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Abstract: The purpose of this study was to determine the effect of the degenerative medial meniscus and traumatic
lesions on the biomechanical behavior of the knee. An elaborate three-dimensional (3D) finite element model of the
total knee joint containing bones, articular cartilages, main ligaments, and menisci was developed from a combina-
tion of magnetic resonance images and computed tomography. Three types of meniscus tears were employed to
represent the degenerative and traumatic lesions. The stress and meniscus extrusion of healthy and injured knees
were investigated under the posture of static stance. The traumatic longitudinal tear demonstrated the highest
stress and the largest meniscus extrusion displacement. The degenerative horizontal and peripheral tears also
showed an irregular biomechanical balance in the knee joint. Despite the damaged hemijoint, the stress on the
healthy lateral hemijoint was increased. Although the biomechanics was deteriorated in all meniscus tear models,
the variation degree was diverse. The transfixion damage could potentially cause future injury in the knee joint and
accelerate the progress of osteoarthritis. Moreover, the meniscus injury may cause high-stress concentration on
the contralateral side of the joint. The current results revealed the cause of different clinical manifestation after
meniscus tears and the risk of knee osteoarthritis through biomechanical aspects.
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Introduction compartment under normal conditions. On the
other hand, the medial meniscus has been esti-
mated to carry 50% of the medial load and play
a vital role in restraining the anterior drawer of
the medial femoral condyle [4, 5]. Meniscal
tears are common and generally accompanied
by the disruption of the hoop fibers, resulting in

meniscus extrusion, dislodging, and inter-artic-

The menisci are two semi-circular structures
consisting of fibrocartilage and act as load
sharers and shock absorbers in the knee joint
[1]. The wedge shape of these menisci can fill
up the space between the convex femur and
the flat tibia to increase the contact areas,

decrease the axial stresses, and protect the
articular cartilage [2]. The tensile strength of
the meniscal matrix can resist the extrusion of
the meniscus under loading, and the stress can
be widely distributed over the surface of the
cartilage [3, 4]. The lateral meniscus is more
mobile than the medial meniscus and bears
approximately 70% of the load in the lateral

ular narrowing under the axial load [6]. The
recent clinical study proved that the meniscal
extrusion promotes the onset of early osteoar-
thritis (OA) by inducing the cartilage damage
and loss, especially the medial meniscus [7].

Meniscal degenerative lesions, especially the
horizontal cleavage, are associated with aging


http://www.ajtr.org

Biomechanical analysis of different meniscus lesions

Figure 1. The view of 3D models used in the FE simulation. The general view of knee joint model showed in Abaqus
2017 (A), the frontal partial enlargement view of the knee joint showed in Abaqus 2017 (B), and the rear partial
enlargement view of the knee joint showed in Abaqus 2017 (C). The 3D meniscus tear models made by Magics 19.0
and showed in 3-matic 11.0 (D), from top to bottom was a horizontal tear, peripheral tear, and longitudinal tear,

respectively.

and OA [8, 9]. The horizontal cleavage tears
ordinarily extend from the inner free margin of
the meniscus to the exterior margin and divide
the meniscus into the upper and lower layers
[10]. The healing rates of this tear are poor due
to the differential shear stresses between the
superior and inferior laminae and the absence
of vasculature [11]. The traumatic lesions of
the meniscus usually occur due to the exces-
sive forces between the femoral condyle and
the tibial plateau. These tears often split the
meniscus vertically (like peripheral tear and
longitudinal tear) and parallel to the circum-
ferentially oriented collagen fibers [12]. The
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peripheral tears are usually located in the
peripheral vascularized portion, and the lesions
do not split the menisci completely. The repair
by suturing in this region leads to satisfactory
clinical improvement in 70-90% of the patients
[13, 14]. The longitudinal vertical tears are par-
allel to the peripheral rim of the meniscus and
are often localized in the vascularized portion;
also, the menisci are totally split by the lesions.
The clinical experience of suture-based repair
with this type of tear demonstrates a high fre-
quency of healing and satisfactory functional
results [1, 15]. Although the causes for these
tears are different, the prognosis and outcomes
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Table 1. Material constants for the ligaments

tal cleavage, peripheral tear, and longitudi-

nal tear) to represent the two kinds of
lesions. Vertical and anterior forces were

