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Abstract. The article presents the results of a preliminary study on the structural analysis of the knee joint,
considering changes in the mechanical properties of the articular cartilage of the joint. Studies have been made
due to the need to determine the tension distribution occurring in the cartilage of the human knee. This
distribution could be the starting point for designing custom made human knee prosthesis. Basic anatomy,
biomechanical analysis of the knee joint and articular cartilage was introduced. Based on a series of computed
tomography [CT] scans, the 3D model of human knee joint was reverse-engineered, processed and exported
to CAD software. The static mechanical analysis of the knee joint model was conducted using the finite
element method [FEM], in three different values of tibiofemoral angle and with varying mechanical properties
of the cartilage tissue. Main conclusions of the study are: the capability to absorb loads by articular cartilage
of the knee joint is preliminary determined as decreasing with increasing degenerations of the cartilage and
with age of a patient. Without further information on changes of cartilage’s mechanical parameters in time it
is hard to determine the nature of relation between mentioned capability and these parameters.

1 Introduction

e ) 2 Anatomy and biomechanics of knee
Osteoarthritis is one of the most common diseases

diagnosed by general practitioners and orthopaedic
surgeons [1]. It is a complex process, in which
degeneration of articular cartilage, subchondral bone and
synovium can be observed. Alterations in these tissues
lead to joint disfunctions [2, 3]. Main symptoms of
osteoarthritis include pain, stiffness of affected joint,
which impair daily activities. Conditions such as obesity,
joint overload, smoking, trauma or hormonal
dysregulation have impact on onset of arthritic changes
[4, 5]. Obesity increases loads which have to be
transmitted through lower extremity joints. Knee joint,
which is the biggest joint in the human body is highly
susceptible to osteoarthritic changes due to its location,
function and mechanical properties. Therefore, research
society is looking for possible ways to delay or even stop
osteoarthritic changes. For this purpose, a throughout
recognition of each factor influencing gait and knee
mechanics is crucial. In vivo testing of mechanical
properties of human joints rise controversies in an ethical
manner. Therefore, progress in the development of
numerical methods used in medicine makes it possible to
collect necessary data without the need of in vivo human
joint testing [6-10].
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Knee joint is the biggest joint in the human body and one
of the most susceptible to injuries and degenerative
changes. Due to its localisation between femur and tibia it
plays a vital role in everyday activities such as walking,
kneeling or rising from a seated position. Knee joint is a
modified hinge joint, which articular surfaces are created
by lateral and medial femoral and tibial condyles and
articular surface of patella. As in every joint, the articular
surfaces are covered with articular cartilage. Articular
cartilage is an avascular and aneural, connective tissue
which enables smooth and painless joint movement. Knee
can be divided into two coworking joints namely:
tibiofemoral and patellofemoral joints. Patella which is
the largest sesamoid bone, has a concave articular surface,
and slides along a femoral sulcus of the distal femur.
Patella is dynamically and statically stabilised by its
lateral and medial retinaculum and quadriceps muscle and
its attachments. The tibiofemoral joint which is created by
articulating condyles of femur and tibia can be classified
as a modified hinge joint, in which additional movement
such as sliding occurs [11]. Medial femoral condyle and a
corresponding tibial surface is longer than in the lateral
compartment. Moreover, the medial tibial articular
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surface is concave in contrast to convex lateral tibial
plateau. This bony anatomy is responsible for a screw-
home mechanism of the knee, which locks the knee in full
extension [12]. Stability of the knee joint is achieved by
cooperation of static and dynamic stabilisers such as
ligaments and muscles. There is disagreement among
orthopaedic society about the number, location or
structure of knee ligaments with new concepts being
developed [13, 14] and old verified. It is widely accepted
that the knee joint is one of the most complex joints of the
human body. Therefore, a proper analysis of the function
and relations between anatomical structures during
movement is essential for better understanding of the knee
kinematics. The most crucial part of every synovial joint
is articular cartilage, which due to its unique properties
enables smooth and painless motion. However,
chondrocytes which are main cellular component of
hyaline cartilage are subjected to heavy loads during gait
in a cyclic manner. The articular cartilage has very limited
capacity for regeneration [15]. Chondrocytes constitute
only 1% to 5% of cartilage volume [15, 16].

