()) Number 4 Volume 18 April 2012 Journal of Engineering

FINITE ELEMENT ANALYSIS OF HUMAN AND ARTIFICIAL
ARTICULAR CARTILAGE

Dr. Sadiq Jafer Abbass
College of Engineering
Nahrain University

Eng. Farah Mohammed Reda Abdulateef
College of Engineering
Nahrain University

Joint diseases, such as osteoarthritis, induce pain and loss of mobility to millions of people around the
world. Current clinical methods for the diagnosis of osteoarthritis include X-ray, magnetic resonance
imaging, and arthroscopy. These methods may be insensitive to the earliest signs of osteoarthritis. This study
investigates a new procedure that was developed and validated numerically for use in the evaluation of
cartilage quality. This finite element model of the human articular cartilage could be helpful in providing
insight into mechanisms of injury, effects of treatment, and the role of mechanical factors in degenerative
conditions, this three-dimensional finite element model is a useful tool for understanding of the stress
distributions within articular cartilage in response to external loads and investigating both the prevention of
injury and the pathological degeneration of the joints.

In this study, 21 models were analysed by using ANSYS workbench vi2.1: four normal articular cartilage
models (distal femur, patella, medial and lateral tibia). A redesign to the distal femur model was done to get
osteoarthritis articular cartilage (simple and deep) seven models by making partial cut without affecting the
subchondral bone, and full cut with part of the subchondral bone in different diameters. Finally a treatment
done by replacing the defective parts with artificial articular cartilages with different types of treatment. The
finite element analysis studied depending on a Von Mises criteria and total deformation in different
activities. The results shows that Autologous Chondrocyte Implementation is the best treatment way and it is
close by 87.50% to normal cartilage. This procedure can be used as a diagnostic procedure for
osteoarthritic patients and to choose the best treatment options.
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Introduction

Articular cartilage is a complex tissue, which
covers the ends of long bones in synovial joints.
It protects the subjacent bone from high friction,
increases contact area, and consequently
improves the local joint congruence [C.
Bratianu 2004][J. Yao 2003]. Articular cartilage
is a biphasic material that consists of a solid and
a fluid phase. As a result of this biphasic
structure articular cartilage is viscoelastic [G. Li
1998]. Cartilage plays an extremely important
role within the bod

y’s joints [W. Bogatay 2009]. In combination
with the synovial fluid, articular cartilage
enables furthermore a nearly frictionless
movement of the joint over the whole lifespan
of a person. As articular cartilage has only a
limited capacity for self-repair, this process,
once started, can hardly be reversed [S. Knecht
2006]. It has been well established that articular
cartilage is compositionally and mechanically
inhomogeneous through its depth [R. Krishnan
2003]. This unique structure generates a
complex mechanical response under
physiological or extreme loads related to sports
activities. Therefore, an accurate understanding
of the joint biomechanics considerably improves
the prevention and treatment of the joint
disorders and injuries [C. Bratianu 2004].
Calculating cartilage stress is technically
challenging, as many factors can influence
stress, including the joint contact force, material
properties of the tissue, the geometry of the
articulating surfaces, and the cartilage thickness
[T. Besier 2005].

Articular Cartilage Structure

In normal human joints, the thickness of the
articular cartilage layer varies from 0.5 to 1.5
mm in upper extremity joints and from 1 to 6
mm in lower extremity joints [8, 9]. Structure
and components of synovial joint are shown in
Figure (1). Furthermore, articular cartilage
distributes the loads over a larger contact area,
thereby minimizing the contact stress, and
absorbing part of the energy transferred through
the joints during normal activities [D. Schneck
2003].
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Figure (1) Structure and components of synovial joint
(elbow joint) [V. Graaff 2001].

Articular cartilage plays a vital role in the
function of the musculoskeletal system by
allowing almost frictionless motion to occur
between the articular surfaces of a diarthrodial
joint for smooth joint movement [A. Iftekhar
2004], The -coefficient of friction between
articulating surfaces is remarkably low during
dynamic loading (in human joints 0.001 - 0.08).

The low coefficient of friction results from the
biphasic nature of cartilage and the lubrication
induced by the synovial fluid [T. Besier
2005][W. Wilson 2005].

Articular or hyaline cartilage forms the bearing
surfaces of the movable joints of the body. The
importance of articular cartilage as a bearing
surface has led to extensive mechanical and
tribologic studies of this tissue [J. Black 1998].
Figure (2) shows the structure of the synovial
joint.

