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Abstract

Purpose Osteoarthritis (OA) is one of the most common pathological conditions to affect the human knee joint. In order
to analyse the biomechanical causes and effects of OA, accessing the internal structures such as cartilage or the menisci
directly is not possible. Therefore, computational models can be used to study the effects of OA on the stresses and strains
in the joint and the susceptibility to deformations within the knee joint.

Methods In this study, a three-dimensional finite element model of a knee complex was constructed using MRI scans.
Medical image processing software was used to create accurate geometries of bones, articular cartilages, menisci, patella,
patella tendon and all the relevant ligaments. Finally, a 3D model of OA knee joint was created with a few changes to the
cartilage. The cartilage was thinned, and the material properties were altered in order to simulate OA in the joint. 3D gait
measurements were analysed to define loading and boundary conditions.

Results The developed model analysed the possibility of osteoarthritis. It was shown that the medial regions of cartilage
layers and menisci in the knee joint sustain higher values of stress for OA conditions, while for the healthy knee, the stresses
are more evenly distributed across the cartilage in the medial and lateral regions.

Conclusion The results suggest that any treatment for knee osteoarthritis should focus more on the medial region of the
tibiofemoral cartilage in order not to cause degradation.

Keywords Finite element analysis - Knee - Biomechanics - Osteoarthritis

1 Introduction

The knee is one of the most complex joints in the human
body and is responsible for significant load bearing during
human locomotion. It is responsible for supporting the body
and is integral to human locomotion. It facilitates the flex-
ion and extension of the lower limb in the sagittal plane.
The joint is composed of three main bones; tibia, fibula and
femur and they are connected by four main ligaments which
are anterior cruciate ligament (ACL), the medial collateral
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ligament (MCL), the lateral collateral ligament (LCL) and
the posterior cruciate ligament (PCL). Cartilage layers pro-
vide the articulations within the joints, while the menisci
absorb the shocks and bear the weight, providing a smooth
locomotion pattern. An additional bone known as the patella
(kneecap) makes up the joint but serves no mechanical func-
tion in load bearing. The cartilage and menisci sit inside a
joint capsule composed of a fibrous tissue known as col-
lagen, making the joint one of the most fragile in the body
when also considering the weight-bearing forces to which
it is exposed. The femur is the longest and most massive
bone in the body, beginning at its proximal end at the hip
joint and sweeping inwards towards the center of the body
in the frontal plane as it extends towards the knee, so as to
bring the knee joint more in line with the body’s center of
mass to improve balance. At the femur’s distal end, it is met
by the tibia, the body’s second longest and heaviest bone.
The tibia is the primary bone responsible for translating the
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weight of the body to the foot. The asymmetrical medial
and lateral condyles protruding from the distal femur align
with the equivalent plateau in the proximal tibia to form the
main articulating structure of the knee. The final bone in
the structure is the fibula, which forms the tibiofibular joint
with the tibia. The fibula does not bear any weight, nor is it
technically part of the knee joint; instead, it simply serves
as a structure into which several muscles are inserted. The
articulating surfaces at the distal and proximal ends of each
bone in the knee joint are covered by a layer of cartilage.
This is a porous, permeable, hydrated material that provides
a near-frictionless surface against which joints can articu-
late as well as providing shock absorption. It is composed
of four layers, each with different material structures and
serving different functions. The innermost layer of the joint
where the cartilages of opposing bones meet is responsi-
ble for lubrication in the joint. The calcified layer where
cartilage meets bone anchors the cartilage, and the middle
layers play roles in shock absorption. Between the cartilage
layers of the femur and tibia lie the menisci, responsible for
improving the congruency between the femoral condyles
and the tibial plateau to increase the structural integrity of
the joint. They consist of two semi-circular or C-shaped sec-
tions of fibrocartilage occupying an area between the femo-
ral and tibial cartilages. The menisci share similar roles to
those of the cartilage in assisting frictionless articulation and
shock absorption. Whilst the cartilage is primarily respon-
sible for protecting the bones and allowing articulation, the
menisci play a larger role in distributing the loads transmit-
ted through the femur and tibia, thus protecting the cartilage
from degradation. They also prevent any lateral movement
of the femur over the tibia. The menisci are attached to the
tibial plateau via the coronary ligaments and the joint cap-
sule. Four main ligaments connect the femur to the tibia: the
anterior cruciate ligament (ACL), the medial collateral liga-
ment (MCL), the lateral collateral ligament (LCL) and the
posterior cruciate ligament (PCL). The LCL and MCL attach
to the outside of the lateral and medial condyles and are
responsible for keeping the femur and tibia in contact during
flexion and extension. The ACL and PCL extend through the
gaps in the femoral condyles. The ligaments also govern the
positioning of the bones during articulation. If the cartilage
layers degrade, the cartilage is worn away and after a while
it is broken down causing knee osteoarthritis (OA) [1]. This
is the most common form of OA, with the condition affect-
ing 13% of people aged 55 to 64 and 70% of people aged
65 to 74 in the US [2, 3]. In osteoarthritis, the cartilage is
worn away and broken down, which causes the bones under
the cartilage to rub together [4]. This, in turn, causes pain
[5], stiffness [6], and a grating or grinding sensation (crepi-
tus) [7] when the joint moves, swelling (either hard or soft)
and restricted movement due to the affected joint. The etiol-
ogy of OA is not fully understood; it most likely represents

