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Introduction: The meniscus is a crucial component of the human knee joint,
contributing to load transmission, stability, and lubrication. Meniscal injury can
disrupt knee biomechanics and eventually lead to knee osteoarthritis (KOA).
Quantifying the biomechanical properties of the meniscus is essential for
understanding its role in knee joint function and pathology.

Methods: This study aimed to determine the biomechanical properties of the
meniscus in patients with severe KOA using experimental mechanical testing and
an inverse finite element analysis (iIFEA) model. Meniscal samples were collected
and graded from patients undergoing total knee arthroplasty. Tensile (n = 113) and
compressive (n = 137) tests were performed to obtain experimental data. An iFEA
model with a Mooney—Rivlin hyperelastic formulation was developed to estimate
the constitutive parameters of the meniscus through optimization algorithms.
Results: In patients with severe KOA, the average tensile modulus of the lateral
meniscus (57.9 + 34.1 MPa) was approximately 40.5% higher than that of the
medial meniscus (41.2 + 28.8 MPa). At 10% strain, the average compressive
modulus was 2.2 + 1.5 MPa for the medial and 2.5 + 1.5 MPa for the lateral
meniscus. Compared with the 10% strain level, the compressive modulus of the
medial and lateral menisci increased by 54.5% and 136% at 20% strain, and by
222.7% and 2887% at 30% strain, respectively. Both tensile and compressive moduli
exhibited a stepwise decrease with increasing degeneration. The iFEA model
showed an excellent fit to the experimental data (R? > 0.9).

Discussion: The biomechanical properties of the meniscus in severe KOA
patients differ substantially from those reported in healthy tissues, highlighting
the need for caution when using literature-derived parameters in computational
modeling. The iFEA framework provides a robust approach for predicting
constitutive parameters across different degeneration levels and meniscal
regions, offering valuable insights for personalized knee joint modeling and
simulation.

KEYWORDS

knee osteoarthritis, meniscus, tensile modulus, compressive modulus, inversefinite
element analysis

1 Introduction

KOA is a prevalent chronic joint disease, with an increasing global incidence ranging from
approximately 3.8%-17.6% (Dong et al., 2023; Giorgino et al, 2023; Michael et al, 2010;
Mahmoudian et al, 2021). As the global population ages, these numbers are expected to
continue to rise.
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The menisci provide joint stability, load transfer, impact
absorption, and knee lubrication (Sweigart et al., 2004; Vaienti
et al., 2017; Walker and Erkman, 1975; Karahan et al., 2010;
Saygi et al, 2005; Fukubayashi and Kurosawa, 1980). During
daily activities, the meniscus is subjected to various forces such
as tension, compression, and shear forces. Biomechanical testing is
usually performed to quantify the effects of these forces on the
meniscus tissue (Markes et al., 2020; Morejon et al., 2023; Maritz
et al, 2021). Biomechanical characterization of the joint can
accurately show the distribution of forces in the knee joint
during various activities, and can identify abnormal stress
concentrations. This can help to explain the mechanical causes of
pain generation in patients with KOA, thus providing assistance in
disease prevention and clinical treatment.

While extensive research has focused on the biomechanical
properties of the meniscus in healthy individuals (Abraham et al,
2011a; Sandmann et al., 2009; Moyer et al.,, 2013; Martin Seitz et al,,
2013), studies on the meniscus in patients with KOA remain limited.
The main consensus is that meniscal degeneration affects compressive
properties, leading to reduced tissue stiffness (Andrews et al,, 2014;
Katsuragawa et al, 2010; Sandmann et al, 2013; Son et al, 2013;
Fischenich et al,, 2015). Warnecke et al. (2020) found a gradual but not
statistically significant decrease in tensile modulus as the degree of
degeneration of the lateral meniscus progressed, while (Fischenich et al.,
2015) found no significant change in tensile modulus as the meniscus
degenerated. There were limited sample sizes in those studies, making
definitive conclusions difficult as it is understandable that samples are
indeed not easy to access.