Due to the avascular nature of articular
cartilage, the provision of metabolites to the
cells is assumed to occur via diffusion from the
synovial fluid or, to a lesser extent, the
underlying bone. However, the lack of blood
supply severely diminishes the ability of
cartilage to heal once it has been damaged [S.
Knecht 2006][A. Iftekhar 2004].
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Figure (2) Structure of the synovial joint [T. Gill 2006].

The cartilage does not possess a uniform
thickness. It is influenced by different factors,
e.g., size of bone, pressure, stress, and age [M.
Mlejnek 2006]. The interactions between
collagen, proteoglycans, and fluid play an
important role in the mechanical response of
cartilage [T. Besier 2005].

Organization of the articular cartilage

The structural arrangement of the biochemical
components in articular cartilage is highly
anisotropic and inhomogeneous. Based on its
composition and orientation of the components
with depth of the tissue, articular cartilage is
divided into a superficial zone, a middle zone, a
deep zone, and a calcified cartilage zone [A.
Bhosale 2008]. The four zones of the articular
cartilage are shown in Figure (3).
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Figure (3) The four zones of the articular cartilage [W.
Wilson 2005].

Articular cartilage damage and repair
Degenerative arthritis is an enormous problem,
which affects millions of people around the
world [W. Holmes 2004]. The overall
prevalence for moderate to severe osteoarthritis
is approximately 20%. By the age 55-65, up to
85% of all people will have some degree of
osteoarthritis in one or more joints [F. DT
1997].Example of osteoarthritic articular
cartilage is shown in Figure (4).

Cartilage

Normal

Figure (4) Normal and osteoarthritic articular cartilage
(patella) [Janssen 2004].

Articular cartilage damages

Surgeons classify defects in the knee cartilage
using a grading scale from I to IV. In grade I
tear, the cartilage has a soft spot. Grade II
lesions show minor tears in the surface of the
cartilage. Grade III lesions have deep crevices.
In grade IV lesions, the tear goes all the way to
the underlying bone, as shown in Figure (5).

Figure (5) Knee cartilage lesions [T. Besier 2005].

A grade IV lesion goes completely through all
layers of the cartilage. It is diagnosed as a full-
thickness lesion. Sometimes part of the torn
cartilage will break off inside the joint. Since it
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is no longer attached to the bone, it can begin to
move around within the joint, causing even
more damage to the surface of the cartilage.
Some doctors refer to this unattached piece as a
loose body [Orthopod 2003].

Cartilage lacks a supply of blood or lymph
vessels, which normally nourish other parts of
the body. Without a direct supply of
nourishment, cartilage is not able to heal itself if
it gets injured [Orthopod 2003].

Treatment of articular cartilage injuries

The treatment of articular cartilage injuries is
made in two ways, operative and non-operative
treatments.

Nonsurgical Treatment

Nonsurgical management includes  oral
medications, physical modalities (physical
therapy, weight loss), bracing (knee sleeve and
unloaded brace), and injections (corticosteroids
and hyaluronic acid derivatives). Traditionally,
treatment of articular cartilage lesions has
included a combination of nonsteroidal anti-
inflammatory drugs, activity modification, and
oral chondroprotective agents such as
glucosamine or chondroitin sulfate. Such
management is often ineffective in highly active
and symptomatic patients and may only prove
beneficial in low-demand patients [T. Pylawka
2004].

Surgical Treatment

The spectrum of different cartilage repair
approaches has considerably been increased in
the recent years [Gelse K. 2010]. The treatment
options to restore the articular cartilage surface
involve consideration of many factors: defect
size, depth, location, response to previous
treatment, patient age and expectations [T.
Pylawka 2004].

1. Arthroscopic debridement and lavage
Arthroscopic lavage entails inserting
arthroscopic instruments into the knee and
irrigating the joint with sterile fluid, as shown in
Figure (6).
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Figure (6) Arthroscopic debridement and lavage [R.
Baxter 2008].