@ Springer

a number of different diseases with the same anatomical
result. As such, there are many factors that can contribute
to the onset of OA, with biomechanical stress in particular
appearing to be of significant influence. OA is character-
ized by degenerative changes to the morphology, composi-
tion and material properties of soft tissue within the joint.
Whilst OA causes the wearing of the cartilage and menisci
in the knee joint, the body’s attempt to repair the damage
causes more pain by the underlying bone grows outwards
into the joint, forming bony horns called osteophytes [8].
These osteophytes affect the congruency of the joint, caus-
ing additional friction during movement and thus creating
severe pain [8]. In such cases, OA can lead to the complete
loss of the soft tissue between certain bone sites, causing
them to articulate against each other and be worn down.
Current treatments for OA depend on the severity of the
case, with options ranging from total knee replacements to
orthotic devices and knee braces.

In recent years, finite element modelling has been widely
utilized to explain the biomechanics of the human knee
and how this complex structure facilitates human move-
ment. Although the finite element studies have improved
our understanding of this vital structure [9-15], these com-
putational models have not contributed to enhancing the
remediation of knee conditions, e.g. in the case of knee OA,
the biomechanics of which is still one of the unanswered
research domains. Early computational models of the knee
focus on more rudimentary properties of the joint. Blank-
evoort et al. generally examined articular contact properties
of the knee using static analysis [16]. Pena et al. modelled
the joint in order to better understand the combined role of
the menisci and the ligaments in load transmission and sta-
bility of the knee [17]. Tarnita et al. addressed varus and val-
gus conditions, whereby the tibio-femoral angle was altered
by 5° in either direction in the frontal plane [8]. The same
team conducted a similar study assessing more significant
varus deformations and included behaviors under 0° flexion
with no varus or valgus angles [15]. More intricate biome-
chanical conditions have also been examined. In 2005, Pena
et al. studied the effects of meniscal tears and meniscecto-
mies on contact stress in the soft tissue [18]. This study was
performed to assess any relationship meniscectomies may
have to the onset of OA through increased cartilage degrada-
tion. Pathological conditions relating to the ligaments in the
joint have also been investigated. Park et al. investigated the
conditions under which the ACL becomes impinged against
the femoral intercondylar notch to aid in the prevention and
treatment of injuries associated with this phenomenon [19].
The biomechanical engineering studies have explained some
clinical disorders [20-22], but osteoarthritis is one disorder
that has not been fully investigated. Therefore, this study
plans to provide a detailed three-dimensional model of the
human knee and investigate the osteoarthritis effects on the
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tibiofemoral cartilage. This provides the ability to assess
in vivo mechanical behavior of joints in the musculoskel-
etal system to greatly enhance our understanding of their
functions and how pathological conditions occur. It is not
possible to measure such behaviors in a non-invasive manner
without the use of computational techniques such as finite
element analysis (FEA). Such tools have been used to good
effect in understanding how forces, stresses and strains act
within joints. Therefore, a detailed bio-realistic model is
developed and used to analyze the generation of the OA and
compare its functional parameters against healthy subjects.

