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Abstract

Natural articular cartilage is known to be an excellent bearing material

with very low friction coefficient and wear rate. Theoretical and experimental

studies have demonstrated that the interstitial fluid of cartilage is pressurized

considerably under loading to support the applied load, leading to the low

friction coefficient. In this process, collagen fibrils play a vital role to resist

the lateral expansion of cartilage and enhance the pressurization. The

proportion of the total load supported by fluid pressurization in cartilage,

called the fluid load support, is therefore an important parameter in

biotribology and determined as the main aspect of this thesis.

Fibril-reinforced cartilage models were set up to account for the high

pressurization of interstitial fluid. However, the orientation of collagen fibrils

were idealized or simplified; and the models implementing realistic fibril

orientation derived from DT-MRI data did not include viscous effects in both

the solid matrix and the fibril.

This study overcome the limitation of previous models and the major

finding were:

• The peak value of fluid load support in both 2D and 3D fibril-

reinforced models implementing DT-MRI data was increased to greater than

90% from around 60% in the isotropic poroelastic model, due to the

reinforcement by collagen fibril.
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• The implementation of the realistic fibril orientation in the 3D fibril-

reinforced model increased the value of peak pore pressure (by 15%)

compared to the uniformly reinforced model while the peak contact pressure

was 4.3% lower, making the peak value of fluid load support increase from

80.4% to 96.7%.

• The rationality to define the principal eigenvector as orientation of the

corresponding primary collagen fibril in the fibril-reinforced models was

verified by the related results.

• The feasibility and reliability of the methodologies to implement DT-

MRI data to the fibril-reinforced models were both confirmed in the

modelling process.
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Chapter 1 Introduction and Literature Review

1.1 Introduction

This chapter reviews the literature relevant to the biomechanics and

computational modeling of articular cartilage in the synovial joints. The

material properties of articular cartilage are key factors in determining the

lubrication of the joints. Therefore, the related literature on cartilage

composition and structure including the biphasic lubrication is introduced

first, after a brief review on the biomechanics of the two main synovial joints

- knee and hip. The literature on the computational modelling of cartilage is

reviewed in detail, particularly the fibril reinforced finite element models. As

the collagen fibril orientations used in the models of this thesis were derived

from the Diffusion Tensor Magnetic Resonance Imaging (DT-MRI)

experiments, the related methodologies are also introduced as the

background.

The review begins with a brief introduction to the biomechanics of knee and

hip. The structure of these two largest synovial joints in the human body are

introduced, followed a summary of the motion and loading of the joints.

The second part focuses on the articular cartilage. The detailed composition

and structure of cartilage are reviewed. Then the concepts and viewpoints of

the theory of biphasic lubrication within synovial joints are introduced.

The following section examines the literature relating to the computational

modelling of cartilage. The developments of computational modelling
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techniques are discussed. The current methods to set up the fibril reinforced

finite element models are categorized and reviewed individually.

In order to give a better understanding on the background of the thesis, the

final section presents a review on the diffusion tensor MRI.

At the end of this chapter, the rationale and objectives of the project studied

in this thesis are presented.

1.2 Synovial Joints and Biomechanics

The joints of the human body can be classified into three groups: fibrous,

cartilaginous and synovial. Fibrous joints are those in which the bony

surfaces have very little relative motion, a good example being the bones in

the skull. Cartilaginous joints are those in which the bony surfaces have a

little more relative motion such as the joint between two adjacent vertebrae.

The third type are synovial (or diarthrodial) joints, for example the knee joint

and hip joint, which are the joints focused on in this thesis.

1.2.1 Hip joint and knee joint

The hip joint can be considered as a ball-and-socket joint (Figure 1.1). This

arrangement enables the hip to have a large amount of motion needed for

daily activities like walking, squatting, and stair-climbing. The bones of the

hip are the femur and the pelvis. The top end of the femur is shaped like a

ball called the femoral head. The femoral head fits into a spherical socket on

the side of the pelvis. This socket is called the acetabulum. The femoral

head is attached to the rest of the femur (Figure 1.1).
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Figure 1.1 Hip Joint (Orthopaedics,2007)

Articular cartilage is a white and shiny material that covers the ends of the

bones of hip joint (the femoral head and acetabulum in the pelvis). The

function of articular cartilage is to distribute the stress and provide an

articulation resistant to damage with low friction and wear.

The knee joint, the largest and most complex joint in the body, is the junction

of three bones: the femur, the tibia, and the patella. In the knee joint,

cartilage covers the inferior ends of the femur, the superior end of the tibia,

and the back of the patella (Figure1.2). More details of articular cartilage will

be discussed in the following section.
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Figure 1.2 Knee joint (Tandeter et al., 1999).

1.2.2 Motion and load

1.2.2.1 Motion of hip joint and knee joint

As a ball-in-socket joint, the bony structures and ligaments of the natural hip

limit anterior/posterior and medial/lateral translation as well as subluxation

(dislocation); however, it does not generally limit the range of motion of the

hip during normal daily activities. The allowable range of motion of a hip is

shown in Table 1.1 for a selection of daily activities (Stewart et al., 2006).
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1.2.2.2 Joint loading in hip joint and knee joint

Typical loads measured within the body during various activities for the hip

and knee are shown in Table 1.3. The walking cycle is characterised by two

peaks of load at heel-strike and at toe-off which generally range from 3 to 4

times body weight (BW; Table 1.3; Paul, 1966). Between the two loading

peaks the mass of the body (head and torso) does not exhibit any significant

translation in the vertical direction, so the reaction force during this period is

relatively small.

At toe-off the hip is extended 15° (Table 1.1). The quadriceps muscle acts to

stabilise the knee whilst the gastrocnemius muscle produces plantar flexion

at the ankle. These muscle forces combine to accelerate the body forward

producing the second peak of load in the reaction force curve (Stewart and

Hall, 2006).
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Table 1.3 Joint loading in the hip and knee (Stewart and Hall, 2006).

Activity Reference Hip load Knee load

Walking

Freeman and
Pinskerova 3.4 BW

Paul 3–4 BW 3 BW

Bergmann et al. (in vivo
normal) 2–3 BW

Bergmann et al. (in vivo
defective) 3–4 BW

Stair

ascent/

descent

Freeman and
Pinskerova 4.8/4.3 BW

Costigan et al. 3–6 BW

Paul 4.4/4.9 BW

Bergmann et al. (in vivo
normal) 2–3.5 BW

Bergmann et al. (in vivo
defective)

3.5–5 BW

Rising
from

a chair

Ellis et al. 3.2 BW

Bergmann et al. (in vivo
normal) 1.75–2.25 BW

Rising
from a
squat

Dahlkvist et al. 4.7–5.6 BW

Paul 4.2 BW
(BW = Body Weight)
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1.3 Articular Cartilage

1.3.1 Composition and structure of articular cartilage

Articular cartilage can be considered as a solid matrix saturated with water

and mobile ions. The solid matrix consists of chondrocytes embedded in

extracellular matrix. The two major components of the extracellular matrix

are collagen fibres composed of collagen fibrils and proteoglycans (PGs)

which are large, complex biomolecules composed of a central protein core

with negatively charged glycoaminoglycan (GAG) side chains looking like

bottle-brushes (Figure 1.3; Maroudas, 1975).

Figure 1.3 Schematic depiction of cartilage composition (source:
www.bidmc.org/ Research/Departments/Radiology/ Laboratories/
Cartilage).
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1.3.1.1 Structure of articular cartilage

Articular cartilage can be divided into four different layers, or zones. Moving

from exposed surface to interface with subchondral bone, these layers are

the superficial or the superficial transitional zone (STZ); the middle zone; the

deep zone and the calcified cartilage zone (Figure 1.4).