Finite element analysis (FEA) is widely used in knee joint
biomechanics to approximate the solution of boundary value
problems in partial differential equations (Park et al., 2019; Chen
et al, 2023). Currently, when performing FEA of the knee joint,
most studies consider the meniscus as a linearly elastic material with
a modulus of elasticity of 59 MPa and a Poisson’s ratio of 0.49 (LeRoux
and Setton, 2002), while some literature set the meniscus as a linearly
elastic and transversely isotropic material with a circumferential
modulus of 120 MPa, the cross-section modulus of 5 MPa and a
Poisson’s ratio of 0.3 (Park et al., 2019; Daszkiewicz and fuczkiewicz,
2021). However, the meniscus is a nonlinear material because of its
nonlinear stress-strain relationship and strain rate dependence.

Traditional mechanical testing often requires complex
instrumentation and a large number of experimental samples to
obtain more accurate material parameters. It is much more
difficult, even impossible to obtain the biomechanical properties of
the meniscus through mechanical testing most of the time. The iFEA
has been widely used to determine the mechanical properties of
materials (Korhonen et al,, 2002; Lei and Szeri, 2007; Gao et al.,
2023). Seyfi et al. (2018) optimized the intrinsic parameters of the
bovine meniscus using the indentation test and iFEA. Freutel et al.
(Freutel et al, 2015) analyzed the biomechanical properties of
circumferential fibers of porcine meniscus using the iFEA. De Rosa
et al. (2022) employed iFEM to successfully characterize the
mechanical properties of collagen fibers within the meniscus,
providing deeper insight into tissue-level mechanics. However,
most existing simulations of KOA, including finite element
analyses, still rely on the mechanical properties of healthy meniscal
tissue, which may not accurately reflect the altered biomechanical
environment in KOA patients. To address this issue, the present study
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aims to characterize the biomechanical properties of menisci from
patients with severe KOA using both mechanical testing and iFEA.

2 Methods
2.1 Sample acquisition

A total of 42 patients who underwent total knee arthroplasty (TKA)
or unicompartmental knee arthroplasty (UKA) were included in this
study, from whom 66 menisci were obtained. Specifically, 13 male patients
provided 19 menisci, and 29 female patients provided 47 menisci
(Figure 1a). Patients had a mean age of 69.6 + 3.7 years. All patients
provided written consent to allow the surgically excised meniscus tissue to
be used for mechanical analysis. All procedures were approved by the
Medical Ethics Committee of Beijing Luhe Hospital affiliated with Capital
Medical University before the study started. Detailed information on the
menisci, including patient age, sex, alignment parameters, symptom
duration, contralateral knee status, and morphological classification, is
provided in the Supplementary Materials.

Each meniscus was classified based on its morphological
characteristics (Pauli et al.,, 2011): Level 0 - Normal; Level 1 -
Marginal wear; Level 2 - Partial substance tear or wear; Level 3 -
Near complete tear with minor tissue loss; Level 4 - Complete tear
with significant tissue loss. The cohort included 13 Level 2, 30 Level
3, and 23 Level four menisci. All frozen samples were soaked in
phosphate-buffered saline (PBS) solution 1 day before the
experiment until thawed.

2.2 Tensile experiment

Based on preliminary experiments using pig meniscus, five
rectangular and five dumbbell-shaped specimens were prepared.
Each specimen was stretched to failure at a constant speed of
0.05 mm/s using a BOSE machine (BOSE 3330; BOSE Corporation,
Eden Prairie, MN, USA). It was observed that the rectangular specimens
failed near the grips, while 80% of the dumbbell-shaped specimens
failed in the middle region. Therefore, for the actual experiments, the
dumbbell-shaped specimens were used.

For the tensile tests, each of the 23 menisci was embedded and
serially sectioned radially using a microtome to produce slices
approximately 1 mm thick. To eliminate interference from
superficial tissue, the outer 2-3 mm of both the superior and
inferior surfaces of each meniscus were removed, retaining only the
central portion for specimen preparation. On each slice, a custom-made
dumbbell-shaped mold was used to excise samples along the
circumferential direction, while avoiding areas adjacent to tears or
regions of visible degeneration (Figure 1b). Due to varying degrees of
damage among the harvested menisci, a total of 113 tensile test
specimens were obtained from the 23 menisci (Table 1). The width
and thickness of each specimen were measured using a digital caliper to
ensure dimensional accuracy for subsequent mechanical testing. The
specimens were held at both ends using a fixture and subjected to a
constant strain rate of 0.05 mm/s until failure using a BOSE machine
(BOSE 3330; BOSE Corporation, Eden Prairie, MN, USA) (Figure 1c).
Throughout the experiment, phosphate-buffered saline (PBS) was
regularly sprayed onto the surface

specimen to minimize
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FIGURE 1

Experimental setup and result representation for meniscus biomechanical tests. (@) Meniscus in patients undergoing TKA and UKA. (b) Dumbbell-
shaped tensile specimens. (c) The specimen is stretched until it breaks. (d) Stress-strain curves for tensile tests. (e) Fabrication of compression specimens.