2 Materials and Methods
2.1 Finite Element Modelling

In this study, a complex bio-realistic model of a knee joint
was constructed from medical MR images of a subject with
a healthy knee (24 years old, with no history of lower limb
injury or disease) in the supine position (0° of knee flex-
ion). The MRI scan data were collected on a 1.5 T Phillips
Intera system using T1 3D Gradient Echo sequence (TR/
TE =57 ms/21 ms, flip angle =3°, 250 very high spatial res-
olution slices with voxels size of 0.2x0.2x0.7 mm?). The
images were segmented in order to define the boundaries of
the bones and soft tissues using ScanIP software (Synop-
sys, Mountain View, USA). SolidWorks (Dassault Systemes,
SolidWorks Corp., USA) was used to apply necessary altera-
tions for processing the boundary surfaces. The femur, tibia,

Fig. 1 Bio-CAD MRI based
technique for modeling the
human knee

fibula, and patella were the developed hard tissues, while the
lateral and medial menisci and cartilage layers were seg-
mented as shock absorbing soft tissues. The anterior cruciate
ligament (ACL), posterior cruciate ligament (PCL), medial
collateral ligament (MCL), and lateral collateral ligament
(LCL) were also segmented as the three-dimensional struc-
tures of the knee ligaments that contribute to load transfer
within the knee joint. In order to model the relative articulat-
ing movements within the joint, surface-to-surface contacts
with finite sliding were assigned between the bones and their
cartilage, and between the cartilages and meniscus while
the insertion and origin of the ligaments were bonded to the
bones. These contact properties were assigned to the model
based on the literature [25, 26]. The segmented parts were
then exported and assembled to form the three-dimensional
FE model of the knee joint using ABAQUS software (ver-
sion 2016) (Dassault Systemes, U.S.A) (Fig. 1). The model
was initially constructed to examine the properties and func-
tion for the healthy knee conditions and it was then modified
to represent OA conditions [8, 13]. The material properties
of the model were changed and the thickness of certain com-
ponents of the model was altered to create the OA condi-
tions, as OA occurs due to the thinning of the cartilage.

It is generally understood that OA mostly occurs on the
medial side of the joint forming the varus condition, even
though there is a possibility that OA can occur in the lateral
zone forming the valgus condition [9]. This is due to the
anatomical structure of the knee joint [23].

For the application of material properties for the OA con-
dition, the cartilage and meniscus properties were changed
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based on data from the literature [12, 25] (Table 1) and the
thickness of the cartilage was reduced by 50%. In this study,
the analysis was performed based on the mid-stance phase
of the gait where the leg is fully in contact with the floor and
the knee joint is in full extension state. In order to replicate
the mid-stance phase, the model was fixed at the distal end
of the tibia. Zero displacements in x and y directions (on the
horizontal plane) were assigned to the femur, preventing the
bending or flexion of the joint.

A vertical load of 800 N was applied at the top of the
femur, which corresponds to the force of full extension
position in the gait cycle [24]. A displacement that allows
offsetting in the Z axis and also rotation around the Y axis
was assigned to the femur head. To identify the optimum
mesh size, a mesh convergence analysis was conducted by
continuously increasing the mesh density until the maximum
deviations in the computed stresses became less than 5% [25,
26] (Fig. 2). The geometries were discretised with average
global mesh size of 2.5 mm for the bones, and 1.8 mm for
the soft tissues. The simulation was done utilising a system
with an Intel core-i5 6500 system, with 16 GB RAM.