Figure 1.4 Schematic depiction of articular cartilage’s structure (Buckwalter
et al., 1994)

Superficial zone

The superficial surface zone is the thinnest and forms the gliding surface of

the joint. Collagen and water content are highest in this zone, (water content

is approximately 85%; Maroudas 1979). The chondrocytes appear flattened

and are relatively inactive. Cell volume is smaller, cell density is higher

(Figure 1.4 A) and aggrecan content is lower in the superficial zone

compared to the deeper zones. Collagen fibres are densely packed, have a

small diameter, and are arranged parallel to the articular surface (Figure 1.4
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B; Wong et al., 1996). Collagen and PGs appear to be strongly

interconnected in this zone, which may help the superficial zone to resist

shear stresses produced by motion (Mow et al., 2002).

Middle zone

The middle zone occupies several times the volume of the superficial zone.

The collagen fibres are more randomly arranged and have a larger diameter

than in the superficial zone (Figure 1.4 B, Hasler et al., 1999). The

chondrocytes appear rounded and are larger and more active than in the

superficial zone (Figure 1.4 A). PG content is high in this zone and aggrecan

aggregates are larger than in the superficial zone (Buckwalter et al., 1991).

Deep zone

The collagen fibres have their largest diameters and are arranged

perpendicular to the subchondral bone in the deep zone (Figure 1.4 B;

Hunziker et al., 1997). This zone has the lowest water content

(approximately 60%) and a high PG content (Maroudas, 1975). The

chondrocytes tend to be aligned in radial columns (Figure 1.4 A) and the

synthetic activity of the chondrocytes is highest (Wong et al., 1996 and

1997).

Calcified cartilage zone

The calcified cartilage zone acts as a transition layer between bone and

cartilage. It is separated from the deep zone by an interface plane called the

tidemark (Figure 1.4, Hasler et al., 1999). The cartilage is calcified with

crystals of calcium salts and has low PG content. The collagen fibres from

the deep zone cross the tidemark and insert the calcified zone providing a
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strong anchoring system for the tissue on the subchondral bone (Figure 1.4

B; Hunziker et al., 1997). The thickness of the calcified zone is

approximately 5%, with a range of 3–8%, of the total cartilage thickness

(Oegema et al., 1997). This zone is calcified to the same extent as bone

although less stiff than bone, it is 10-100 times stiffer than cartilage (Mente

et al., 1994).

1.3.1.2 Composition of articular cartilage

Proteoglycans

Proteoglycans (PGs) form approximately 30–35% of the dry tissue weight

(Buckwalter et al., 1991). As large supramolecular complexes, PG is formed

by GAGs and proteins in the extracellular matrix which are associated

through covalent and non-covalent interactions. GAGs attach to a central

chain made of hyaluronic acid (Figure 1.5). The side chains of the PGs can

electrostatically bind to the collagen fibrils to form a cross-linked rigid matrix

(Figure 1.5). So the extracellular matrix of cartilage can be seen as a

composite structure of collagen type II fibrils with intertwining PG aggregates

(Junqueira, 1983).
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Figure 1.5 Schematic depiction of PG structure (Larry W, 2003)

Collagen

Collagen occupies approximately 50–75% of dry tissue weight of articular

cartilage ((Buckwalter et al., 1991; Mow et al. 2002), primarily being type II

collagen (80–85%) with smaller amounts of collagen types V, VI, IX, X, and

XI (Cremer et al., 1998; Hasler et al., 1999). Collagen molecules assemble

to form small fibrils and larger fibres with dimensions varying through the

depth of the cartilage layer (Eyre, 1991; Clarke, 1971 and 1991).

The direction of collagen fibers on the cartilage surface can be determined

by the split-line pattern using a dissecting needle dipped in India ink to insert

into the cartilage (Figure 1.6 (a); Steven et al., 2002 and Brian et al., 2004).

The preferential orientation of collagen fibers could be identified by the

resulting split between the collagen fibers at each needle insertion point

(Figure 1.6 (b); Steven et al., 2002 and Brian et al., 2004).
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(a) (b)

Figure 1.6 (a) Cartilage surface showing the creation of the split lines with a
dissecting needle that has been dipped in India ink; (b) Photograph
showing the split-line pattern of a distal femoral specimen (Steven et
al., 2002).

Collagen fibres are arranged in a columnar manner under the surface zone

(Figure 1.7a; Kaab et al., 1998). Collagen columns are perpendicular to the

surface in the middle and deep zones, with some fibres running obliquely

(Figure 1.7b; Kaab et al., 1998).
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Figure 1.7 Bovine cartilage: (a) Collagen columns run perpendicular to the
surface. (b) A column consists of parallel collagen, perpendicular to the
surface in the deep zone (Kaab et al., 1998).

Collagen fibers do not offer significant resistance to compression along their

axial direction, but do provide stiffness in tension (Akizuki et al., 1986; Roth

et al., 1980). The collagen network resists the swelling of the articular

cartilage: the PG molecules normally occupy a large space when not
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compacted by a collagen network. The compaction of the PGs affects

swelling pressure as well as fluid motion under compression. Hence, the

collagen network provides resistance against swelling and tensile strains

(Mow, 1991).

The stiffness of the collagen network is highly influenced by the amount of

cross-links which can be divided in two different categories of interaction:

One involves physical entwinement not allowing for network disconnection

unless actual fibril breakage occurs (Silyn-Roberts et al., 1990), and the

other does not involve entwinement.

Located at the exterior of the fibrils, type IX collagen appears to play an

important role in stabilising the 3D organization of the collagen network

(Eyre, 1987). It thus contributes to the ability of collagen to resist the swelling

pressure caused by PGs and the tensile stresses developed within the

tissue when loaded (Maroudas, 1976; Mow, 1992).

Covalently linked with collagen type II and buried within the fibrils, collagen

type XI is believed to regulate the size of fibrils (Cremer et al., 1998).

Chondrocytes

Chondrocytes are enclosed within small cavities (called lacunae) occupying

10-20% of the volume of articular cartilage; they are relatively flattened with

elliptical cross-sections in the superficial zone but become more rounded in

the middle zone (A and B in Figure 1.8; Thomas et al., 2005). In the deep

zone, chondrocytes tend to be grouped in vertical stacks and the individual

cell shapes display high variability (Figure 1.8 C; Thomas et al., 2005).
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Confined compressive tests have been used extensively to study the creep

and stress-relaxation behaviours of articular cartilage. In a typical stress

relaxation test, a cylindrical cartilage plug is loaded (constant displacement)

with a rigid porous plate (or indenter) in a confined chamber. Importantly, the

confining chamber prevents radial expansion and lateral fluid flow out of the

specimen. Under such a test configuration, fluid exudation and exchange

with the solution reservoir can only happen through the porous plate across

the surface of the cartilage sample (Figure 1.9; Mow et al., 1989).

Figure 1.9 shows the stress and fluid redistribution in cartilage tissue while

under a displacement load (Mow et al., 1989). During the ramped

displacement, stress levels increase in cartilage tissue due to fluid

pressurization. When compressive strain is held constant, fluid

pressurization decreases and stress relaxation takes place in the tissue due

to fluid redistribution, and dissipation of hydrostatic pressure developed

during compression.
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Figure 1.9 The stress-relaxation response shows a characteristic stress
increase during the compressive phase and then the stress decreases
during the relaxation phase until equilibrium is reached (point e). Fluid
flow and solid matrix deformation during the compressive process give
rise to the stress-relaxation phenomena (Mow et al., 1989).