2. Repair stimulation techniques
Repair stimulation techniques try to take
advantage of the normal tissue repair processes
to create a new joint surface. [W. Holmes 2004].

a. Drilling

The subchondral plate is penetrated using a
drill, the subchondral bone is drilled with a
0.185-cm drill to stimulate a fibrocartilagenous
repair of a full-thickness chondral defect [T.
Gill 2006].

b. Microfracture
This surgery, which aims to stimulate blood
flow and promote regeneration, is a popular
procedure for young patients but it is not
performed on patients in their forties or fifties.
A surgical procedure that can help such a
patient is osteochondral autograft replacement
[W. Bogatay 2009].

c. Abrasion arthroplasty
When osteoarthritis affects a joint, the articular
cartilage can wear away, leaving bone rubbing
on bone. This causes the bone to become hard
and polished. During arthroscopy the surgeon
can use a special instrument known as a burr to
perform an abrasion arthroplasty, as shown in
Figure (7).
In this procedure, the surgeon carefully scrapes
off the hard, polished bone tissue from the
surface of the joint. The scraping action causes a
healing response in the bone. In time, new blood
vessels enter the area and fill it with
fibrocartilage [Orthopod 2003].

Abrasian artheoplasty

[ | ttmm: - "I-';"'-‘}'r:‘ i
Figure (7) Abrasion arthroplasty [Orthopod 2003].
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3. Cell and tissue transplantation

These techniques show promise in recreating a
new articular surface with similar properties to
native articular cartilage.

a. Osteochondral autografting

An autograft is a procedure for grafting tissue
autograft from the patient's own body [Orthopod
2003].

b. Osteochondral allografting

An allograft is a lot like the osteochondral
autograft, but instead of taking tissue from the
patient's donor site, surgeons rely on tissue from
another person, much like using donor hearts,
kidneys, and other organs [Orthopod 2003].

c. Autologous chondrocyte implantation
Autologous chondrocyte implantation is a two-
stage procedure involving a biopsy of normal
articular cartilage, usually obtained through an
arthroscopic procedure, in which the cartilage is
harvested from a minor load-bearing area (upper
medial femoral condyle or intercondylar notch).
These chondrocytes are then cultured in vitro
and implanted into the chondral defect beneath a
periosteal patch during a second-stage
procedure that requires an arthrotomy [T.
Pylawka 2004]. Surgeons may recommend this
procedure for active, younger patients (20 to 50
years old) when the bone under the lesion hasn't
been badly damaged [Orthopod 2003].

4. Soft tissue replacement ( polymers for
cartilage replacement)

Replacement or augmentation of orthopedic soft
tissues can be used to treat injury or disease-
based degradation to the original tissue.
Osteoarthritis characterized by degradation of
the articular cartilage that progresses to the bony
surfaces themselves is one of the most common
pathologies  experienced by the aging
population. The density of polyethylene has
been increased and joint bearings are now
typically constructed from ultra-high-molecular-
weight polyethylene (UHMWPE). The material
has proven to provide good articulation, with
the main concern being long-term wear. The
problem with wear is not only the mechanical
impingement that can occur as a result of a
change in the articulating surface geometry but,
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more importantly, the effect of wear debris on
the surrounding tissue [M. Grimm 2004].

Articular Cartilage Biomechanics

The histologic structure of articular cartilage is
influenced by the local mechanical loading of
chondrocyte in the different zones [U. Meyer
2006]. Because the fluid primarily is exuded
from the surface layer, the distribution of strains
through the cartilage thickness is highly
nonuniform (Figure §8). Tissue results in
compressive strains of over 50% in the
superficial cartilage zone, but these strains
reduce to near zero in the middle and deep
regions of cartilage [D. Carter 2004].
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Figure (8) Schematic representation of the mechanical
environment of articular cartilage under intermittent joint
loading and motion [D. Carter 2004].

Chondrocytes are directly attached to the
extracellular matrix and can be considered part
of the fluid continuum of cartilage tissue. The
zonal structure of articular cartilage is essential
to its ability to support physiologic joint forces.
Patterns of stress, strain, and fluid flow created
in the joint result in spatial and temporal
alteration in chondrocyte function. The external
forces are transmitted through the joint and the
adjacent tissues resulting in the generation of
pressure over contact area of the two opposing
cartilage surfaces [U. Meyer 2006], Nonlinear
stress—strain curve for pure collagen employed for
articular cartilage fibrils showen in (Figure 9).
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Figure (9) Nonlinear stress—strain curve for pure
collagen employed for articular cartilage fibrils. The
slope of the curve monotonically increases at smaller

strains and becomes constant at larger strains [B.

Nigg 1999].