2.2 Experimental Measurements

The kinematic variables for this gait study were captured
using a motion capture system [24]. The system encom-
passes 3D camera scanners, a hub, markers and clusters. An
active control hub (CodaHub) was utilized to integrate third-
party data from the force platform (AMTI BP400600HF,
Advanced Mechanical Technology Inc., USA) and run all
four CX1 camera units whilst minimising real-time latency
[24]. The three-dimensional gait measurement data were
taken from the same subject who had volunteered for the
MRI scans. The data from the motion capture experiments
represented the 3D musculoskeletal model that was used to
determine the maximum force input data (The Mathworks
Inc., Cambridge, UK). In order to obtain accurate data,
the markers were located in four main groups. The system
included four 3D camera scanners, markers, two clusters,
three driver boxes, micro-light gates, and force platform. In
positioning the equipment, the two clusters were located on

the thigh and shank, and each had four markers. The first
driver box was located on the heel, at the 5th metatarsal, and
the top of the foot with three markers on the box. The second
driver box with four markers, was located on the calcaneus,
on the 1st metatarsal, medial malleolus and lateral malleo-
lus, and the third driver box with three markers was located
on the greater trochanter, lateral knee and medial knee. The
experimental results from the gait analysis were used in the
FE model. In order to obtain a representative gait pattern,
ten trials were recorded (Fig. 3).

3 Results

In knee OA, the medial compartment is usually first affected
as the greatest compressive and rotational forces are trans-
mitted through this compartment [10-12], as the medial
femoral condyle is larger and slightly longer than the lateral
condyle. The medial knee compartment is often associated
with varus knee deformation, which consists of shifting of
the mechanical axis and increased load bearing through the
medial region, leading to increased severity and propagation
of the disease.

Initially the model was used for analyzing the healthy
knee model under the applied load of 800 N. The maximum
Von Mises stresses measured from the FEA were 2.76 MPa,
1.62 MPa, and 4.81 MPa on the femoral cartilage, tibial car-
tilage and menisci, respectively (Fig. 4). Also, the maxi-
mum predicted Von Mises stresses in the medial region were
0.96 MPa, 1.53 MPa and 1.59 MPa on the femoral cartilage,
tibial cartilage, and menisci, respectively.

These results obtained in the lateral region are slightly
different from those presented by Tarnita et al. [8], who
have reported maximum stresses of 2.41 MPa, 2.17 MPa
and 2.12 MPa on the femoral cartilage, tibial cartilage
and menisci respectively, which are also taken at a lateral
region of the joint (Table 2). One possible reason for this
difference is the thickness of the menisci in this model
compared to Tarnita et al. [8], which is different based
on the subjects’ anatomical differences. The stress dis-
tribution of each component is different. On the femoral

Table 1 Material properties

Part Young’s modulus ~ Poisson’s ratio Element type No. of element
of healthy and OA knee (E) [MPa] ™)
component, Element type and
Number of Element that are Femur 18,600 0.3 Quadratic tetrahedral 47,588
assigned to the knee joint Tibia 12,500 03 Quadratic tetrahedral 35,160
Healthy cartilage 12 0.49 Quadratic tetrahedral 23,767
Healthy menisci 59 0.49 Quadratic tetrahedral 13,666
Ligaments 10 0.49 Quadratic Tetrahedral 11,236
OA cartilage 6 0.49 Quadratic Tetrahedral 35,129
OA menisci 29.5 0.49 Quadratic Tetrahedral 15,383
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Fig.2 Mesh sensitivity study
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cartilage, the maximum stress occurred in the centre of the
cartilage, while on the tibial cartilage the maximum stress
was on the lateral-posterior side. On the other hand, on the
menisci, the maximum stress occurred at the lateral-ante-
rior side. For the loading of 1500 N, the stress distribution
and location of the maximum stress on each component
changed. The predicted maximum stresses at 1500 N load
were 2.796 MPa, 2.939 MPa and 7.441 MPa on the femoral