In a confined compressive creep test of Soltz et al. (1998), the interstitial

fluid pressure was observed to rise rapidly to a value equal to the applied

compressive stress once a constant load applied. Then the pressure slowly

subsided back to zero at a rate comparable to that of the creep deformation

(Figure 1.10).



- 20 -

Figure 1.10 Confined compression creep response of bovine articular
cartilage (square symbols denote experimental data and the solid curve
represents a curve-fit of the experimental response using the biphasic
theory): (a) creep deformation versus time; (b) Ratio of interstitial fluid
pressure to applied stress, at the cartilage face abutting the bottom of
the confining chamber (Soltz et al., 1998).

Since the fluid pressure is equal to the applied stress upon initial load

application (Figure 1.10b) whereas the creep deformation is zero (Figure

1.10a), it is possible to conclude that all applied load is initially supported by

the pressurised interstitial fluid and none by solid matrix. Interstitial fluid
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cannot escape from cartilage instantaneously, the cartilage specimen must

maintain its volume immediately following the application of a step load; but

the specimen is surrounded by rigid walls, so an isochoric (volume-

conserving) deformation cannot occur initially--the only manner by which the

tissue can resist the applied load is via interstitial fluid pressurization. As

time progresses, the pressurised interstitial fluid flows out of the tissue

through the porous indenter, leading to a progressive reduction in fluid

pressure and an increase in solid matrix deformation. Thus, over time, the

load becomes progressively more supported by the solid matrix (Soltz et al.,

1998).

1.3.2.2 Cartilage lubrication by interstitial fluid load support

The rate and direction in which the interstitial fluid can flow in articular

cartilage is ultimately determined by the microstructure of the porous

network, and how it deforms under loading and shearing stresses. The

mechanical properties, deformation response, and friction of cartilage under

compression are therefore also determined by these same factors (Quinn et

al., 2000).

In the late 1950s, McCutchen and co-workers initially proposed an

explanation for the mechanism of lubrication in articular cartilage using the

concept of “self-pressurised hydrostatic bearing”. When two cartilage layers

in the joint are pressed together, the interstitial fluid is pressurised. The

pressurised fluid supports most of the applied load, while only a small

fraction is supported by the solid matrix. The pressurization can remain until

the interstitial fluid exudes into the joint space or other unloaded regions

(Katta et al., 2008). According to this load sharing mechanism, frictional
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forces between the opposing articular layers would be only significant when

the portion of the applied load transfers across the solid matrices of cartilage

(Lewis et al., 1959; McCutchen, 1959, 1962 and 1983).

In an experiment of cartilage disk articulating against glass configuration,

Krishnan et al. (2004) illustrated a linear negative relationship between the

interstitial fluid load support and the coefficient of friction of articular cartilage

(Figure 1.11).
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articular cartilage behaviour including tribology and fluid load support has

become more achievable (Ateshian, 2009).

As the understanding of the structure and behaviour of articular cartilage has

improved, so have the material models used in finite element models of

cartilage. As the earliest, single-phase constitutive models only considered

the solid phase of the tissue leading to limited capabilities to describe the

time-dependent response which is mainly due to the interstitial fluid flow in

compressed cartilage (Kazemi.et al., 2013).

Accounting for the effects of fluid pressurization, both solid and fluid phases

were considered in the second generation of constitutive models - the

poroelastic or biphasic models. According to the biphasic theory of Mow et

al. (1980), articular cartilage was assumed to consist of an incompressible

porous solid matrix, hydrated with an incompressible fluid. The solid matrix

consists of chondrocytes embedded in an extracellular matrix of which the

major components are collagen molecules and proteoglycans. Loading on

the cartilage and the subsequent tissue deformation causes pressurization

and flow of interstitial fluid. The time dependent mechanical responses of

cartilage (e.g., creep and stress relaxation) was seen as the dissipative

effects of this fluid flow in the biphasic models. The poroelastic model

assumed linear elasticity of the solid matrix, constant permeability and

infinitesimal deformation of the tissue (Biot, 1941). The linear poroelastic

equations are derived from the equations of linear elasticity for the solid

material. But when the cartilage was under high strain-rate compression,

neither poroelastic nor biphasic models had enough capabilities in

describing the short-term, time dependent response (Kazemi et al., 2013).
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Furthermore, the difficultly solved governing equations confines most

analytical work to a simple geometry of cartilage layers. Quiñonez et al.

( 2010) developed the solution of this problem using Laplace transforms, in

the form of an asymptotic series.

The fibril-reinforced models may be considered as the third generation of the

constitutive models for cartilage which can account for high fluid

pressurization in the tissue (Li et al., 1999 and Soulhat et al., 1999). In the

fibril-reinforced models, articular cartilage was considered as an isotropic

porous matrix saturated in water, reinforced by a fibrillar network. The

porous matrix was nonfibrillar, representing the solid matrix excluding the

collagen fibrils. The nonfibrillar matrix was modeled as a continuous linearly

elastic material with Young’s modulus and Poisson’s ratio. The collagen

fibrils were simulated separately with nonlinearly elastic or viscoelastic

properties in different models. The stress of the fibril-reinforced material was

given by the sum of the porous matrix and the fibrillar network.

Compared to the second generation of constitutive models without fibril

reinforcement, a fibril-reinforced model could reasonably predict the stresses

in the cartilage under fast compressions (Li et al., 2003) while the fibrillar

nonlinearity was stressed.

From the view of simulating the tissue structure, the constitutive models of

cartilage were classified as two types: the macroscopic models without

consideration of the underlying tissue structure and the microstructural

models mimicking the fibrillar network and the nonfibrillar matrix separately

(Taylor et al., 2006).
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The macroscopic models characterized cartilage only on the basis of its bulk

mechanical response and masked the different load-supporting manner of

each individual component of the tissue. Both the single-phase and the

poroelastic (or biphasic) models were designated as macroscopic models

since they lump all of the solid tissue components together (Taylor et al.,

2006). Differentiating contributions of the collagen fibrillar network and the

nonfibrillar matrix of cartilage, the fibril-reinforced poroelastic models were

treated as microstructural models. Such models naturally incorporated the

anisotropic mechanical property as a result of the specific arrangement of

collagen fibrils (Taylor et al., 2006).

1.4.1 The biphasic background

According to the biphasic theory of Mow et al. (1980), articular cartilage is

assumed to consist of an incompressible porous solid matrix, hydrated with

an incompressible fluid. As introduced in Section 1.3, loading on the

cartilage and the subsequent tissue deformation causes pressurization and

flow of interstitial fluid. The time dependent mechanical responses of

cartilage (e.g., creep and stress relaxation) is seen as the dissipative effects

of this fluid flow.

Assuming the fluid phase is inviscid, Simon (1992) proved the equivalence

between the linear biphasic model (Mow et al. 1980) and the poroelastic

model of Biot (Biot, 1941). So poroelasticity is an effective means to

represent the material property of articular cartilage. In order to describe the

mechanical behaviour of cartilage, at least an isotropic linear poroelastic

model should be used in the computational modelling. This model assumes

linear elasticity of the solid matrix, constant permeability and infinitesimal
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deformation of the tissue. The linear poroelastic equations are derived from

the equations of linear elasticity for the solid material.