ClO C3 C4 C5 Dl )\* (_)
(MPa) (MPa) (-) (MPa)  (MPa?)
ACL 1.95 0.0139 116.22 535.039 0.00683 1.046
PCL 3.25 0.1196 87.178 431.063 0.0041 1.035
LCL 144 057 48.0 4671 0.00126 1.063
MCL 1.44 0.57 48.0 4671 0.00126 1.063
PT 3.25 0.1196 87.178 431.063 0.0041 1.035

applied to the model to simulate the
stance and slight flexion posture. Finally,
the compression stress and shear stress
on the bone and cartilage were estimated
to evaluate the effect of meniscus tears on

ACL: anterior cruciate ligament; PCL: posterior cruciate ligament;
LCL: lateral collateral ligament; MCL: medial collateral ligament; PT:

patellar tendon.

are similar. The abnormal stress distribution in
the knee joint induced by meniscus tears leads
to damage in the cartilage and subchondral
bone that is correlated to the occurrence and
development of OA.

Consequently, an in-depth understanding of
the stress in the intra-articular region during
meniscus tears may help to explore the biome-
chanical etiology of OA progression. The finite
element (FE) simulation can provide intuitive
results to explain the biomechanical changes
of the knee OA induced by meniscal tears.
Several investigators have constructed two-
dimensional (2D) or three-dimensional (3D)
computational models of the knee joint to ana-
lyze the effect of meniscus tears on the biome-
chanical behavior of the knee [16-19]. Although
a majority of the studies demonstrated that
stress was exerted on connective tissues, the
bones were presumed to be rigid because the
equivalent strength of the bones was much
higher than that of menisci, ligaments, and car-
tilages, and ignored the deformation of the
bone; also, the application of stress did not
alter the bone. However, the stress applied to
the femur and tibia cannot be ignored. The
stress concentration and microfracture of the
subchondral bone are correlated with the carti-
lage damage and the development of knee OA
[20, 21]. Thus, the neglected stress on the
bone structure might lead to imprecise FE sim-
ulation, and the progress of OA cannot be
explained systematically.

To investigate the biomechanics effect caused
by degenerative meniscus and traumatic
lesions, a 3D FE model of the knee joint was
established based on the combination of mag-
netic resonance imaging (MRI) and computed
tomography (CT) images. Herein, we introduced
three types of medial meniscus tears (horizon-
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the biomechanics of the knee joint and OA
progression.

Methods

All methods in this study were carried out in
accordance with relevant guidelines and regu-
lations. All experimental protocols in this study
were approved by the Ethics Committee of
Drum Tower Hospital Affiliated to the Medical
School of Nanjing University.

Data acquisition

The MR data were obtained from a 35-year-old
male by a 3-T clinical MR scanner (UuMR 770,
United Imaging, Shanghai, China) using the
12-channel knee send-receive radio frequency
coil. The patient was placed in a supine posi-
tion, and the knee to be examined was posi-
tioned in the central region of the coil. A modu-
lated flip angle technique in refocused imaging
with extended echo train sequence was per-
formed in each subject based on the following
parameters: 2 excitations and 176 contiguous
slices and a slice thickness of 1.5 mm, repeti-
tion time 1000 ms, echo time 56 ms, matrix
240 x 228, field of view (FOV) 152 mm, and
voxel size 0.67 x 0.63 x 0.64 mm? in sagittal
planes with the scan time 6 min 44 s. ACT scan
was performed using a GE Lightspeed 16 CT
equipment (GE, CT, USA) on the same partici-
pant on the lower limb at the neutral posture
with a slice distance of 0.625 mm and a FOV of
500 mm.