5000

7500 10000 12500 15000 17500 20000

Number of Elements

Meniscus mesh sensitivity

20000 30000 40000 50000

Number of elements

cartilage, tibia cartilage and menisci respectively. In both
cartilages, the maximum stress occurred on the lateral-
posterior side while on the meniscus, the maximum stress
occurred on the lateral-anterior side. The results showed
that for the OA, the disease generally occurs in the medial
region of the knee joint [23]. Thus, the simulation was
set up using different values for material properties of the
cartilage and meniscus (Table 1). The model was modified
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Fig.3 Ground reaction forces
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by reducing the thickness of the cartilage to replicate the
worn cartilage in OA. The maximum predicted stresses
in the medial region were 2.73, 3.17 and 2.82 MPa on the
femoral cartilage, tibial cartilage and menisci, respectively
(Fig. 5). The stresses predicted in the lateral region of the
OA analysis were 0.99, 0.32 and 0.61 MPa on the femoral
cartilage, tibial cartilage and menisci, respectively. When
comparing the stress distribution in the lateral region of
the OA knee against the result presented on the same
region of the healthy knee, it is clearly shown that the
stress within the OA knee joint has increased by more
than 100%, especially in the tibial cartilage and menisci,
while on the femoral cartilage the difference in stress was
39% (Table 3).
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On the other hand, the medial region of the healthy knee
joint had a low stress distribution. The maximum predicted
stresses in the medial region of the healthy knee joint were
0.96 MPa, 1.53 MPa and 1.59 MPa on the femoral cartilage,
tibial cartilage and menisci, respectively (Table 4). Com-
parison of the results shows that the OA knee joint sustained
96% more stress within the femoral cartilage, 70% more in
the tibial cartilage and 56% more in the meniscus tissue,
mainly in the medial region (Table 4). Vincent et al. [27]
showed that the medial side of the knee is more suscepti-
ble for initiation and propagation of the Osteoarthritis. The
most important parameter in this study, is the maximum
von Mises stress, not the average stress, which causes pain
and initiation of OA. As explained in Tables 3 and 4, the
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Fig.4 Simulated results of a healthy knee joint with 800 N loading a top view of femoral cartilage, b bottom view of femoral cartilage, ¢ top
view of tibia cartilage, d bottom view of tibia cartilage, e top view of menisci, f bottom view of menisci

Table 2 Comparison of the maximum von Mises stresses between the maximum stress occurred in the medial part of the tibial
developed model with 800 N loading against Tarnité et al. [8] cartilage following by menisci and femoral cartilage. The
Part component  Tarnigi etal. Simulation result  difference in  €Xtracellular matrix of the cartilage and water within these
[8] (MPa) on 800 N (MPa)  stress (MPa) structures facilitates the conditions to withstand significant
loads, often multiple times of the body weight [28], and
distribute it within its unique structure. But if shocks and
stresses are maximised in a small region, this may cause
pain because of the degradation of the joint cartilage [29].

Femoral cartilage  2.41 2.34 0.07
Tibial cartilage 2.17 1.582 —0.588
Menisci 2.12 4.781 2.661

Femoral Cartilage Tibial Cartilage Menisci

MPa

(e)

S, Mises

(Avg: 75%)
+7.441e+00
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+3.000-01
+7.0002-01

Lateral
[eIPIN

Medial
[esore ]
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Fig.5 Simulated results of an OA knee joint with 800 N loading a top view of femoral cartilage, b bottom view of femoral cartilage, ¢ Top view
of tibia cartilage, d bottom view of tibia cartilage, e top view of menisci, f bottom view of menisci
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Table 3 Comparison of the maximum von Mises stress of the OA and
healthy knee models in the lateral region

Part compo- Healthy knee OA knee  Difference in Percentage
nent stress (MPa) stress stress (MPa) deviation
(MPa) (%)