1.4.2 The macrostructural FE models of articular cartilage

1.4.2.1 The isotropic poroelastic model

The isotropic poroelastic model has been used to simulate the loading

experiments of articular cartilage such as confined compression (Ateshian et

al., 1997; Bursac et al., 1999), unconfined compression (Bursac et al., 1999;

Armstrong et al., 1984), indentation (Mak et al., 1987; Mow et al., 1989; Suh

et al., 1994), and impact (Atkinson et al., 1995; Garcia et al., 1998).

The isotropic poroelastic model describes the time-dependent deformation of

articular cartilage coming from the interstitial fluid flow. However, important

features like tension-compression nonlinearity of cartilage caused by the

large disparity in the very high tensile modulus compared with the low

compressive modulus has not been included. This means that the isotropic

poroelastic model cannot give the satisfied simulation of the unconfined

compression tests of articular cartilage, although it does simulate the

experimental results of confined compression well.

1.4.2.2 The transversely isotropic poroelastic model

In the simulation of unconfined compression, good agreement between

theoretical predictions and experimental measurements of the cartilage

deformation was found to be achieved only after incorporating tension–

compression nonlinearity in the modelling of cartilage solid matrix (Cohen et

al., 1998; Soulhat et al., 1999) i.e. using transversely isotropic poroelastic

model. Similar results happened to the interstitial fluid pressurisation: the

peak interstitial fluid load support was measured to be as high as 99% in
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some cartilage specimens, whereas the simple isotropic model could only

predict a peak value of 33% when using the isotropic poroelastic model

where tensile and compressive properties are assumed identical. When

accounting for tension-compression nonlinearity, the modified model could

predict a fluid load support approaching 100% as the ratio of the tensile to

compressive moduli increases in excess of unity (Park et al., 2003; Soltz et

al., 2000b).

This finding shows the interstitial fluid pressurisation is greatly aided by the

nonlinearity between the very high tensile modulus and the low compressive

modulus of cartilage tissue. Although articular cartilage is primarily loaded in

compression under physiological articular contact, it is now understood that

the axial compression of the tissue is resisted by the high tensile modulus

which prevents significant expansion in the directions transverse to the

loading axis. In effect, the high tensile stiffness acts as the rigid side-wall of

a confining chamber to resist lateral expansion; thus, even in unconfined

compression, the interstitial fluid must pressurise noticeably to support most

of the applied compressive stress. This observation considerably clarifies the

functional role of collagen in articular cartilage, whose structure is best

suited to resist tension, even though articular cartilage is normally subjected

to compression. Since collagen is parallel to the articular surface in the

superficial zone, this ultrastructural organisation appears to be optimised to

provide the greatest amount of interstitial fluid load support at the articular

surface (Ateshian, 2009). This was confirmed experimentally in a

comparison of interstitial fluid load support at the articular surface versus the

deep zone by Park et al. (2003): the fluid load support was 94±4% at the
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Table 1.5 Fibril-reinforced FE models of articular cartilage.

Authors Configurations Modelling details

Spring-
based

models

Li et
al.,1999 UCC Nonlinear formulation;

homogeneous.
Li et

al.,2000 UCC Depth-dependent material
properties.

Li et
al.,2001

UCC versus
Release Unequal load increments.

Li et
al.,2002 UCC Healthy and pathological

situation.

Li et
al.,2003

UCC (Strain rate
and amplitude

varying)
High strain rates.

Korhonen et
al., 2003 UCC

Mechanical behaviour of normal,
PG depleted and collagen

degraded AC.

Continuum
element
models

Li et al.,
2004

UCC
(large deformation)

Fibril reinforcement versus tissue
volume change; load sharing
between solid matrix and fluid
pressurization; comparison of
spring model and continuum

model.
Li et

al.,2009
UCC; CC;
indentation

3D fibril orientation; split-line
pattern.

Wilson et
al., 2004;

Indentation; UCC;
CC

Depth-dependent collagen
orientation and the compression-

tension nonlinearity

Wilson et
al., 2005a

UCC; CC;
indentation and

1D-swelling tests

Depth-dependent collagen
orientation and the compression-

tension nonlinearity; osmotic
swelling and chemical expansion.

Wilson et
al., 2006

UCC; CC;
indentation; 1D-
swelling tests.

New laws for viscoelastic
behaviour and permeability of

the collagen network.

Wilson et
al., 2007

UCC and CC;
indentation and

1D-swelling tests

Intra- and extra-fibrillar water
content; influence of the solid
fraction on the compressive

properties.
Julkunen et

al., 2007
and 2008

UCC
Realistic collagen orientation

(using PLM and MRI
respectively).

Julkunen et
al., 2010

UCC;CC;
indentation (strain

rate varying).
Fractional factorial design.

Membrane
element
models

Shirazi et
al., 2005

Indentation;
UCC and CC

Individual adjustment of collagen
volume fraction and mechanical

properties.
Shirazi et
al., 2008 Indentation Horizontal and vertical membrane

elements.
Rebar-
based
model

Gupta et al.,
2009 Nano indentation

Frictionless, finite sliding contact;
evolving indenter surface fluid

flow boundary condition.
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-based models

based models, fibrils are represented by springs between the

nodes of the elements and can only be represented in the direction of the

The most sophisticated spring-based fibril-reinforced models are

et al. (1999-2003). In their earlier models,

modelled as an isotropic solid matrix containing fluid

entrapped by a fibrillar network (Figure1.12).

Diagram of the model showing the isotropic matrix (containing
pores) and the fibrils evenly distributed in the three orthogonal
directions (Li et al., 1999).

The isotropic matrix with pore fluid is considered as poroelastic, where both

the solid and the fluid phases are assumed to be incompressible. These

fibrils have no resistance to compression, i.e. the Young's modulus for

compression is assumed to be zero. The effect of lateral deformation of

brils are represented by springs between the

nodes of the elements and can only be represented in the direction of the

reinforced models are

2003). In their earlier models, the cartilage is

modelled as an isotropic solid matrix containing fluid-saturated pores

Diagram of the model showing the isotropic matrix (containing
venly distributed in the three orthogonal

The isotropic matrix with pore fluid is considered as poroelastic, where both

the solid and the fluid phases are assumed to be incompressible. These

pression, i.e. the Young's modulus for

compression is assumed to be zero. The effect of lateral deformation of
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every single fibril is also neglected. The only fibril stress considered is the

tensile stress produced by stretching in the radial direction. This is a

reasonable approximation given the slenderness of the collagen fibrils and

their high stiffness in tension. Thus the fibrils employed in the model are

one-dimensional (1D) nonlinear structural elements which do not support

compression. An elastic theory applies to the fibril constituent while a

poroelastic theory is employed for the biphasic component (Li et al., 1999).

The displacements are interpolated at all nodes and are thus quadratic. The

pore pressure is interpolated at the four corner nodes only and thus gives a

bilinear variation within an element. On the other hand, the fibrils are

represented by a system of special springs which resist tension only. Vertical

springs are not necessarily presented when the contacts are non-adhesive,

since they will undergo compression and thus develop no stress (pre-

stresses are not considered due to lack of such data). The total stiffness of

the horizontal fibrils within one continuum element domain is distributed

between one longer and four shorter springs (Figure 1.13).
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Figure 1.13 Mesh for the finite elements illustrating also the arrangement of
spring elements in a porous continuum element. Displacements are
interpolated by all nodes, but the pore pressure is interpolated by four
corner nodes only (Li et al., 1999).

It is assumed that the longer spring shares 2/3 of the total stiffness in order

to guarantee a uniform stress state when a uniform strain is produced. The

stiffness of the vertical springs can be determined in a similar way (Li et al.,

1999).