3D reconstruction and combination of the
knee joint

The 3D models of the bone structure and soft
tissues were reconstructed using MIMICS 19.0
(Materialise, Leuven, Belgium). The DICOM
image files were imported into the software and
segmented according to the gray intensities.
Furthermore, independent 3D reconstruction
for each bone was accomplished using CT bone
segmentation operation. The contours of artic-
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Figure 2. The maximum compression stress and shear stress applied on the knee joint in the static stance simula-
tion. The maximum compression stress in the medial hemijoint (A), the stress on the femur and tibia increased
obviously after meniscus tears. The maximum compression stress in the lateral hemijoint (B), the stress on the tibia
increased obviously after meniscus tears. The maximum shear stress in the medial hemijoint (C), the stress on the
femur, meniscus, and tibia increased obviously after meniscus tears, and the highest value appeared on the longitu-
dinal tear. The maximum shear stress in the lateral hemijoint (D), the stress on the femur increased after meniscus
tears, and the highest value appeared on the longitudinal tear.

ular cartilages (femoral, tibial, and patellar),
menisci (medial and lateral), ligaments (medial
collateral (MCL), lateral collateral (LCL), anterior
cruciate (ACL), posterior cruciate (PCL), and
patellar tendon were segmented from MR
images. To minimize the variation in the mod-
els, the manual segmentation of the bony and
non-bony structures of the knee was performed
under the supervision of an experienced ortho-
pedist and radiologist with an accuracy of 0.1
mm. The assembly view was demonstrated in
Figure 1A-C. Three types of medial meniscus
tears (horizontal, peripheral, and longitudinal)
were constructed by Magics 19.0 (Materialise)
as shown in Figure 1D.

FE modeling and material properties

All the data were exported as stereolithography
(STL) files, and the surface Remesh was oper-
ated by Materialise 3-matic 11.0 software. The
established models were imported and assem-
bled in the Abaqus 2017 (Similia, Rhode Island,
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USA). As the ligaments are nonlinear materials,
the quadratic hybrid formulation was employed,
and the type of unit was a 10-node quadratic
tetrahedron (C3D10H); while, for the other lin-
ear materials, the type of unit was a 4-node lin-
ear tetrahedron (C3D4).

The ligaments were modeled as transversely
isotropic nearly-incompressible neo-Hookean
materials [17, 18, 22] with strain energy func-
tion as follows:

b=CuG -3)+ %(JP -1)° +S(A)

Here, S(A) denotes the strain energy function of
the fiber family, which satisfies the conditions:

0, A1<1
?\% =4C(e" " -1), 1< A< A
CsA + Cs, A=A

C,, is a bulk material constant related to the
shear modulus p (C,, = 2/y), J, is the Jacobian
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Figure 3. The results of the compression stress (Min Principal stress) in the static stance simulation. The color change from deep blue to orange represented the
stress variation from large to small on the stress nephogram. The same threshold was applied for the same region. The lateral and medial side were labelled on the
top of each column. The color and distribution area around the femur condyle, the meniscus, and tibial platea were changed. The stress distribution area on the
femur cartilage and tibial cartilage was almost identical. The femur, femur cartilage, menisci, tibial cartilage, and tibia of the intact knee joint were shown in the first
line from left to right (A). The femur, femur cartilage, menisci, tibial cartilage, and tibia of the horizontal tear were shown in the second line from left to right (B). The
femur, femur cartilage, menisci, tibial cartilage, and tibia of the peripheral tear were shown in the third line from left to right (C). The femur, femur cartilage, menisci,
tibial cartilage, and tibia of and the longitudinal tear were shown in the fourth line from left to right (D).
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Figure 4. The results of the shear stress (Tresca stress) in the static stance simulation. The color changed from red to deep blue that represented the stress varia-
tion from large to small on the stress nephogram. The same threshold was applied for the same region. The lateral and medial side were labelled on the top of
each column. The stress-concentrated region and the color distribution were slightly diverse among different meniscus tears. The femur, femur cartilage, menisci,
tibial cartilage, and tibia of the intact knee joint were shown in the first line from left to right (A). The femur, femur cartilage, menisci, tibial cartilage, and tibia of the
horizontal tear were shown in the second line from left to right (B). The femur, femur cartilage, menisci, tibial cartilage, and tibia of the peripheral tear were shown
in the third line from left to right (C). The femur, femur cartilage, menisci, tibial cartilage, and tibia of and the longitudinal tear were shown in the fourth line from
left to right (D).
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Table 2. Meniscus extrusion in static stance
simulation (mm)

Healthy Horizontal Peripheral Longitudinal

Medial 1.801 1.815 1.791 1.891
Lateral 2.641 2.756 2.746 2.767

determinant of the deformation gradient F, and
G, represents the first invariant of the left
Cauchy-Green tensor G; = trFFTwitOrlsthe modi-
fied deformation gradient F (F = J. F).