Loads tend to deform the cartilage tissue but
these compressive loads and subsequent tissue
deformations are resisted by the stress in the
solid phase, and the generation of the fluid
pressure,and  the  restriction of  tissue
deformation by impermeable subchondral bone
and the surrounding adjacent cartilage surfaces
(Figures 10-14) [U. Meyer 2006].
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Figure(10) Variation in tension stress behaviour
with depth in articular cartilage parallel to the
predominant fiber direction [B. Nigg 1999].
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Figure (11) Variation in tension stress behaviour
with depth in articular cartilage perpendicular to the
predominant fiber direction [B. Nigg 1999].
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Figure (13) The variation of the human knee joint
cartilage tensile stiffness for normal, fibrillated, and
osteoarthritic articular cartilage [B. Nigg 1999].
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Figure(14) Expermental curves for articular
cartilage permeability show a strong dependance on
compressive strain and applied pressure [B. Nigg
1999].

Biomaterial Properties of Articular Cartilage
Cartilage behaves as a fiber-reinforced, porous,
and permeable composite material. The greatest
indicator of the mechanical properties of
cartilage is the water content. The modulus of
the material decreases with increased water
content in a linear relationship. Articular
cartilage exhibits both a viscoelastic and a
biphasic response under tension, compression,
and shear. In this model, the solid phase of
articular cartilage is modeled as a hyperelastic
anisotropic material. Cartilage exhibits its
viscoelastic behavior because of the fluid flow
of the liquid phase through the solid phase of
the tissue [S. Fening 2005]. Material testing to
determine the coefficients in a proposed
constitutive law of cartilage is usually through
confined compression, unconfined compression
and indentation tests (Figurel5) [S. Knecht
2006].
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Figure (15) Sketch of common experiments applied
to articular cartilage: unconfined compression (A),
confined compression (B), and indentation (C) [S.

Knecht 2006].

Articular Cartilage Finite Element Analysis
To study the finite element analysis for human
articular cartilage, the

articular cartilages of the knee was chosen (the
intermediate joint of the lower limb) because it
is the largest and most complex joint in the body
and containing four articular cartilages (distil
femur, medial and lateral proximal tibia, and
patella) [A. Iftekhar 2004]. Because the articular
cartilages have no exact dimensions and their
thickness is changing from place to other and in
the cartilage itself so the only way to draw the
articular cartilage is by using MRI images. MRI
images for articular cartilage were taken from
healthy volunteer person with (70 kg) weight
and (169 cm) height, and by using a (Syngo
FastView software) the images that have the
best resolution were taken to be used, then
imported as DICOM format in the (SimpleWare
software), by using this software the three-
dimensional model of the articular cartilages
was drawn, then the result was imported in the
(AutoCAD 2008) to rearrange the model and
finally the last model was imported in the
(ANSYS Workbench v 12.1) in order to build
three dimensional finite element model which
the load will be applied to.

In this work, there are (21) models including:
(4) models for normal articular cartilage, (7)
models for osteoarthritic articular cartilage, and
(10) models for artificial articular cartilage.
Each model was studied in two activities
(walking and squatting).
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Materials properties

Depending on the physical properties it can be
seen that the articular cartilage is anisotropic
material, the material properties are changing
with thickness so the Young’s modulus and
Poisson’s ratio are considered depth-dependent
change when moving from lowermost layer at
the subchondral bone to the articular surface
depending on the organization of the articular
cartilage. The superficial articular cartilage
layer material characteristics are transversely
isotropic poroelastic material (representing 20%
of the total articular cartilage thickness), The
middle and deep zone articular cartilage layers
are isotropic poroelastic material (representing
75% of the total articular cartilage thickness),
the calcified cartilage (representing 5% of the
total articular cartilage thickness) and bone are
elastic material, and finally the fibrocartilage is
transversely isotropic elastic material [J. Yao
2003][A. Iftekhar 2004][A. Bhosale 2008]. The
material properties for articular cartilage layers,
bone, and fibrocartilage are shown in Table (1),
and the material properties for UHMWPE that
was used for total articular cartilage
replacement are shown in Table (2).

Table (1) Material properties [J. Yao 2003][A. Iftekhar
2004][A. Bhosale 2008]

Elastic or Poisson’s Permeabilit Shear
Young’s Ratio y modulus
Modulus (MPa) (m*/Ns) (MPa)
Cartilage o Viy
(Superficial EEE'}) 2'68* 00002 | k=5.1%10" |  G4=0.20
layer) L vy, =0
Cartilage
(Middle  and E=0.69 v=0018 | k=3*10"°
deep zone
layers)
Calcified E=10 v=0499
Cartilage
Bone E =220 v=0.3
. . E=100, V,y=0.001
Fibrocartilage E,~E,~0.075 5v,,-0.5
Normal Elasticity (Pa) 77
synovial fluid Viscosity 45
Osteoarthritic Elasticity (Pa) 9
synovial fluid Viscosity 5

Table (2) UHMWPE Material Properties [S. Kurtz 2004].
UHMWPE Material Properties

Young’s Modulus (GPa) 0.8
Poisson’s Ratio 0.46
Tensile Yield Strength (MPa) 21
Tensile Ultimate Strength (MPa) 21
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Creating Mesh

The mesh for the model was done with three
dimensional 10-Node Tetrahedral Structural
Solid element type (SOLID 187), the shape of
the element is shown in Figure(16).