Using spring elements is an effective and economical method to represent

the fibrillar matrix of articular cartilage in finite-element computational

modelling. The spring-based fibril-reinforced biphasic models have been

applied in unconfined compression, mainly for the characterization of the

role of the collagen network in cartilage time-dependent response (Soulhat

et al., 1999 and Li et al., 1999-2003). The most significant difference
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To account for the transient behaviour as well, the composition-based model

(Wilson et al., 2007) must be extended to include viscoelastic behaviour. It

was combined with the FRPVE model and expanded with a new

permeability law and a new law for the viscoelastic behaviour of collagen

network. The new permeability law is based on the assumption that both the

depth- and strain-dependencies of the permeability are governed by the

same mechanism and are the direct result of the composition of the tissue.

The combined model could simultaneously describe the behaviour of

articular cartilage in confined compression, unconfined compression,

indentation and two different 1D-swelling tests (Wilson et al., 2006).

In order to set up the sample-specific FE models, Julkunen et al. (2007)

derived specific collagen orientation patterns from quantitative microscopic

analyses and depth-wise T2 profiles (Julkunen et al., 2008), then

implemented realistic collagen architecture into the depth-dependent FRPVE

model (Wilson et al., 2004 and 2005a). The implementation of collagen

orientation into the FRPVE model enabled more realistic estimation of the

spatial, depth-dependent stress and strain distribution in articular cartilage,

as compared to models with homogeneous fibril distribution (Korhonen et al.,

2003 and Li et al., 1999).

Recently, Li et al. (2009) and Pierce et al. (2010) successfully implemented

the realistic orientation of collagen fibril into the fibril-reinforced continuum

models. The fibril orientation was derived by the split-pattern and Diffusion

Tensor (DT) Magnetic Resonance Imaging (MRI) method respectively.

Generally speaking, the discrete model with the fibrillar spring system

appeared to be slightly stiffer than the model consisting of continuum
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elements only due to the deformation incompatibility between the discretised

matrices, especially at larger strains (Li et al., 2004).

The membrane shell element model

Neither the spring-based nor the continuum fibril-reinforced model explicitly

accounts for the important physical properties of the tissue, such as

nonlinear stress–strain curves of the fibril networks at different locations and

directions. To modify these models, Shirazi et al. (2005 and 2007) used

membrane shell elements to directly represent fibril network in both

axisymmetric and 3D model studies.

In the nonlinear membrane element fibril-reinforced model, the solid isotropic

porous matrix of the cartilage filled with water is represented, in a 3D mesh,

by 8-node or 20-node elements with regular or reduced integrations. The

pressure field is taken linear in different directions while the displacement

fields are either linear or quadratic. The fibrils are introduced by four-node or

eight-node shell membrane elements with, respectively, linear and quadratic

displacement fields. The collagen fibrils in the plane of membranes are

assumed to be homogeneously distributed in all directions.

Despite such distribution, a direction-dependent response prevails due to the

strain-dependency in the fibrils material properties and anisotropy in the

strain field. At each step of loading, principal strain directions in the plane of

membranes are taken as the material principal axes. The stresses in these

principal directions are subsequently evaluated based on the total principal

strains (Figure1.14) and fibrils stress–strain curve (Haut et al., 1972; Morgan

1960). Equal principal strains would generate an isotropic material modulus





using solid elements with linear displacement fields, or with proportions of

2/3 for the middle element and 1/6 for the side elements when considering

solid elements with quadratic

2005).

Figure 1.15 Finite element mesh of the model showing the arrangement of
horizontal and vertical membrane elements in a typical axisymmetric
porous continuum element

The rebar-based fibril

Prior fibril-reinforced
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elements (Shirazi
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using solid elements with linear displacement fields, or with proportions of

/3 for the middle element and 1/6 for the side elements when considering

solid elements with quadratic displacement fields (Figure1.15

Finite element mesh of the model showing the arrangement of
nd vertical membrane elements in a typical axisymmetric

porous continuum element (Shirazi et al., 2005).

based fibril-reinforced model

reinforced models have represented fibres as 1D nonlinear spring

elements (Soulhat et al., 1999 and Li et al.,1999-2003), 2D membranes

elements (Shirazi et al., 2005 and 2007), and user defined embedded

continuum elements (Wilson et al., 2004 and Li et al., 2

using solid elements with linear displacement fields, or with proportions of

/3 for the middle element and 1/6 for the side elements when considering

displacement fields (Figure1.15 Shirazi et al.,

Finite element mesh of the model showing the arrangement of
nd vertical membrane elements in a typical axisymmetric

models have represented fibres as 1D nonlinear spring

2003), 2D membranes

defined embedded

2009). Unlike all of
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those models, the fibrillar collagen component was introduced by Gupta et

al. (2009) as 1D rebar elements embedded into the non-fibrillar proteoglycan

matrix. Rebar elements have two geometric properties: orientation angle and

cross-sectional area, both of which determine the volume fraction of fibres in

the model. To model the tension-compression nonlinearity of the collagen

fibres and the collapse of the fibres in compression, the individual rebar

elements resisted only tensile stresses. The dimension of the cartilage

surface elements was 1% of the indenter radius to ensure an accurate

computation of the contact area.

1.4.3.3 Comparison of element types used in fibril-reinforced FE

models

Deferent types of elements used in fibril-reinforced FE models implementing

collagen fibril direction are compared and the results are displayed in Table

1.6.
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Figure 1.18 Schematic representation of the 13 different orientations of the
secondary fibrils at any arbitrary point in the fibrillar matrix (Wilson et
al., 2004).

Method of split-pattern

Although the two methods can implement collagen fibril orientation to the

fibril reinforced models, the orientations used are idealised without detailed

realistic information from experiments. The split-pattern method introduced

in Section 1.3 has been used to derive the realistic fibril orientation (Figure

1.19) in Li et al. (2009).
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Figure 1.19 Primary collagen orientations of a piece of articular cartilage
located on a distal femur. Four different fiber orientations were
considered as shown with A, B, C and D zones. The size of the tissue
considered is 14 × 10 × 2 mm with 2 mm in the depth (Li et al., 2009).

The other method to derive realistic orientation of collagen fibril is the

diffusion tensor (DT) MRI, which was also successfully employed in Pierce

et al. (2010). The related information is reviewed the following section.

1.5 Diffusion Tensor Magnetic Resonance Imaging of
Articular Cartilage

As stated in Table 1.6, both ‘split-line pattern’ and DT-MRI can be used to

derive realistic direction of collagen fibril in AC. However, DT-MRI is the only

non-invasive method to probe the underlying microstructure of AC. Although

previous MRI study of arthritis was largely confined to the assessment of

cartilage thickness, geometry and volume (Eckstein et al., 1995 and

McGibbon et al., 2003), it does have the potential to investigating the nature
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microns (Meder et al., 2006), which is much larger than the diameter (~ 40

nm) of the collagen fibrils themselves (Langsjo et al., 1995). Consequently

the diffusion of water in cartilage is restricted by the presence of the collagen

fibre bundles. This restriction is greatest in a direction normal to the fibres,

leading to a lower diffusivity in this direction and a correspondingly higher

diffusivity parallel to the direction of the local fibre orientation.

The principal eigenvector can be represented by a “quiver” plot, where each

quiver represents the projection of the principal diffusion eigenvector on to

the image plane. For each pixel of the DT-MRI grid, the principal eigenvector

was projected to one of the global planes. Then all of the projections in the

same plane were attached on the bottom of the corresponding pixel to

create the 2D quiver plot. The 2D quiver plot of the collagen fibril derived by

Meder et al. (2006) is displayed in Figure 1.20.

