental average in compression but a little different from the average in tension.

Although computational fluid dynamics (CFD) has recently been implemented using FEBio (Ateshian
et al. 2018), the current version of FEBio itself does not support CFD or fluid-solid interactions yet.
This was the reason for using solid elements to model the SF. An interesting extension to this work

would be to use true liquid elements to model the SF.

The simplified applied loads and boundary conditions presented in this paper clearly cannot describe
what happens in the intact middle ear and how the lenticular-process and stapes-head motions are
related under physiological stimuli of different frequencies and levels. . More realistic loads and
boundary conditions can be obtained by embedding ISJ models in complete middle-ear models (e.g.,
Funnell et al.; 2005; Gan & Wang, 2015; Qian & Funnell, 2019). Such models can then be compared
with behaviour measured in situ (e.g., Huttenbrink, 1988; Gea, 2010; Jiang & Gan, 2018; Feizollah et

al., 2019).

Conclusions

This FE model of the ISJ gives a good fit to the experimental data of tension, compression, and stress
relaxation tests. We did not use different assumptions for the tension and compression tests to model
their strong asymmetry. The sensitivity analysis suggests that the asymmetry comes mainly from the
geometry of the joint capsule and the thickness of the cartilage. The sensitivity analysis showed that
+10% changes of the geometrical parameters affect the joint mechanical behaviour more than £10%
changes in the material properties do. (The capsule geometrical and material properties tend to affect

mostly the tension curve while the cartilage properties affect mostly the compression curve.) Among
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the material properties, the capsule elastic constants and the cartilage Young’s modulus have the largest
effects. Therefore, particular attention should be given to the geometrical and material properties of the
articular cartilage layers and the joint capsule in future work. It will be important to obtain better

observations of the geometry of the ISJ under natural unloaded conditions.
This model was deposited in BioModels (Chelliah et al. 2015) and assigned the temporary submission

identifier MODEL1905070001.
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Figure captions

Fig. 1: A Histological section of human incudostapedial joint (Courtesy C. Northrop, Temporal Bone
Foundation). B Cross-section of the FE model showing various components and geometrical variables.
C A 3D view of the bisected FE model showing the mesh. D Schematic of the procedure of curving the
capsule using FE simulations: on left is initial model, on right is exported model after some

compression to curve the capsule with fixed cartilage geometry and fixed volume of the capsule and

SF.

Fig. 2 The fit between the FE model and the experimental data. A Results for the tension and
compression tests; the capsule material properties and its geometry are determined by this fitting. The
experimental zero is moved to —0.02 mm. B Results for the relaxation test; the relaxation coefficients of

the SF and the joint capsule are determined by this fitting.

Fig. 3 Comparison of the hysteresis loops between FE model and experimental data. Loading curves
are indicated by solid arrows while unloading curves are indicated by dashed arrows. The area of the

compression part of the hysteresis loop is almost twice the area for the tension part of the loop in both

the experimental and FE cases.

Fig. 4 Effects of geometrical parameters and material properties on the tension and compression
curves. Each parameter was changed by +10%. A: Capsule curved shape (as determined by length L.).
B: Cartilage thickness, 7. C & D: Capsule elastic constants C; & C», respectively. E: Cartilage
Young’s modulus, E.. Capsule properties affect the tension curve more while cartilage properties

affect the compression curve more.
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