(f) Compression experiments with the Bose machine.

TABLE 1 Number of samples for tensile testing.

Degeneration grade

Medial meniscus (n)

Lateral meniscus (n)

dehydration. After the experiment, force-displacement curves were
obtained and converted into stress-strain curves to calculate the
tensile modulus (Figure 1d). The engineering strain was computed
as the change in gauge length divided by the original length, while
engineering stress was calculated by dividing the measured force by the
specimen’s original cross-sectional area.

To calculate the elastic modulus, the nonlinear toe region, which
reflects the uncrimping of collagen fibers, was excluded. The elastic
modulus was defined as the slope of the linear portion of the stress-
strain curve, determined by performing a least-squares linear regression
on this region (Proctor et al., 1989). All calculations were performed
using Origin (OriginLab Corporation, Northampton, MA, USA).

2.3 Compression experiment

For the compression tests, cylindrical specimens were prepared
from 43 menisci using a custom-designed punch with a diameter of
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6 mm (Figure le), avoiding areas with tears or visible degeneration
to ensure tissue integrity. From each meniscus, as many specimens
as possible were collected, depending on the available intact tissue.
The upper and lower surfaces of each specimen were carefully
trimmed to obtain flat, parallel faces, and the edges were
removed to ensure uniform geometry. The final thickness of each
specimen was approximately 4 mm. Due to the limited intact tissue
in the harvested menisci caused by varying degrees of degeneration
or damage, a total of 137 compression test specimens were obtained
from the 43 menisci (Table 2). The thickness and dimensions of each
specimen were measured using a vernier caliper to ensure
dimensional accuracy for subsequent mechanical testing.The
specimen was compressed using the BOSE machine (BOSE 3330;
BOSE Corporation, Eden Prairie, MN, USA) at a rate of 1 mm/min
in the vertical direction until a 30% strain was achieved (Figure 1f)
(Freutel et al., 2014; Kolaczek et al., 2016; van Rossom et al., 2018).
Throughout the experiment, phosphate-buffered saline (PBS) was
regularly sprayed onto the specimen surface to minimize
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TABLE 2 Number of samples for compression testing.

Degeneration grade

Medial meniscus (n)

10.3389/fbioe.2025.1637649

Lateral meniscus (n)

15

21

52

21

dehydration. After the experiment, force-displacement curves were
obtained and converted into stress-strain curves to calculate the
compressive modulus. The engineering strain was calculated as the
change in specimen height divided by the original height, while
engineering stress was calculated as the measured force divided by
the original cross-sectional area.

To characterize the compressive stiffness, compressive moduli
were calculated at specific strain levels of 10%, 20%, and 30%. For
each target strain, a linear regression was performed over a small
strain range (+2%) around the target point to determine the local
slope of the stress-strain curve, which was taken as the compressive
modulus at that strain. All calculations were performed using Origin
(OriginLab Corporation, Northampton, MA, USA).

2.4 Inverse finite element method

Finite element models of the meniscus specimens were
established using Abaqus (SIMULIA, Vélizy-Villacoublay, France)
with dimensions corresponding to the actual experimental
specimens, simulating both tensile and compression experiments.

The continuum mechanics was applied to characterize the
strain-energy density function W using the three invariants of
the Cauchy-Green deformation tensor. The strain-energy density
function consists of two parts: the deviation term and the volume
term, which are represented in polynomial form in Equation I:
W= icu(z -3)'(1 —3)f+ii(1 -1)2k (1)
o) ij (1 2 Z Dr 3 >

where the values of i, j, k can range from one to 3. Cj; and Dy
represent material parameters, while I;, I,. and I5 denote the
three tensor invariants.