The stress in the fibers was dependent on the
fiber stretch A that is determined from the
deformed fiber orientation a , the deformation
gradient F, and the initial fiber orientation a, (A
a,=F-a). The fibers did not support any com-
pressive stresses if they were under compres-
sion A < 1. The stiffness of the fibers increased
exponentially when the fibers stretched
between 1 and A* (pre-defined value). Beyond
this stretch, the fibers were straightened and
the stiffness increased linearly. The constant
C3 depicted the exponential stress, C4 was
related to the rate of collagen uncramping,
C5 represented the elastic modulus of the
straightened collagen fibers, and C6 was intro-
duced to ensure the stress continuation at A*
[co=(e®" Y -1) ¢5-(CsA")]. The material
constants C,, C,, C,, C,, and D,, are listed in
Table 1.

10’

The bone material was linear with an elastic
modulus (E) of 7300 MPa and a Poisson’s ratio
(v) of 0.3 [23]. The articular cartilage and
menisci were presumably composed of a sin-
gle-phase linear elastic and isotropic material
with the following average properties: E = 15
MPa, v = 0.475 and E = 120 MPa, v = 0.45,
respectively [24-27].

Loads and boundary conditions

In the present study, we included the total tibio-
femoral joint for the knee joint characterization,
and two FE simulations explored the effect of
different meniscus tears on the biomechanics
of the knee. The boundary conditions were
defined as follows: the tibia and fibula were
fixed in all translations and rotations, and the
femur was unconstrained in all translational
and rotational degrees of freedom. All the liga-
ments were rigidly attached to the correspond-
ing bones to simulate the bone-ligament
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attachment. The kinematic constraint was
modeled between the femur and meniscus, the
meniscus and tibia, and the femur and tibia for
both the lateral and medial hemijoints. In the
case of static stance simulation, a vertical com-
pressive load of 1150 N (two body weights) was
applied on the femur at 0° flexion. For the slight
flexion simulation, a vertical compressive load
of 1150 N and an anterior load of 350 N (60%
of the body weight) was applied on the top and
anterior side of the femur at 0° flexion to
acquire a 4° flexion of the knee joint.

Results
Static stance simulation

The compression stress applied on the medial
hemijoints was increased after meniscus tears
(Figure 2A). The compression stress has dou-
bled in the femur tear model (increased from
5.5 to 13 MPa). The shear stress on the femur,
meniscus, and tibia demonstrated a distinct
growth trend; however, only a slight increment
was observed on the femur and tibial cartilages
(0.2-0.3 MPa) (Figure 2C). For the lateral hemi-
joints, the compression stress on the tibia dem-
onstrated an obvious increase (from 3.3 MPa
to 7.5 MPa) while that on the other parts was
raised only slightly (Figure 2B). Except tibia, the
shear stress on the femur was increased about
3-fold, from 4 MPa to 13.31 MPa (Figure 2D). In
summary, the horizontal and peripheral tears
demonstrated maximal compression stress,
and the longitudinal tear showed the highest
shear stress in the static stance simulation.

The stress nephograms in Figures 3 and 4
exhibited identical results. Figure 3 demon-
strated that the main color of the femur
changed from bright yellow to orange under the
same threshold value. Also, the color was
altered around the femur condyle, as well as
the distribution area. This phenomenon indi-
cated that the compression stress applied to
the whole femur and the femur condyle
increased significantly. The same varying ten-
dency can be observed on the meniscus and
tibial plateau. The stress distribution area on
the femur cartilage and tibial cartilage was
almost identical, and the values were 4.021-
4.657 MPa and 3.256-3.382 MPa, respective-
ly. However, no significant distinction was
observed between the three kinds of tears in

Am J Transl Res 2019;11(2):542-556
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Figure 5. The maximum compression stress and shear stress applied on the knee joint in the slight flexion simula-
tion. The maximum compression stress in the medial hemijoint (A), the prominent increase can be observed in lon-
gitudinal tear. The maximum compression stress in the lateral hemijoint (B), the notable increase of stress can be
found on the tibia in longitudinal tear. The maximum shear stress in the medial hemijoint (C), the stress increased
after meniscus tears, and the tibia in longitudinal tear shown the highest value. The maximum shear stress in the
lateral hemijoint (D), the value for all kinds of tears was approximate.

the compression stress distribution. Figure 4
displayed the stress concentration on the
medial and lateral tibiofemoral joint after
meniscus tears. Despite the stress-concentrat-
ed region, the color distribution on the other
stress regions was slightly diverse, a mark-
ed alteration did not appear among different
tears.