Figure(16) SOLID 187 element shape [S. Leffler
2009].

The reason for choosing (SOLID 187) that it has
a quadratic displacement behavior and is well
suited to modeling irregular meshes (such as
those produced from various CAD systems).
The element is defined by 10 nodes having three
degrees of freedom at each node: translations in
the nodal x, y, and z directions.

The element has plasticity, hyperelasticity,
creep, stress stiffening, large deflection, and
large strain capabilities. It also has mixed
formulation  capability = for  simulating
deformations  of nearly  incompressible
elastoplastic materials, and fully incompressible
hyperelastic materials. In addition to the nodes,
the element input data includes the orthotropic
or anisotropic material properties. Orthotropic
and anisotropic material directions correspond
to the element coordinate directions [S. Leffler
2009]. The finite element model mesh for distal
femur articular cartilage, patella articular
cartilage, medial tibia articular cartilage, and
lateral tibia articular cartilage are shown in
Figures (18-21).

Figure (18) Distal femur articular cartilage mesh.
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Figure (19) Patella articular cartilages mesh.

Figure (20) Medial tibia articular cartilage mesh.

e R

i e

Figure(21) Lateral tibia articular cartilage mesh.

The finite element model meshes for 1, 5, 7.5,
and 10 mm are shown in Figures (22-27) for
different cases.

Figure (22) Partial cut without affecting the subchondral
bone articular cartilages mesh 10 mm.

Figure (23) Full cut with part of the subchondral bone
articular cartilages models 10 mm.
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Figure (24) Partial cut without affecting the subchondral
bone replaced by using ACI mesh 10 mm.

Figure (25) Full cut with part of the subchondral bone
replaced by Osteochondral autograft or allograft mesh
10mm

Figure (26) Full cut with part of the subchondral bone
replaced by microfracture repair stimulation technique
mesh 10 mm.

Figure (27) Total replacement of cartilage with
(UHMWPE) mesh.

Insert structural loads

Early models to predict the forces across the
knee joint are statically indeterminate because
the number of independent soft tissue structures
acting across the knee joint is greater than what
can be solved for using the equations of static
equilibrium. However, by making simplifying
assumptions in the number of active muscle
groups across the joint during a particular
activity, it turns out that reasonable estimates of
joint reaction forces may be obtained for
activities such as walking, stair
climbing/descent, squatting, and rising from a
chair as shown in Table (3) [S. Kurtz 2004].

Table (3) Summary of average knee joint loading for
activities of daily living [S. Kurtz 2004].

Patello-femoral Joint Tibio-femoral Joint

Lty Force (x BW) Force (x BW)
Walking 0.5 0.4
Squatting 6.0-7.6 2.9-35
Rising from a chair 3.1 2.3
Stair climbing 33 06

/descent
Force is expressed in units of body weight
(BW).
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The human articular cartilage will be studied in
two activities (walking and squatting): In
walking the tibiofemoral joint angle is 5° so the
force applied is equal to 0.4 of the body weight.
While for patellofemoral joint, the angle is 10°
during walking so the applied force is 0.5 of the
body weight. While in squatting , the
tibiofemoral joint angle is 122° so the force
applied is equal to 3.5 of the body weight.
While for patellofemoral, the joint angle is also
122° during squatting so the applied force is 7.6
of the body weight [S. Kurtz 2004]. Depending
on Table (3), the loads were inserted as a
distributed pressure (force over area).

Boundary conditions

The fixed support was applied to the faces of
articular cartilage that are connected to bone. In
addition, the fluid solid interface was applied to
the articular cartilage parts that faced the
synovial fluid, this assumption is due to the fact
that the fluid flows in and out of the healthy
articular cartilages, and a connection between a
fluid analysis and structural analysis is done to
insert the material properties of the synovial
fluid and the porosity and permeability of
articular cartilage.