Relevant studies have indicated that the human meniscus is
composed of water (65%-72%), collagen (20%-25%), and
proteoglycan (<1%) (Gee and Posner, 2021). These components
form a dense extracellular matrix (ECM) populated with embedded
cells, making the meniscus a structurally complex biphasic tissue
that exhibits solid-fluid interactions. In its native physiological state,
the meniscus exhibits poroviscoelastic behavior mainly due to fluid
flow through its porous ECM (Travascio and Jackson, 2017).
However, this study focuses on approximating the apparent
elastic response of the solid matrix under quasi-static loading
conditions. A simplified incompressible hyperelastic model was
adopted to describe this short-term response. The relatively fast
loading rates (tensile: 0.05 mm/s; compression: 1 mm/min) helped
to reduce the time-dependent effects of fluid movement. As a result,
the volume term is 0, i.e., I3 = 1. Therefore, Equation 1 simplifies to
Equation 2:
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W= Cy(I, - 3) (I, -3,

i,j=0

)

The human meniscus tissue exhibits a nonlinear mechanical
behavior, and the hyperelastic intrinsic relationship is able to take
into account the property of the material to recover its original shape
after large deformations, which is consistent with the actual situation
of the meniscus tissue during human movement. During normal
human movement such as walking, running, jumping, efc., the
meniscus is subjected to complex deformation, but it returns to
its original shape at the end of the movement, and the Mooney -
Rivlin model is able to describe this elastic recovery based on its
strain energy function, and accurately simulate the deformation and
recovery process of the meniscus under different stress states
(Abraham et al., 2011b). The strain energy function of the two-
parameter Mooney-Rivlin model is given by Equation 3 (Sun et al,,
2019; Yamashita et al., 2023):

Wir = Cryo(I; = 3)+Cy (I1 =3)(I; - 3) +Co1 (I, = 3).  (3)

For the approximately incompressible isotropic hyperelastic
materials, the contribution of the higher order terms to the
overall strain energy is relatively small in the case of small
deformations, and at this time the Cj; term can be neglected, so
that a simplified second order model can be used to describe the
mechanical behaviour of the material, which can meet certain
accuracy requirements and simplify the calculation process. The
simplified Mooney-Rivlin model is given by Equation 4:

Wi-r = Cio(Iy = 3)+Co1 (I; = 3). (4)

In simulated tensile experiment, the bottom of the specimen was
fully fixed, while the upper end was stretched along the Z-axis at a
rate of 0.05 mm/s. In the compression experiment, the bottom of the
specimen was fully fixed, and the upper surface was compressed
along the Z-axis at a rate of 1 mm/min.

The residual sum of squares was chosen as the objective function
for assessing the goodness of fit between experimental and simulated
curves, calculated as Equation 5:

S=) (v SOF

where § is the residual sum of squares, y; is the experimental data,
and y; is the simulated data. The set of results with the smallest
residual sum of squares was chosen as the optimal solution.

The Non-Dominated Sorting Genetic Algorithm IT (NSGA-II)
was chosen as the optimization algorithm because of its ability to

(5)

progressively approximate the optimal Pareto front, ie., no one
objective can be improved any further without making the other
objectives worse. By maintaining a set of nondominated solutions, a
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balance can be found between these multiple objectives, providing a
set of optimal trade-off solutions between the different objectives,
instead of only one optimal solution as in the case of single-objective
optimization algorithms (Zhang et al., 2022; Zhang et al., 2024).

Specific parameters were set as follows: Population Size is 52,
Number of Generation is 100, Crossover Probability is 0.9, and
Crossover Distribution Index is 20.

2.5 Statistical analysis

Factorial analysis of variance (ANOVA) was performed using
SPSS statistical software to assess the differences in biomechanical
properties between the medial and lateral menisci as well as
degenerative grades of the menisci. The dependent variables
assessed included tensile modulus and compression modulus.
(Significance level a = 0.05).

Before conducting the ANOVA, we tested the assumptions of
normality and homogeneity of variances. Normality was assessed
using the Shapiro-Wilk test, and homogeneity of variances was
evaluated using Levene’s test.