The extrusion displacement was shown in Table
2. The medial meniscus displacement was
approximately 1.8 mm, and the lateral menis-
cus displacement was about 2.7 mm. The
extrusion was increased, albeit insignificantly,
after meniscus tears. The longitudinal tear
demonstrated the largest extrusion in both
medial and lateral sides, followed by the hori-
zontal tear.

Slight flexion simulation

Similar to the static stance simulation, the com-
pression stress and shear stress were both
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increased after meniscus tears. Compared to
the horizontal and peripheral tears, the com-
pression stress applied on medial hemijoint
was prominently increased in the longitudinal
tear (except the tibial cartilage) (Figure 5A).

Nevertheless, only the medial tibia and menis-
cus demonstrated a significant growth of shear
stress in the longitudinal tear, and no differ-
ence was detected on the cartilage between
the four groups (Figure 5C). In the case of
lateral hemijoint, the notable increase in the
compression stress could be observed only on
the tibia in the longitudinal tear (Figure 5B).
Furthermore, the numerical value of shear
stress for all kinds of tears on lateral hemijoint
was approximate (Figure 5D). Contrary to the
medial joint, a slight rise in the compression
stress and shear stress was exhibited on the
lateral tibial cartilage of all kinds of tears, indi-
cating that the medial meniscus longitudinal
tear led to a high compression stress and shear
stress in the medial joint.

Am J Transl Res 2019;11(2):542-556



Biomechanical analysis of different meniscus lesions

Figure 6. The results of the compression stress (Min Principal stress) in the slight flexion simulation. The color change from deep blue to orange represented the
stress variation from large to small on the stress nephogram. The same threshold was applied for the same region. The lateral and medial side were labelled on
the top of each column. The compression stress concentration altered on both medial and lateral sides of the femur condyle, femur cartilage, and tibia. The stress
distribution area and numerical value were highest in the longitudinal tear. The femur, femur cartilage, menisci, tibial cartilage, and tibia of the intact knee joint
were shown in the first line from left to right (A). The femur, femur cartilage, menisci, tibial cartilage, and tibia of the horizontal tear were shown in the second line
from left to right (B). The femur, femur cartilage, menisci, tibial cartilage, and tibia of the peripheral tear were shown in the third line from left to right (C). The femur,
femur cartilage, menisci, tibial cartilage, and tibia of and the longitudinal tear were shown in the fourth line from left to right (D).
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Figure 7. The results of the shear stress (Tresca stress) in the slight flexion simulation. The color change from red to deep blue indicated the stress variation from
large to small on the stress nephogram. The same threshold was applied for the same region. The lateral and medial side were labelled on the top of each column.
A prominent stress concentration was found on both sides of the femur and tibia after meniscus tears, and the red area was the biggest in the medial femur and
tibia of longitudinal tear. The femur, femur cartilage, menisci, tibial cartilage, and tibia of the intact knee joint were shown in the first line from left to right (A). The
femur, femur cartilage, menisci, tibial cartilage, and tibia of the horizontal tear were shown in the second line from left to right (B). The femur, femur cartilage, me-
nisci, tibial cartilage, and tibia of the peripheral tear were shown in the third line from left to right (C). The femur, femur cartilage, menisci, tibial cartilage, and tibia
of and the longitudinal tear were shown in the fourth line from left to right (D).