RESULTS

To study the finite element analysis of the
articular cartilage, the Von Misses stress, and
the total deformation were chosen to be solved.
The Stress-Strain Relationship is represented by
[B. Nigg 1999]:

{o} =[D] {&}

where:

{o} = stress vector = [ Gx Gy G, Gyy Gy, yz |
[D] = elasticity or elastic stiffness matrix or
stress-strain matrix

{e} = total strain vector =[ €4 €y €, Exy £y, Exz ]T

(1)

VEy ey (Ex =gz fEn il il i AlSO
e W/l 000 equation
e Bz vy By VEg o o a
0 0 0 Yoy D 0 (4.1) may be
0 i o il Gy i . X
s o o o o | Inverted to: 1
{e} = [D]

{0} 2)

The flexibility or compliance matrix, [D]" is:
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3)

where typical terms are: Ex = Young's modulus
in the x direction , viy, = major Poisson's ratio,
Vyx = minor Poisson's ratio, Gy = shear modulus
in the xy plane. For orthotropic material
transformation for axisymmetric models the
input for x-y-z coordinates gives the following
stress-strain matrix for the non-shear terms:

. VEx “’xy/E}{ “VyzfEx
[Oxey-z] =¥ [By By vy /By 4
~¥7y [Ez —"zy/Ez =

The principal stresses (61, 02, 03) are calculated
from the stress componsents by the cubic
equation:

O —Tg Oy Oy (5 )
Oy Oy — O Oz =0
Oxz Oyzx Oz —0Op

where: 6, = principal stress (3 values)

The three principal stresses are labeled o), o,
and o3. The principal stresses are normal
stresses, acting on principal planes on which the
shearing stresses are zero, and are calculated by
using the existing six normal and shearing stress
components Gy, Oy, Gz, Txy, Txz, aNd Ty,.

The principal stresses are ordered so that o is
the most positive (tensile) and o3 is the most
negative (compressive).The stress intensity oy is
the largest of the absolute values of 6;- 6, -
03, Or 03 - O7.

That is:

o = MAX (|oy — 04|03 — g3]loz — oy ) (6)
The von Mises or equivalent stress o, is
computed as:

Os = G [(oy =020 + (02— 65)* + (05 — 01)2])
(7

RIS

Or
g = G [(ﬂx - d}-]z + ("Ty —o )+ (o -0, ) +

6(0%,y + 0%+ chZL,‘.K)])1

(8)

Normal Models Results
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For normal articular cartilage, the results were
taken for each model in two activities (walking
and squatting) represented as a contour in the
Figures (29-39).

(a) Top view (b) Front view
Figure (29) Von Mises stress for normal distal femur
articular cartilage during walking.

(a) Front view  (b) Isometric view
Figure (30) Total deformation for normal distal femur
articular cartilage during walking.

&
(a) Top view (b) Front view
Figure (31) Von Mises stress for normal distal femur
articular cartilage during squatting.

(a) Front view (b) Isometric view
Figure (32) Total deformation for normal distal femur
articular cartilage during squatting.

(a) front view (b) back view
Figure (33) Von Mises stress for normal patella articular

cartilage during walking.
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(a) Front view (b) Back view
Figure (34) Von Mises stress for normal patella articular
cartilage during squatting.

(a) Top view (b) Bottom view
Figure (35)Von Mises stress for normal medial tibia
articular cartilage during walking.

(a) Top view (b) Bottom view
Figure (36)Von Mises stress for normal medial tibia

articular cartilage during squatting.
G —

T

(a) Top view (b) Bottom view
Figure (37)Von Mises stress for normal lateral tibia
articular cartilage during walking.

PTELRAEARREARE

(a) Top view
Figure (38)Von Mises stress for normal lateral tibia
articular cartilage during squatting.

(b) Bottom view

Table (4) Maximum Von Mises stress for normal

articular cartilage models during walking and squatting.

Maximum Von Mises stress

No. Model (MPa)
Walking Squatting
1 | Distal femur 0.20927 0.52318
2 | Patella 1.1442 3.449
3 | Medial tibia 0.19506 0.51203

2012 Journal of Engineering
4 | Lateral tibia 0.17711 0.5083
- -
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Figure (39) Maximum Von Mises stress for normal
articular cartilage models during walking and squatting.

Osteoarthritic articular cartilage

For Partial cut without affecting the subchondral
bone it can be see that there is a big difference
between normal and osteoarthritic articular
cartilage stresses even when the defect is just 1
mm, and this is be so obvious in the squatting.
In the four models, the maximum stress is on
the sides of the cut parts and increases with
increasing the cut diameter. For total
deformation result, it can be seen that there is no
or small deformation in the cut parts but it is the
maximum in the peripheral parts as shown in
Figures (40-43).