Femoral 1.466 0.986 0.48 39.15
cartilage

Tibial carti- 1.582 0.318 1.264 133.05
lage

Menisci 4.781 0.61 4.171 154.74

4 Discussion

A three-dimensional finite element model was developed
for a healthy patient. In the healthy knee joint, the stress
distribution within the joint has shown that the maximum
stresses occur in the lateral compartment. The load is gradu-
ally transferred from the femoral cartilage to the menisci and
then to the tibial cartilage. The maximum stress predicted in
the tibial cartilage is less than that in the femoral cartilage,
which is due to the effects of the meniscus. As mentioned
earlier, menisci play a vital role of shock absorption within
the knee joint [30]. Thus, the stress that occurred in the tibial
cartilage is less than that in the femoral cartilage.

Some modifications were made in the model, including
changes in material properties as well as changes in thick-
ness of the cartilage and menisci based on the subjects’
anatomical differences. The results presented in this study
show that the stresses within the OA knee joint are higher
compared with the healthy knee joint in all components,
including cartilages and menisci. The results of stress dis-
tribution and deformation of the model have shown that the
lateral compartment is the most affected region, especially
on the tibiofemoral cartilage. Comparison of the results of
OA and healthy knee joints shows that the tibial cartilage is
the most affected part of the joint. The maximum von Mises
stress in the tibial cartilage increased by 85% compared to
the healthy knee model. On the other hand, OA is a disease
that causes deformation in the form of either varus or valgus
conditions. In general, the medial region has the potential
to be the most affected region, leading to varus deformity.
Analysis was carried out on the OA model in which the

material properties were modified, and the thickness of the
cartilages was halved. Compared with the healthy model, the
stresses in the OA knee model decreased in the lateral region
and increased in the medial region. The tibial cartilage is the
most affected cartilage in the OA with varus deformation.

5 Conclusion

A three-dimensional FE model of the human knee was devel-
oped and used to explain the biomechanics of osteoarthri-
tis. Initially, a healthy model was developed and validated
against the literature, while the input loading conditions
were applied using the gait measurements. Then by some
geometrical alterations and changes in material properties
based on the literature, an OA knee model was developed
and used for a comparative study. The results of the finite
element analysis showed that the most susceptive region to
the initiation of osteoarthritis is the medial region. It was
also shown that while the healthy knee bears most of the
weight in both regions equally, in the OA knee joint, the
vast majority of the body weight is within the central and
lateral regions of the tibiofemoral structure. The healthy
knee model provided results with good proximity to those of
another study [8], thus validating the accuracy of its results.
The stresses seen in the menisci were greater than expected,
but the stresses in the cartilages showed excellent similar-
ity [8]. The model could therefore be modified to simulate
OA in the joint. Whilst there are no published results that
could be directly compared with the results obtained from
this model, the increase in maximum stresses in the soft
tissue is acceptable based on projections in the literature
[31]. The FE modelling approach presented in this study
explored the way in which the osteoarthritis is generated
due to cartilage degeneration. The developed model provides
a useful tool to study the consequences of OA conditions.
However, the model still has certain limitations, including
the need for further developments in the following aspects:
(1) Patient-specific modelling of different bones and soft
tissues would improve the accuracy of the numerical mod-
elling for practical applications. (2) Bio-realistic loading
conditions should be assigned based on individualised data
by repeating and normalising such experiments, and (3) A
meticulous validation of the FE simulation results for the

Table 4 Comparison of the

) ; Part component Healthy knee stress  The OA knee stress  Difference in stress ~ Percentage
maximum von Mises stress (MPa) (MPa) (MPa) deviation
of the QA and heal.thy kn.ee (%)
models in the medial region

Femoral cartilage 0.956 2.728 1.772 96.2
Tibial cartilage 1.529 3.169 1.64 69.82
Menisci 1.585 2.824 1.239 56.2
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healthy and osteoarthritis subjects, within different genders
and age groups, would increase the reliability of the finite
element results and the sources of deviations.
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