Figure 1.20 2D quiver plots of the collagen fibril, (a) before compression and
after two subsequent compressions (b) by 18% and (c) by 29% of the
original cartilage thickness, respectively (Meder et al. 2006).
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The collagen fibril alignment angles of bovine articular cartilage obtained

from diffusion-tensor imaging (DTI) were compared with those from

polarized light microscopy (PLM) by Visser et al. (2008). For the five

samples studied, the shapes of the depth profiles of the PLM and DTI

alignment angles were qualitatively similar. This result supports the use of

DTI for the quantitative measurement of collagen fibril alignment in cartilage.

Recently, Pierce et al. (2010) derived 3D quiver plots of cartilage collagen

fibrils which seems more realistic (Figure 1.21) and implemented them to the

related fibril reinforced model.

Figure 1.21 3D quiver plots of the cartilage collagen fibril (Pierce et al., 2010).

However, DT-MRI measurements in the deep zone of cartilage were difficult

to realize due to the low water content and the signal presented was very

low (Pierce et al., 2010). This may lead to the shortage of diffusion tensor
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measurements in the deepest part of the cartilage sample. Due to the image

noise, the length of the MRI pixel grids may also be shorter than the sample.

1.6 Summary of the literature review

In order to gain better understanding of fundamental lubrication mechanism

of articular cartilage, the related literature on cartilage biomechanics and

lubrication were reviewed, followed by the review of the related

computational models and the brief introduction on DT-MRI.

Implementing the realistic collagen fibril orientation derived from DT-MRI

data, the fibril-reinforced model of Pierce et al. (2012) is the most realistic,

comparing to the others with idealized (Gupta et al., 2009) or simplified fibril

orientation (Li et al., 2009 and Rasanen et al., 2012). However, the model in

Pierce et al. (2012) did not include viscous effects in both the solid matrix

and the fibril. In order to set up the more realistic fibril-reinforced model, it is

necessary to employ the material model of Li et al., 2009 and implement the

collagen fibril orientation defined by DT-MRI data as Pierce et al. (2012) did.

1.7 Project Aims and Objectives

Rationale:

The effect of composition and structure of articular cartilage, particularly the

realistic collagen fibril orientation, on fluid load support have not been

investigated in details. This provides an ideal opportunity to develop the

computational models incorporating FE analysis and DT-MRI data to present

a better understanding of fundamental lubrication mechanism of articular

cartilage.
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Aims:

The aim of this project is to develop more realistic fibril-reinforced

computational models that incorporate FE analysis and DT-MRI data, with

the better interpretation of interstitial fluid pressure and load support in

cartilage.

Objectives:

1) To set up an isotropic poroelastic FE model to predict fluid load

support in cartilage.

2) To provide the more detailed analysis of the collagen fibril orientation

defined by the principal eigenvector of diffusion tensor, in contrast to

the literature, and verify the rationality of the definition.

3) To develop the method to implement DT-MRI data in the fibril-

reinforced models.

4) To set up the 2D fibril-reinforced poroelastic models implementing

DT-MRI data and “user material” option in ABAQUS to overcome the

limitation of previous models; compare the results with (1).

5) To extend the 2D fibril-reinforced model to 3D one to predict fluid load

support in articular cartilage.

6) To simulate the model with experimental results using the 3D model,

and validate the feasibility and reliability of the methodologies to

implement the DT-MRI data to the fibril-reinforced models.
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analysis and the discussion of the results are also described. The

information on the direction of the fibres was then used in Chapter 3 to

determine the material model.

The first section of the chapter introduces the definition of the orientation of

the collagen fibril using DT-MRI results, together with the two kinds of

method to analyze the DT-MRI data. The detailed analysis results of the DT-

MRI data is presented in the second section. The last section discusses the

DT-MRI results and verifies its consistency with the literature. The rationality

to implement the DT-MRI data to the FE models representing the collagen

fibril orientation is also verified in the mean time.

2.2 Method to Analyze the DT-MRI Data

2.2.1 Material

A high resolution 9.4T DT-MRI was performed by Dr Robin Damion (School

of physics, University of Leeds), on the cross-section of a cylindrical articular

cartilage specimen (through the symmetric axis) with 6.0 mm diameter and

1.36 mm thickness (Fermor et al., 2013; Figure 2.1). Specimens were

collected from the patellofemoral grooves of an 18 month old bovine knee

joints (stored frozen in Ringer’s solution and used within a month of

collection).

Z
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The fibril angles in the same row were gathered in one bar chart to observe

the layered distribution of collage fibril in the tissue and compared with the

quiver plot, totally 17 bar charts were produced.

Then the percentage occupied by every 10 degree of fibril angle in the same

layer was calculated and displayed by the x-y scatter (each interregional

represented by the upper limit). Then the scatters with similar trend were put

together to find out the layered fibril angle distribution quantitatively.

2.3 Results

2.3.1 Two-dimensional quiver plots

A two-dimensional quiver plot in the X-Z plane of the principal eigenvectors

of the whole cartilage sample cross-section is shown in Figure 2.2 (provided

by Dr Robin Damion), with the row and column numbers displayed on the

vertical and horizontal axis respectively.
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Figure 2.2 X-Z components of principal eigenvector of diffusion tensor. (Z
axis shows the row number, and X axis shows the column number of
the pixel grid; provided by Dr Robin Damion)

In Figure 2.2, most fibril components in the top 2 layers (0.14 mm thick) of

the pixel grids which occupied 10.0% of cartilage sample thickness tended to

be horizontal. In the next seven layers (the 3rd - 9th layer) occupying 36.0%

of cartilage thickness, fibril components showed various gradients and no

single gradient was found to be dominant, i.e. fibrils distributed randomly. In

the remaining layers (the 10th-17th layer) occupying 41.2% of cartilage

thickness, most fibril components were or tended to be vertical (except in the

17th layer). This will be discussed in Section 2.4.
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Figure 2.5 Bar chart of fibril angle of pixels in the 3rd and 4th layer of
cartilage.

It seemed feasible to classify the two layers belonging to the surface zone of

the cartilage. But only 24.3% of the fibril angles were smaller than 10° in the

3rd layer and 23.0% in the 4th layer (Figure 2.6). Meanwhile, a number of

angles were greater than 40° (Figure 2.5 and 2.6). So it was more

reasonable for the two layers to be included in the middle zone of the

cartilage.
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Figure 2.6 Fibril angle distribution of pixels in the 3rd and 4th layer from
cartilage surface.

Fibril angles in the layers from the 5th to 9th

In the next five layers of pixel grids from the cartilage surface, the 5th to 9th

layer, collagen fibrils did not have a dominant orientation i.e. they distributed

randomly (Figure 2.7).
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Figure 2.10 Bar chart of fibril angle of pixels in the 10th - 15th layer from
cartilage surface.
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Fibril angles in the 16th and 17th layer

As a part of the deep zone, the fibril distribution seemed to be random in the

16th and 17th layer particularly in the 17th layer (Figure 2.11 and 2.12). The

reason led to the phenomenon is discussed in the following section.

Figure 2.11 Bar chart of fibril angle of pixels in the 16th and 17th layer from
cartilage surface.
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Figure 2.13 Fibril angle distribution of elements in 16th and 17th layer from
cartilage surface.

2.4 Discussion

The orientation of collagen fibril was defined by the principal eigenvector of

the DT and projected visually on the plane of cartilage cross-section (X-Z

coordinates plane) as shown in Figure 2.2. The distribution of collagen fibril

in articular cartilage was largely consistent with the literature particularly the

results of Visser et al. (2008) which was also derived from DT-MRI data

(Figure 1.20a).