While for Full cut with part of the subchondral
bone it’s obvious the big differences are
between the normal and full cut defective
articular cartilages stresses, especially in
squatting. In the three models, the maximum
stress is on the sides of the cut parts and its
increases with increasing the cut diameter. For
total deformation results, the maximum
deformation is in the peripheral parts of the cuts
and there is no deformation in the cartilage -
bone interface. The percentage for two types of
Osteoarthritic articular cartilage close to normal
are 19% for walking and 16% for squatting, as
shown in Figures (44-46).

Figure (40) Von Mises stress for Imm partial cut
articular cartilage during walking.
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Figure (41)Von Mises stress for 7.5 mm partial cut
articular cartilage during walking.

Figure (42)Von Mises stress for 7.5 mm partial cut
articular cartilage during squatting.

s
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2& °
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£ =
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Figure (43) Maximum Von Mises stress for osteoarthritic
articular cartilage with Partial cut without affecting the
subchondral bone models during walking and squatting.

Figure (44)Von Mises stress for 7.5 mm full cut articular
cartilage during walking.

Figure (45)Von Mises stress for 7.5 mm full cut articular
cartilage during squatting.

Table (5) Maximum Von Mises stress for
osteoarthritic articular cartilage models during
walking and squatting.

No. Model . . |

FINITE ELEMENT ANALYSIS OF HUMAN AND
ARTIFICIAL ARTICULAR CARTILAGE

stress (MPa)
Walking = Squatting

Partial cut without
affecting the
subchondral bone
(1mm).

Partial cut without
affecting the
subchondral bone
(5mm).

Partial cut without
affecting the
subchondral bone
(7.5mm).

Partial cut without
affecting the
subchondral bone
(10mm).

Full cut with part of
5 | the subchondral bone
(5 mm).

Full cut with part of
6 | the subchondral
bone(7.5 mm).

Full cut with part of
7 | the sub chondral
bone(10 mm).

RN W |

a . . .
& &
&
& &

0.31521 1.6549

0.44807 2.6138

0.46793 2.7296

0.48082 3.1554

0.6554 2.8483

0.67626 2.9586

0.71384 3.2387

e P L

 Walking

M Squatting

Maximum von
mises stress
(MPa)

Figure (46) Maximum Von Mises stress for osteoarthritic
articular cartilage with full cut with part of the
subchondral bone models during walking and squatting.

Artificial articular cartilages models
For Partial cut without affecting the subchondral
bone replaced by using autologous chondrocyte
implantation (ACI), It can be seen that the
maximum stresses for the artificial articular
cartilage is very close to the normal articular
cartilage but it is concentrated in the artificial
part. The advantages and disadvantages of this
technique are shown in Figures (47-49). The
percentage for how ACI close to normal is
87.50% for walking and 90% for squating.
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Figure (47) Von Mises stress for 7.5 mm artificial
articular cartilage replaced by using (ACI) during
walking.

Figure (48) Von Mises stress for 7.5 mm artificial
articular cartilage replaced by using (ACI) during

0

squating.

0.8
w
a
E = 0.6
c &
22 04 - ® Walking
=
g2 02 H M Squatting
z %
L]
2

Normal (Smm) (7.5mm}{10mm)}

Figure (49) Maximum Von Mises stress for artificial articular
cartilage replaced by using autologous chondrocyte implantation
(ACI) during walking and squatting.

For Full cut with part of the subchondral bone
replaced by Osteochondral autograft or
allograft. The maximum stresses concentrated in
the artificial part. The advantages and
disadvantages of this technique are shown in
Figure(50-52). The percentage for how osteoc-
hondral autograft or allograft close to normal is
61% for walking and 17% for squating.

AN

Figure (50) Von Mises stress for 7.5 mm artificial
articular cartilage replaced by graft during walking.

Figure (51) Von Mises stress for 7.5 mm artificial
articular cartilage replaced by graft during squating.

2012 Journal of Engineering
2
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E= 1.5
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E g 0.5 ; M Squatting
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“ Figure (52) Maximum Von Mises stress for artificial
articular cartilage replaced by osteochondral autograft or
allograft during walking and squatting.

For Full cut with part of the subchondral bone
replaced by using Microfracture Repair
stimulation technique, The maximum stress for
the artificial articular cartilage is greater than
that of the normal articular cartilage especially
in squatting but it is still lower than when it
defected. The maximum stresses are concent-
rated in the artificial part. The advantages and
disadvantages of this technique are shown in
Figures (53-55). The percentage for how
Microfracture technique close to normal is 51%
for walking and 26.5% for squating.