551 Am J Transl Res 2019;11(2):542-556



Biomechanical analysis of different meniscus lesions

Table 3. Meniscus extrusion in slight flexion simu-

lation (mm)

Healthy Horizontal Peripheral Longijtudinal
Medial 3.157 3.221 3.190 3.449
Lateral 3.326 3.386 3.373 3.440

The stress nephogram of Min Principal in Figure
6 demonstrated that the compression stress
concentration altered on both medial and lat-
eral sides of the femur condyle, femur cartilage,
and tibia. The stress distribution area and
numerical value were maximal in the longitudi-
nal tear. In the case of the meniscus and tibial
cartilage, the stress distribution region was not
changed; however, the value was increased,
and the highest value appeared in the longitu-
dinal tear. This tendency of shear stress was
observed in Figure 7. A prominent stress con-
centration was observed on both sides of the
femur and tibia after meniscus tears, and the
red area was largest in the medial femur and
tibia of the longitudinal tear. In addition, the
stress was markedly distributed in the medial
femur cartilage in both horizontal and periph-
eral tears; however, a large field was encom-
passed in the longitudinal tear, especially in the
posterior horn. Moreover, the stress concentra-
tion was also observed at the posterior horn on
the tibia cartilage in the longitudinal tear.

The extrusion displacement was shown in Table
3. Similar to the static standing simulation, all
the displacements were increased after the
meniscus. However, the difference between
the medial and lateral sides became small, and
the increment in the displacement in longitudi-
nal tear was prominent, followed by that in the
horizontal tear.

Discussion

Herein, we developed a realistic FE model of
the total knee joint to evaluate the biomechan-
ics in the degenerative meniscus and traumatic
lesions of the knee. The results of compression
stress and shear stress obtained from the
healthy knee in the static stance simulation
were in agreement with the studies described
previously [17, 18, 22, 28], which proved that
the model used in this study yielded reason-
able analytical results. Although the two simu-
lations exhibited the instantaneous responses
of healthy and post-injury knees in a time-inde-
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pendent manner, and with a simple compres-
sive load, the changing tendency indicated the
effect of biomechanics altering the progress of
knee OA. Due to the difference in the load bear-
ing between the medial and lateral meniscus
under static standing, the extrusion displace-
ment in the lateral meniscus was larger than
that in the medial meniscus. The difference in
the value among the four groups was < 0.1
mm, indicating that the meniscus tears affect-
ed the biomechanics mildly when the patients
remained standing and showed a decrease in
the activity. However, the effect of meniscus
tears on stress transmission was remarkable in
slight flexion simulation. The extrusion of the
meniscus with longitudinal tear was notable
among all the groups. Furthermore, compared
to the static standing simulation, the activity of
the knee causes severe intra-articular damage
after meniscus tears. In addition, the medial
extrusion displacement was larger than the lat-
eral side after meniscus, which indicated the
presence of joint space narrowing (JSN) and
changes in the biomechanical state in the
affected compartment. Interestingly, the osteo-
phytes and JSN are the primary bony features
observed during the progression of knee OA
[29]. Figure 8A and 8B illustrated that the JSN
and osteophytes occurred in the medial hemi-
joint; this phenomenon was in agreement with
the results of FE simulation. The degenerative
and traumatic lesions in the FE simulation can
result in JSN and altered stress distribution in
the injured knee. This diversification was relat-
ed to the severity of the meniscus tears. In this
study, the horizontal had split half of the menis-
cus body, and the longitudinal tear had com-
pletely transfixed the meniscus. On the other
hand, the peripheral tear only injured the sur-
face of the meniscus body. The horizontal tear
of the longitudinal tear damaged the inherent
structure of the meniscus and disrupted the
hoop fibers, leading to the decline of the hoop
strength [30]. The morphology of the meniscus
cannot be restrained under the pressure, and
the joint space becomes narrow.

Except the altering of the joint space, the
meniscus tears also introduce a notable
increase in the stress on the knee joint, espe-
cially in the subchondral bone of the femur and
tibia, which was neglected in the previous stud-
ies. Under a load of static standing, the effect
of degenerative and traumatic lesions was sim-

Am J Transl Res 2019;11(2):542-556
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Figure 8. The imaging examination of knee OA. The X-ray (A) and 3D reconstruction (B) results of a 55-year old male
patient showed that the medial compartment of the knee is markedly narrowed. The MRI (C) result of a 63-year
old female patient revealed the subchondral bone osteonecrosis, and cystic degeneration can be observed in the

femur and tibia.
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Figure 9. The mechanical model of the meniscus was simplified using the parallel spring system (A), and the correla-
tion curve between stiffness and deformation increased linearly (B).