As mentioned above, articular cartilage has a unique
architecture. It is composed of 4 layers which differ
significantly in particular components concentration and
distribution, as seen in fig. 1. The superficial layer
occupies 10-20% of the cartilage thickness. Collagen
fibres in this layer are organised parallel to the articular
surface in contrast to deeper layers. Superficial zone has
lower proteoglycan concentration when compared to the
deeper regions of cartilage [17]. The zone has also higher
concentration of chondrocytes, which are flat and parallel
to the surface. The internal organisation of the superficial
layer is prepared for highest deformation ratio and
therefore is most resilient to shear forces. Moreover, the
superficial layer has the greatest water concentration
reaching 74% [18]. The transitional zone of the cartilage,
which constitutes 40-60% of the cartilage thickness,
distribution of cells and molecules is less organised and
the collagen fibres are thicker than in superficial zone
[19]. Chondrocytes in this zone are more metabolically
active, synthesise greater amounts of proteoglycans. The
deep layer of the cartilage has the greatest proteoglycans
concentration and constitutes around 30% of cartilage
thickness. It is the layer which deals with compressive
loads. Chondrocytes of this layer and collagen fibres lay
perpendicular to the articular surface and to the calcified
chondral layer which attaches articular cartilage to the
subchondral bone. The concentration of the proteoglycans
and collagen fibres is strongly correlated with mechanical
properties of the human articular cartilage [20]. In order
to provide adequate number of necessary molecules
constant remodelling of the cartilage takes place.

Fig. 1. Cartilage layers [11].

The unique architecture of cartilage has an effect on
its mechanical properties. As a whole tissue, cartilage is
highly anisotropic. The elastic modulus of articular
cartilage ranges from 0,3 up to 1,5 MPa [21, 22].
Nevertheless, peak values of stress up to 18 MPa can be
measured in joints under dynamic loading [23]. The
cartilage is capable of withstanding such loads due to its
low permeability. Water connected with the
proteoglycans and stored inside the cartilage matrix in
healthy cartilage cannot be pressed out of the tissue.
Therefore, the dynamic stiffness of cartilage can be much
higher than intrinsic modulus of the tissue [24]. In the
knee joint tibial and femoral cartilage move against each
other. In this complex movement femoral articular surface
contacts, compresses and slides over the tibial articular
surface. As a result of applying load, articular cartilage
deforms. During everyday activities such as knee bending
or running cartilage can compress up to 6% of its
thickness [25, 26]. However, values of tissue deformation
can increase significantly when cartilage is tested in vitro.
In vitro studies show that deformation of 44% is
achievable in intact healthy articular cartilage in static
loading [27]. Moreover, its mechanical properties depend
on the depth of the cartilage. Changes in mechanical
properties are caused by differences in architecture and
composition of cartilage zones. The compressive modulus
changes throughout the depth of cartilage. It rises from
superficial to the deep zone. In bovine articular cartilage
the increase of 27 times was measured [28]. The tensile
modulus of articular cartilage on the contrary is higher in
the superficial zone reaching 10 MPa than in middle zone
5,4 MPa, which is caused by better organisation of
collagen network in superficial zone [29]. Articular
cartilage not only is resilient to different kinds of loads,
which are to be transmitted by it, but also has very low
friction [30], which is attributed to lubrication by synovial
fluid.

As mentioned above, articular cartilage is crucial for
transmitting loads during everyday activities. For vast
majority the forces which are transmitted through the knee
reach around oscillate between 220%- 350% of body
weight [31]. However, during work or recreational sports,
knee joint is subjected to great loads exceeding 7 times
body weight during kneeling [32]. Moreover, incorrect
squatting technique can rise peek loads over 30% [33].
The link between high loads transmitted by the knee and
osteoarthritis is well known [34]. However, the exact
mechanism of osteoarthritic progression is not
established, while many possible causes are taken under
consideration [34]. While osteoarthritis being one of the
most debilitating disease in older population [35], it is
advisable to seek new screening methods, which might
facilitate early diagnose. Vibroacoustic testing seems to
be a good, non-invasive modality [36], however
correlation between modelled and examined knee joints
must establish its utility in the process of diagnosis.

3 Methodology of the study

Based on a series of computed tomography scans, which
were imported in DICOM file format to Materialise
MIMICS software, it was possible to calculate a 3D
geometry of a tibia and a femur bone. As a result of an
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insufficient quality of received scans, the preliminary
models were not suited for further analyses, hence a
necessity of a further processing, which was conducted in
Materialise 3-matic software, directly connected to
MIMICS, and providing control over the parameters of a
3D model. Processed models were then ready to import in
STEP file format to Dassault Systemes Solidworks CAD
software. Here 3D files were merged into an assembly
comprising of partial tibia and partial femur bone with a
simplified model of a cartilage between mentioned
structures [37-39].

Obtained models were then subjected to preliminary
analyses using finite element method in Solidworks
Simulation module.