In the top two layers, most of the angles between the principal eigenvectors

and the planes parallel to the cartilage surface are less than 20° (Figure 2.4).

This result and the angle distribution in the deep zone of cartilage (Figure

2.9-2.10) were in agreement with Meder et al. (2006), which found “the

principal component of the diffusion tensor appears to be at around 75° to
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But this limitation does not affect the fibril angles defined by the DT in other

pixels and the whole distribution of collage fibril in the specific layer.

As reviewed in Section 1.4 and 1.5, Pierce et al. (2010) had also derived the

orientation of collagen fibrils in bovine groove cartilage from DT-MRI data

and successfully implemented the fibril direction to their finite element

model. Different from the 2D quiver plot in this chapter, the 3D quiver plot

was used to display the fibril orientation.

From the theoretical mechanism to the clinical application and the practice of

computational modeling, the feasibility and rationality of the DT-MRI have

been fully proved. So the principal eigenvector will be defined as primary

collagen orientation and implemented to the 2D and 3D fibril-reinforced FE

models in the following chapters.
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Chapter 3 Material Model and Method to Implement
DT-MRI Data

3.1 Introduction

This chapter describes the material model of cartilage employed in the finite

element analysis within this thesis, including how information from the DT-

MRI data (described in Section 2.2) was used to create local material

property variations which reflect the direct of reinforcing fibrils. As this work

includes both 2D axisymmetric and 3D models, the specific implementation

for each of those element types is described. This chapter is concerned

primarily with the Young’s modulus values assigned to the solid phase of the

cartilage and does not discuss any fluid behavior. In all cases it was

assumed that the cartilage solid phase is composed of a linear elastic matrix

and distribution of viscoelastic fibrils. Each of which has an individual

orientation. In order to include the effect of the fibrillar component it is

necessary to include a fibril direction for each element and a function to

calculate the viscoelastic property change as strain increases.

Section 3.2 gives the equations used to define the strain-dependent fibrillar

Young’s modulus. The time discretization scheme is shown, along with

simplifications which can be made when the instantaneous fibrillar modulus

was used. The material model derived here was implemented into a

FORTRAN subroutine, for using with ABAQUS, by Li et al (2009) which was

used in this thesis.

Sections 3.3 and 3.4 describe the implementation of the collagen fibril

direction in the 2D and 3D finite element models respectively. Details are
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process. As the process is different for the 2D axisymmetric and 3D models,

the corresponding models are given in Sections 3.3 and 3.4 respectively.

3.3 Methods to Implement DT-MRI Data in the 2D Model

This section describes the method to define local coordinate system required

for the 2D fibril-reinforced axisymmetric model and the process to implement

the DT-MRI data. In addition, the steps to set up the 2D model are also

introduced.

3.3.1 Geometry and mesh of the 2D model

In the 2D axisymmetric FE model, only the right half of the modified DT-MRI

pixel grid of cartilage sample in Figure 2.1 was used as a structured mesh

(17 rows and 37 columns) with the aspect ratio = 1(Figure 3.1).

Figure 3.1 2D mesh corresponds to the pixel grid: (vertical axis: Z(2);
horizontal axis: X (1)).
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Figure 3.3 “Distribution” to define the local rectangular system for each
element in 2D models (Abaqus Analysis user’s manual 2.7.1).

Using the ‘‘UMAT’’ option in Abaqus, the strain dependent Young’s modulus

derived in Section 3.2 was defined to the corresponding element of the 2D

axisymmetric model (Figure 3.4). These strains are available in output file of

Abaqus as the “elastic” strains (Figure 3.4; Abaqus User Subroutines

Reference Manual 1.1.36 UMAT User subroutine to define a material's

mechanical behavior).

After the implementation of ‘‘Orientation’’ and ‘‘UMAT’’, the 2D fibril-

reinforced model was set up (Figure 3.4).

*DISTRIBUTION TABLE, NAME=tab2
COORD3D, COORD3D

*DISTRIBUTION, NAME=dist2, LOCATION=element, TABLE=tab2
, aX0,aY0,aZ0,bX0,bY0,bZ0

element number, aX1,aY1,aZ1,bX1,bY1,bZ1
element number, aX2,aY2,aZ2,bX2,bY2,bZ2

…
*ORIENTATION, NAME=ORI, DEFINITION=COORDINATES

dist2

*SOLID SECTION, ELSET=N_CART, material=CARTILAGE_MTL, ORIENTATION=ORI
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Figure 3.4 Flow chart of to implement DT-MRI data and “UMAT” in the 2D
fibril-reinforced model.

3.4 Method to Implement DT-MRI Data in the 3D model

The method to define local coordinate system for the 3D model and the

process to implement the DT-MRI data are described in this section. In

contrast to the 2D model, all of the three coordinate axes of the local

rectangular system in the 3D fibril-reinforced model were required to be

defined.

3.4.1 Definition of the element level Cartesian coordinates in
the 3D model

The 3-points method in Abaqus Analysis user’s manual 2.2.5 (Figure3.2)

was also used.

The origin c, point a lying on the local x-axis and point b lying on the local y-

axis in Figure 3.5 were defined as below:.

1. Local origin c: coincide with global origin.

MRI

Modified DTI
voxel grid

Diffusion tensor
of cartilage

Principal eigenvector used
as primary collagen

orientation

‘Orientation’ in Abaqus
Abaqus

2D mesh
2D fibril-

reinforced
model

Strain
dependent

Young’s
modulus
‘UMAT’

“elastic”
strain
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used to define the strain-dependent Young’s modulus of collagen fibril. The

detailed derivation of the equations used in the subroutine was provided in

the related literature.

The specific method to implement of the DT-MRI data in the 2D

axisymmetric and 3D model are described in Section 3.3 and Section 3.4

respectively. Meanwhile, the method to define the local y-axis in the 3D

model has been developed independently. Details are given of the input file

used to import the primary fibril orientation information.

These methods are adapted in the 2D and 3D fibril-reinforced models in

Chapter 4 and Chapter 5 respectively.
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Chapter 4 Effect of Modelling Fibril Orientation in Two-
dimensional Axisymmetric Models

4.1 Introduction

Articular cartilage can be considered as a porous matrix saturated in water,

reinforced by a fibrillar network. The porous matrix is nonfibrillar,

representing the solid matrix excluding the collagen fibres as described in

Section 3.2. From the view of simulating the tissue structure, the constitutive

models of cartilage were classified as two types: the macroscopic models

without consideration of the underlying tissue structure and the

microstructural models mimicking the fibrillar network and the nonfibrillar

matrix separately (Taylor et al., 2006).

Different modeling studies on the anisotropic material properties of articular

cartilage: such as transversely isotropic models (Cohen et al., 1998 and

Soulhat et al., 1999) and fibril-reinforced models (Soulhat et al., 1999; Li et

al., 1999-2013; Wilson et al., 2004-2013; Shirazi et al., 2007 and Gupta

et.al., 2009). However, no direct comparative studies have been made

between the isotropic model and the fibril-reinforced model implementing

realistic fibril orientation.

The aim of the work presented in this chapter is to investigate the

capabilities of a 2D microstructural model (fibril-reinforced) in describing the

fluid load support. The basic modeling methodology, which incorporates the

material model described in Chapter 3, is introduced in the second section.

The 2D axisymmetric cases, of various levels of complexity, are given for
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each case in terms of fluid load support, contact pressure, pore pressure

and fluid velocity.