Post-hoc analyses were conducted using Tukey’s Honest
Significant Difference (HSD) test to identify specific group
differences when significant main effects or interactions were
found. These post hoc tests were used to adjust for multiple
comparisons and ensure a robust interpretation of the results.

3 Results
3.1 Tensile experiment

The mean tensile modulus of the medial meniscus (n = 10) in
patients with severe KOA was 41.2 + 28.8 MPa and 57.9 £ 34.1 MPa in
the lateral meniscus (n = 13). The tensile modulus gradually decreases
as the meniscus degeneration level increases. The tensile modulus
decreased sequentially by 33.38% and 45.4% for the medial meniscus,
32.1% and 32.5% for the lateral meniscus, respectively, compared with
that of the graded two, three, and four menisci (Figure 2).

3.2 Compression experiment

The compressive modulus of the medial meniscus (n = 16) in
patients with severe KOA was 2.3 = 0.9 MPa, 3.5 + 3.0 MPa, and
6.6 = 4.7 MPa at 10%, 20%, and 30% strain levels, respectively; and
2.9 + 1.2MPa, 6.4 + 3.6MPa, and 12.5 + 4.8 MPa in the lateral
meniscus (n = 27). The compressive modulus increases as the strain
level rises. The compression modulus tended to decrease gradually
with the progression of meniscal degeneration in all three groups of
strain levels (10%, 20%, and 30%) (Figure 3).

3.3 Inverse finite element method
The Mooney-Rivlin constitutive model has two unknown

parameters, C;o and Cp;. This study summarizes the optimization
results of the biomechanical property models for different regions of
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FIGURE 2
Tensile modulus at different meniscus degeneration levels.

the meniscus in severe KOA patients, obtained from the tensile and
compression experiments, respectively (Table 3, 4). The goodness of
fit (R*) was greater than 0.9 for all groups, and the model was
considered to better characterize the biomechanical properties of the
meniscus in patients with severe KOA. Figure 4 presents the
agreement between the experimental stress-strain curves and the
fitted curves obtained from the iFEA, showing the predictive
capability of the Mooney-Rivlin model.

4 Discussion

This study performed ex vivo measurements of the tensile and
compressive modulus on meniscal tissue obtained from patients with
severe KOA and assessed the effect of different factors of the meniscus
(medial meniscus, lateral meniscus, and degree of degeneration) on
the tensile and compressive modulus of the meniscus. By using the
iFEA and experimental data, a constitutive model of the meniscus in
severe KOA patients was developed.

4.1 Biomechanical properties of the
meniscus in patients with severe KOA

We propose that the modulus difference between medial and lateral
menisci is related to their microstructure. The meniscus comprises
approximately 70% water and 30% organic matter, primarily collagen
fibers (75% of organic content), glycosaminoglycans (GAGs), and
minor components. Recent studies have indicated that the lateral
meniscus has a significantly higher collagen content than the medial
meniscus at various tissue depths (Danso et al, 2017). This higher
collagen content may contribute to the superior mechanical properties
of the lateral meniscus. The increased collagen content enhances the
structural integrity and load-bearing capacity of the tissue, making the
lateral meniscus better able to resist mechanical stresses and less prone
to degeneration or tearing compared to the medial meniscus.
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FIGURE 3
Mean and standard deviation of meniscus compression modulus at different strain levels.
TABLE 3 Summary of mooney-rivlin model optimization results for tensile experiments.
Classification (number) Cio (MPa) Coz (MPa) R2
Grade 2 medial(14) 40.49 + 12.02 -40.49 + 12.02 0.950 + 0.027
Grade 2 lateral(23) 43.74 + 13.56 —42.82 + 12.64 0.933 + 0.016
Grade 3 medial(34) 28.15 + 6.47 -28.05 £ 6.29 0.955 + 0.018
Grade 3 lateral(20) 33.62 + 8.60 -33.62 + 8.60 0.918 + 0.048
Grade 4 medial(11) 11.82 + 4.87 -10.87 £ 5.10 0.920 + 0.026
Grade 4 lateral(11) 20.23 + 6.28 -20.23 + 6.28 0.945 + 0.033

However, it is important to note that this conclusion is based on
in vitro experiments. In vivo, the lateral meniscus exhibits greater
mobility than the medial meniscus due to its less constrained
anatomical attachments and more extensive range of motion during
joint movement (Thompson et al., 1991; Fox et al., 2015). This increased
mobility exposes the lateral meniscus to more variable loading patterns,
which may influence its mechanical properties as an adaptive response.
Thus, while our findings provide valuable insights into the structural
basis of meniscal modulus differences, their direct extrapolation to in
vivo conditions requires caution.