ilar. The stress concentration region appeared
at the anterior horn of the joint. After applying
the anterior load, the stress concentration
region emerged on the posterior horn, and the
numerical value was increased in the meniscus
tears models. This phenomenon might be
attributed to the decrease in the contact area
between the meniscus and cartilages due to
the decrease in the meniscus area, and the
decline in the equivalent strength of the dam-
aged meniscus [31]. The meniscal dysfunction
increased the peak and average stresses in the
injured compartment, which might further facil-
itate the OA process [32]. According to the cur-
rent results of FE simulation, the highest com-
pression stress and shear stress applied on the
femur and tibia can reach 14-20 MPa, which
might introduce microdamage and microfrac-
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ture in the subchondral bone. The stress
applied on the femur was larger than that on
the tibial plateau. Additionally, the longitudinal
tear presented maximal shear stress and distri-
bution area in the knee in the posture of stand-
ing and flexion. Typically, the shear stress repre-
sents the relative movement inside the objects,
which is correlated with the destruction of the
internal structure. The high shear stress may
lead to the early proteolytic degradation of the
meniscal matrix and the articular cartilage and
the decreased tensile strength [33, 34]. This
parameter can directly demonstrate the risk
region that may be damaged under abnor-
mal biomechanics. Furthermore, the routine
T1l-weighted MRI result in Figure 8C showed
that the subchondral bone osteonecrosis and
cystic degeneration are closely related to pro-
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gressing OA [35, 36] that arose in the femur
and tibial plateau, which was consistent with
the FE simulation results. Thus, we can con-
clude that the traumatic longitudinal tear can
result in a negative effect on the knee biome-
chanics and accelerate the pathogenesis of
OA. The degenerative horizontal and peripheral
tears effectuated irregular biomechanical bal-
ance in the knee joint, albeit mildly, based on
the clinical manifestation. Nonetheless, most
degenerative meniscus lesions are asymptom-
atic [37, 38].

In addition, the stress applied to the healthy lat-
eral hemijoint was increased, as explained by a
simplified model. Since the position of the
meniscus in the knee joint was similar to the
symmetrical distribution and due to the trans-
versely isotropic material properties, we could
simplify the mechanical model using the paral-
lel spring system (Figure 9A). In this system, the
spring 1 represented the medial meniscus
while the spring 2 represented the lateral
meniscus. A load of 100 N was applied on the
top of the system, and the stiffness of the
meniscus was assumed as 8.54 N/mm [39].
The stiffness of the two springs was assumed
as k, and k,, respectively. According to the
equivalent stiffness formula of the parallel
spring system, the following equation was
obtained:

ko, =k tk,

Supposedly, the medial meniscus was injured,
and the stiffness of k, was decreased, the
lateral meniscus function was intact, and the
stiffness k, remained unchanged, the equiva-
lent stiffness keq will be decreased according to
the equation mentioned above. Based on the
condition of static equilibrium, the deformation
(6) of the meniscus can be obtained as
follows:

__F
kit ks

)

When the load F remained stable, the deforma-
tion of the two menisci will increase with the
decrease in k, (Figure 9B). Thus, we summa-
rized that the damage of medial meniscus and
the decrease in stiffness leads to high defor-
mation and stress on the lateral meniscus,
thereby leading to the increased stress applica-
tion on the cartilages and bone structures.
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Conclusion

In the present study, we explored the changes
in the biomechanics during degenerative me-
niscus and traumatic injuries through a realistic
total knee FE model. In order to restore the
stress transmission process, the bone struc-
tures were employed in the FE simulation. The
results demonstrated that the shear stress and
compression stress in the traumatic longitudi-
nal tear model were remarkable in any posture,
indicating that the damage with complete
transfixion in the meniscus was likely to cause
future injury in the knee joint and accelerate
the progress of OA. On the other hand, the
stress in degenerative horizontal tear and slight
peripheral tear was also increased, albeit not
as high as the longitudinal tear. Notably, OA
presented with milder symptoms are milder
than those for the traumatic longitudinal tears.
These results might reveal the biomechanical
aspects of various knee joint symptoms caused
by different kinds of meniscus tears.
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