3.1 FEA method

Finite Element Analysis (FEA) is one of methods of
conducting simulations for solving engineering. Its main
operating principle is based on a division of analysed
model into finite amount of simpler parts, leading to a
creation of a discrete model. In the course of an analysis
other physical quantities influencing the model, such as
loads, restraints are being digitised as well. After the
discretisation process the calculation begins, during
which individual elements are being united as a whole
using equilibrium conditions and displacement
compatibilities, which results in an acquisition of
algebraic, simultaneous equations being a mathematical
description of analysed problem. Afterwards, these
equations are solved using values of equilibrium
conditions, and their outcome used to compute sought
quantities, i.e. tensions and stress distribution or
deformation of a body [41-44].

3.2 Boundary conditions

In order to achieve credible results, materials were
assigned to each element. Two cases were considered —
the healthy cartilage of an adult, 40 to 59 years old person,
and the degenerated, ossified cartilage with properties
similar to the cone tissue. Properties of materials are
presented in Table 1. To achieve the best coherence with
anatomical structure, the model was then constrained on
the upper surface of the femur bone; then connecting pairs
between bones and cartilage were established.

Table 1. Properties of materials [5].

Young . ) .
Material Element | modulus Pr(:tsi(s)o[ri] § E{er/lzi?i
[MPa] g
Bone Femur, 17600 03 1020
tissue tibia
Cartilage .
age 40-59 Cartilage 123 0,35 500

The force acting on the system was applied on the
bottom surface of the tibia and was equal to 820 N and
was induced in three following positions of the patient’s
joint: 0°, 45° flexion and -5° hyperextension. Given the

complexity of introduced models, it was crucial to
generate a sufficient mesh grid. The complete mesh grid
contained 32150 nodes and 21137 elements, with element
size equal 5,63 + 0,28 mm. The model before an analysis
can be seen in Fig. 2.

Fig. 2. The constrained model with applied forces.

3.3 Results

In assessing results of conducted analyses, maps of stress
distribution and maximum values of induced stresses in
cartilage were taken under consideration.

g Misesa (mm A2 (MPal)
40054000
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Fig. 3. Stress distribution on upper surface of healthy cartilage
for 0° position.
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Fig. 4. Stress distribution on upper surface of degenerated
cartilage for 0° position .
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Fig. 5. Stress distribution on upper surface of healthy cartilage
for 45° flexion .
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Fig. 6. Stress distribution on upper surface of degenerated
cartilage for 45° flexion.
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Fig. 7. Stress distribution on upper surface of healthy cartilage
for -5° hyperextension .
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Fig. 8. Stress distribution on upper surface of degenerated
cartilage for -5° hyperextension.

Table 2. Maximum values of stress for conducted analyses

[MPa].
. Healthy Degenerated
Position cartilage cartilage
0° 4,005 7,628
450 5,033 6,761
-5° 4,482 6,947

As it can be seen in Fig. 3 - 8, mechanical properties of
the cartilage have an impact on stress distribution — in
healthy cartilage loads are distributed on larger part of a
connecting surface, while in case of degenerated cartilage
loads tend to accumulate near edges of the connecting
surface. A change in mechanical properties leads to
increase in stress values in cartilage, which is especially
seen in standing position (0°), where the difference
between mentioned values is almost twofold. In both
flexion and hyperextension, the difference is not as
significant, yet it is still visible.

4 Conclusion

Performed analyses shows that the ability to absorb loads
by articular cartilage seems to decrease as a result of
degeneration of tissue and ageing of the patient.
Differences were the biggest in the standing position. This
may explain why extension is the first movement to be
lost during arthritic process. The way of presenting the
results proposed in the work provides additional
information about the mechanics of the knee joint. It can
be used as an additional diagnostic tool to help assess the
condition of the cartilage. Implementation of virtual
models of damaged or affected skeletal elements, and
subsequent numerical analyses is very important at the
stage of surgical planning while selecting the necessary
equipment and allows for a more accurate description of
the case when communicating with the patient, which
may be particularly useful in contact with older patients,
suffering from limited mobility.

In order to determine the exact relationships
describing the dependence of changes in mechanical
parameters between the articular cartilage absorption
capacity, it is necessary to perform a wider, multi-aspect
studies including both mechanics as well as physiological
changes taking place in the tissue structure. A more
suitable and advanced approach would be to implement a
hyperelastic material model in finite elements analysis in
order to simulate the cartilaginous tissue more accurately.
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Another way would be to consider a bone, especially
around an articular surface, as a sort of composite material
consisting different types of bone structures, which could
lead to more exact transfer of forces between elements in
a joint.
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