Figure (53) Von Mises stress for 7.5mm artificial
articular cartilage replaced by using microfracture repair
stimulation technique during walking.

Figure (54) Von Mises stress for 7.5 mm artificial
articular cartilage replaced by using microfracture repair
stimulation technique during squatting.

E=4 =R
§3
Ez® ‘ & Walking
'g .g g1 N | M Squatting
g E 0 ,‘_J_,_ -

Normal (Smm} (7.Smm} (10mm}

Figure (55) Maximum Von Mises stress for artificial
articular cartilage replaced by using microfracture repair
stimulation technique during walking and squatting.
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Total replacement of cartilage with ultra high
molecular weight polyethylene (UHMWPE), It
can be seen that the maximum stress for the
artificial articular cartilage is not very close to
the normal articular cartilage but it is much
better than the osteoarthritic articular cartilage.
The maximum stress is on the sides of artificial
articular cartilage and this is due to the
thickness differences between the sides and the
middle as shown in Figures (56-58).

(a) front view (b) back view
Figure (56)Von Mises stress for total replacement of
cartilage with ultra high molecular weight polyethylene
(UHMWPE) during walking.

(a) front view ( b) back view
Figure (57) Von Mises stress for total replacement of
cartilage with ultra high molecular weight polyethylene
(UHMWPE) during squatting.

B Walking
B Squatting

Maximum Von
mises stress

Figure (58) Maximum Von Mises stress for total
replacement of cartilage with ultra high molecular weight
polyethylene (UHMWPE) during walking and squatting.

Table (6) Maximum Von Mises stress for artificial
articular cartilage models during walking and squatting.
Maximum Von Mises

No. Model stress (MPa)
Walking Squatting
Partial cut without
0.23909 0.58064

affecting the subchondral

FINITE ELEMENT ANALYSIS OF HUMAN AND
ARTIFICIAL ARTICULAR CARTILAGE

bone replaced by using
ACI (5 mm)
Partial cut without
affecting the subchondral
2 0.24766

bone replaced by using

ACI (7.5 mm)

0.59344

Partial cut without
affecting the subchondral

3 bone replaced by using 0.27011
ACI (10 mm)

Full cut with part of the

0.60775

subchondral bone replaced

0.34272 1.4994

with Osteochondral autograft
or allograft (5Smm)
Full cut with part of the

subchondral bone replaced

0.36061 1.5777

with Osteochondral autograft
or allograft (7.5mm)
Full cut with part of the

subchondral bone replaced

0.39666 1.8932

with Osteochondral autograft
or allograft (10mm)

Full cut with part of the
subchondral bone replaced

7 by using Microfracture

0.41223 1.9744

Repair stimulation technique
(5mm)
Full cut with part of the
subchondral bone
replaced by using
8 0.46023

Microfracture Repair 2.0078
stimulation technique
(7.5mm)

Full cut with part of the
subchondral bone replaced

9 by using Microfracture

0.49869 2.1866

Repair stimulation technique
(10mm)

Total replacement of
cartilage with ultra high

10 | molecular weight

0.54867 1.0973

polyethylene
(UHMWPE)

Conclusions

1. The maximum stress of normal articular cartilage
is in cartilage-bone interface during walking and
squatting, but the stress is reach the double during
squatting, which means the stress is increasing with
knee flexion angle increasing. Also, the maximum
stress in the patellar articular cartilage is greater than
that in the other knee joint articular cartilages
specially in squatting because the load reaches 7.6 of
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the total body weight on the patella articular
cartilage.

2. For the autologous chondrocyte implantation, the
maximum stress for the artificial articular cartilage is
very close to the normal articular cartilage. It
represents the best results for replacement but it
needs two operations and cannot be useful for older
patients or for patients with deep osteoarthritis.

3. For osteochondral autograft, allograft, or
microfracture repair stimulation technique for
replacement, the maximum stress of the artificial
articular cartilage is greater than that of the normal
articular cartilage but it is still lower than when it is
defected.

4. For total replacement of cartilage with
UHMWPE, the maximum stress for the artificial
articular cartilage is not very close to the normal
articular cartilage but it is much better than the
osteoarthritic articular cartilage. The maximum
stress is on the sides of artificial articular cartilage,
this is due to the thickness differences between the
sides and the middle.
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