The study results from Fischenich et al. found that there was no
statistical difference in the tensile moduli of the meniscus at different
degeneration levels, which was mainly due to the small sample size
(Fischenich et al., 2015). Warnecke et al. found that with the
degeneration of the lateral meniscus, its tensile modulus showed a
decreasing trend, although without a significant difference (Warnecke
et al,, 2020). However, the results of the present study show a negative

Frontiers in Bioengineering and Biotechnology

correlation between the degeneration level of the meniscus in patients
with severe KOA and both the tensile and compressive moduli. Bursac
et al. found that the compressive performance of the meniscus is not
related to collagen content but is significantly influenced by GAG
content (Bursac et al., 2009). GAGs can control fluid flow, interact with
other components such as collagen fibers, and maintain the structural
integrity and stability of the meniscus. Therefore, a decrease in GAG
content may lead to structural instability, reduced elasticity, and
toughness of the meniscus, increased joint friction, and ultimately
result in joint wear and degeneration.

4.2 Deviations between literature data and
data from this study

Tissakht and Ahmed reported that the average tensile modulus of
the healthy medial meniscus was 82.98 MPa, while that of the lateral
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TABLE 4 Summary of mooney-rivlin model optimization results for compression experiments.

Classification (number) Cio (MPa) Co1 (MPa) R2
Grade 2 lateral(28) 6.27 + 0.76 —6.27 + 0.76 0.937 + 0.050
Grade 3 medial(14) 4.03 + 0.98 —4.03 + 0.98 0.924 + 0.025
Grade 3 lateral(53) 4.78 + 0.80 -4.78 + 0.80 0.919 + 0.029
Grade 4 medial(23) 1.24 + 0.58 -1.24 + 0.58 0.965 + 0.019
Grade 4 lateral(21) 2.84 + 0.43 —2.84 + 043 0.944 + 0.037

Experimental Data
iFEA Data

Tensile Modulus(MPa)

T T T T T 1
0.00 0.05 0.10 0:1:5 0.20 0.25 0.30
Strain(1)

FIGURE 4
Experimental data curves and fitted curves from iFEA.

meniscus was 111.66 MPa (Tissakht and Ahmed, 1995). In contrast, the
current study found that the medial meniscus in patients with severe
KOA had a significantly lower tensile modulus of 41.2 + 28.8 MPa, and
the lateral meniscus had a modulus of 57.9 + 34.1 MPa. To statistically
verify these differences, a one-sample t-test was performed comparing
our experimental values with the literature-reported values. The results
confirmed that the tensile modulus of both medial and lateral menisci in
severe KOA patients was significantly reduced (p < 0.001 for both
comparisons). This indicates a substantial mechanical deterioration in
the menisci associated with severe KOA, underscoring the necessity of
using degeneration-specific biomechanical parameters in modeling and
simulations rather than relying solely on literature values derived from
non-degenerated tissues.

Currently, in the literature, two models have been applied for the
meniscus of patients with KOA in the finite element analysis: a
linearly elastic material with an elastic modulus of 59 MPa (Yang
et al, 2024; Park et al,, 2019), and a linearly elastic, transversely
isotropic material with a circumferential modulus of 120 MPa and
an axial modulus of 5 MPa (Daszkiewicz and Luczkiewicz, 2021).
The inadequacy of the first model is that it treats the meniscus as a
material with both tensile and compressive moduli of 59 MPa.
However, through the mechanical tests in this study and data from
other literature (Proctor et al., 1989; Orton et al., 2023; Tissakht and
Ahmed, 1995), the difference between the tensile modulus and the
compressive modulus is around two to three orders of magnitude.
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The problem with the second model is that it considers the tensile
modulus in the circumferential direction of the meniscus as
120 MPa, assuming that the meniscus of KOA patients has a
similar tensile modulus to that of healthy individuals (Lechner
et al., 2000; Fischenich et al., 2015; Henderson et al., 2022).
Therefore, both of these settings (Fischenich et al, 2015;
Warnecke et al, 2020; Fischenich et al, 2017), which are
commonly used today, differ from the actual situation.

4.3 Recommendations for data that can be
used in modeling simulations

In view of the above analyses, this study proposes a hyperelastic
model for meniscus material in patients with severe KOA. The Neo-
Hookean hyperelasticity model was initially used to obtain
optimization results for two parameters, C;o and Dj, respectively.
Each subgroup was validated with five sets of experimental data curves
respectively, but the validation results obtained from this model were
not satisfied. Then we chose the Mooney-Rivlin hyperelastic model to
obtain optimization results for the parameters. After validation, we
found that the goodness of fit for each group of curves was greater
than 0.9, so we believe that this model for describing the meniscus
material is reasonable. Due to the significant differences in
biomechanical characteristics among different degeneration levels
and portions (medial and lateral) of the meniscus, the results of
this study provide the corresponding constitutive parameters for each
group. In the future studies, when constructing finite element models,
investigators can select appropriate material parameters based on the
degeneration status of the patients’ meniscus. For example, for the
medial meniscus with a degeneration grade of 2, in the tensile
experiment, the C;o value of the Mooney-Rivlin model is 40.49 +
12.02 MPa, and the Cy; value is —40.49 + 12.02 MPa. In the
compression experiment, for the lateral meniscus with a
degeneration grade of 2, the C;, value is 6.27 + 0.76 MPa, and the
Cp; value is —=6.27 + 0.76 MPa, etc. (Table 3, 4).

4.4 Estimation of mechanical properties in
in-vivo conditions and characteristics and
effectiveness of the model

In this study, iFEA was used to predict the biomechanical properties
of the meniscus in patients with severe KOA. By combining experimental
data with finite element simulation, the mechanical properties of the
meniscus can be estimated more accurately. The constructed Mooney -
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Rivlin hyperelasticity models were able to fit the experimental data well,
and the goodness-of-fit (R2) of the models were all greater than 0.9, which
indicated that the models were able to effectively describe the mechanical
behavior of meniscus in patients with severe KOA. In contrast to other
studies (De Rosa et al., 2022; Seyfi et al,, 2018; Freutel et al., 2015), this
study gave corresponding model parameters for both medial and lateral
human menisci of different grades. However, there are some limitations
in this study. A further increase in the sample size would allow the
mechanical characterisation of the anterior, middle and posterior
meniscus, which is currently not statistically significant in this regard.
At the same time, only the hyperelastic material model was considered in
the iFEA, which inherently assumes an instantaneous elastic response
and neglects time-dependent behaviors such as viscoelasticity and
poroelasticity. The meniscus is a structurally complex tissue exhibiting
anisotropy, viscoelasticity, and poroelastic effects due to fluid flow within
its matrix (Seyfi et al., 2018; Freutel et al., 2015). Therefore, the use of a
purely hyperelastic model limits the ability to fully capture the real
physiological mechanical response of the tissue, especially under dynamic
or long-duration loading conditions. Incorporating viscoelastic or visco-
hyperelastic constitutive models in future studies would help to more
accurately replicate the meniscus material behavior and improve the
estimation of its mechanical properties in vivo.

5 Conclusion

For patients with severe KOA, the tensile and compressive
moduli of the medial meniscus were lower than those of the
lateral meniscus. Both the tensile and compressive moduli of
menisci in patients with severe KOA decreased progressively with
increasing meniscal degeneration level. Mechanical properties of
meniscus in patients with severe KOA obtained in this study were
significantly lower than the data from healthy individuals in the
iFEA  developed with the
hyperelasticity model of meniscus was validated with tensile and

literature.  An Mooney-Rivlin
compression experimental data of different degeneration levels of
menisci. The goodness-of-fit values (R?) for all curves in iFEA model
were greater than 0.9, showing promising application in predicting
the biomechanical properties of the meniscus in patients
with severe KOA.

Future research should incorporate larger sample sizes and
explore additional material characteristics such as viscoelasticity
to further refine meniscal models. These enhancements will improve
the accuracy of in vivo estimations and provide valuable insights for
knee osteoarthritis research and treatment strategies.
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