A series of 2D axisymmetric models with poroelastic material were set up

systematically in the third section. First of all, a 2D isotropic poroelastic

model was created and the mesh sensitivity analysis was carried out in the

second section, in order to verify the rationality of the structured 2D mesh

modified from the DT-MRI pixel grid (Section 3.3). Then the verified mesh

was used in all of the 2D models in this section.

Then the results of the systematic models were compared and discussed in

the following two sections.

4.2 Model and Method

The collagen fibril orientations derived from the DT-MRI data (Chapter 2)

was implemented directly to the realistic fibril-reinforced model (Chapter 3).

The top 2 layers’ fibrils in Figure 2.2 were idealized to distribute horizontally

to set up the semi-realistic model, with the fibril orientations in the remaining

layers unchanged. Both of the above models employed strain dependent

Young’s modulus introduced in Section 3.2.2. The two uniform reinforced

models incorporated constant and strain dependent Young’s modulus

respectively, with the local coordination system defined same as the global

frame. The constant Young’s modulus in the isotropic and uniformly

reinforced models was adjusted, in order to let the vertical displacement in

the two models match the realistic fibril-reinforced model at the end of the

ramp loading.



4.2.1 Boundary conditions and load

The models in this chapter were set up to replicate unconfined compression

of a cylindrical specimen of articular cartilage with 6.0mm diameter and

1.36mm thickness (excluding bone).The concentrated load of 0.2N was

applied through a rigid plate with 6.4mm diameter over a ramp time of 2

seconds and then maintained for one hour (Figure 4.1).

Figure 4.1 Schematic diagram of articular cartilage under unconfined
compression.

Nodes along the cartilage

vertical directions, replicating a perfectly rigid substrate. The nodes on the

vertical axis of symmetry were constrained in the horizontal direction. The

pore pressure of the nodes at the open vertical edg

Flow was prevented from nodes on the bottom surface and at the axis of

symmetry. The concentrated load was applied through the reference point of
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Boundary conditions and load

The models in this chapter were set up to replicate unconfined compression

of a cylindrical specimen of articular cartilage with 6.0mm diameter and

1.36mm thickness (excluding bone).The concentrated load of 0.2N was

ed through a rigid plate with 6.4mm diameter over a ramp time of 2

seconds and then maintained for one hour (Figure 4.1).

Schematic diagram of articular cartilage under unconfined
compression.

Nodes along the cartilage base were constrained in both the horizontal and

vertical directions, replicating a perfectly rigid substrate. The nodes on the

vertical axis of symmetry were constrained in the horizontal direction. The

pore pressure of the nodes at the open vertical edge was set to be zero.

Flow was prevented from nodes on the bottom surface and at the axis of

symmetry. The concentrated load was applied through the reference point of

The models in this chapter were set up to replicate unconfined compression

of a cylindrical specimen of articular cartilage with 6.0mm diameter and

1.36mm thickness (excluding bone).The concentrated load of 0.2N was

ed through a rigid plate with 6.4mm diameter over a ramp time of 2

Schematic diagram of articular cartilage under unconfined

base were constrained in both the horizontal and

vertical directions, replicating a perfectly rigid substrate. The nodes on the

vertical axis of symmetry were constrained in the horizontal direction. The

e was set to be zero.

Flow was prevented from nodes on the bottom surface and at the axis of

symmetry. The concentrated load was applied through the reference point of
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After 2 second of ramp deformation, the contact pressure distributions on

cartilage surface did not show significant differences in most of the contact

zone (Figure 4.3), except on the area near the open side (right edge in

Figure 3.1) where the curve of 8 × 18 elements being slightly outside than

those of other mesh densities. However, the curve of 17 × 37 elements used

in the 2D isotropic model was much closer to both of the densest ones which

nearly coincided to each other.

Figure 4.3 Distribution of contact pressure on cartilage surface at the end of
ramp load (t = 2s).

As for the pore pressure, the curves of the two coarser meshes with 8 × 18

and of 17 × 37 elements both matched the two densest ones on the whole

cartilage surface (Figure 4.4).
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Figure 4.4 Distribution of pore pressure on cartilage surface at the end of
ramp load (t = 2s).

Cartilage surface node on the symmetric axis was selected to observe the

influence of mesh density on fluid load support in different models (Figure

4.5). The curve in Figure 4.3 clearly shows that the 2D isotropic model with

the 629 (17 × 37) elements could achieve the similar value as the models

using much denser mesh in predicting the fluid load support. The whole

curve tended to be a horizontal line from the point corresponding to the

mesh density (17 × 37) indicating the fluid load support was not sensitive to

the continuing increase of mesh density. So it is reasonable to use this mesh

(17 × 37) to predict fluid load support in the 2D axisymmetric models.
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Figure 4.5 Fluid load support at cartilage surface node on the symmetry axis
of different mesh density at the end of ramp load (t = 2s).

4.2.5 Parameter predictions of 2D models

Theoretically, the peak value of pore pressure should occur at the end of the

ramp time. So most of the results used in the analysis are at the moment of t

= 2s. The parameters of 2D models displayed below are measured in this

chapter:

Contact pressure, pore pressure and fluid load support on cartilage

surface

The total pressure on the contact area of cartilage surface may be different

as the tissue particularly the collage fibril distribution is anisotropic. Wear

and tear of cartilage may be related to the contact pressure, so it is crucial to

investigate the contact pressure on the surface. Meanwhile, the pore

pressure along the cartilage surface plays a vital role in the of tribology study

within the human knee joint according the theory of biphasic lubrication. So it
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is important to record and compare the peak values of contact pressure and

pore pressure on the surface of cartilage.

In the biphasic lubrication theory, fluid load support - the ration of contact

pressure and pore pressure is more important than each individual variable.

It represents the amount of applied load carried by the liquid phase in the

cartilage. The most important thing is that it can interpret tribological

mechanism of the load carrying between the solid and the liquid phase in the

tissue and hence directly influence the friction coefficients on the cartilage

surface.

The fluid velocity and contour of pore pressure

The fluid velocity (FLVEL) inside the cartilage represents the direction and

magnitude of the fluid flow within the tissue, while the FLVEL on the open

edge (open side) shows the speed of the interstitial fluid flowing out. The

differences of pore pressure at the various parts of cartilage, illustrated by

the contour, make the interstitial fluid flowing from the parts where pore

pressure is higher to the other parts with lower pore pressure.

The radial and axial deformation of cartilage open edge

The pore pressure is a result of the interstitial fluid pressurization. In order to

investigate the influence of collagen fibril implementation on the

pressurization, the radial and axial deformation of cartilage open edge in

different models were also recorded and compared to each other.

The radial stress on the cartilage surface
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For the pathological investigation of the influence of collagen fibril

implementation, the radial stress on the cartilage surface in all of the five 2D

models was compared.

4.3 Modelling Cases

Three groups of 2D axisymmetric models were set up with different material

settings: the realistic fibril orientation model and the simplified fibril

orientation model (top 2 layers’ fibril were designed to distribute horizontally)

with strain dependent fibrillar Young’s modulus (named DT-MRI and DT-

MRI-top model respectively); the Uniform reinforced models with constant

fibrillar Young’s modulus (Uniform-Cons model) and the strain dependent

fibrillar Young’s modulus (Uniform-SD model); and the basic model with

isotropic poroelastic material (Isotropic model) - totally five modelling cases.

The geometry, mesh, boundary conditions and loading in Figure 4.2 were

used in all of the five models. The material properties employed in these

models, including the collagen fibril orientation (except in the Isotropic

model), are described in Table 4.2.









- 102 -

“ORIENTATION” in the DT-MRI-top model

In this model, fibrils in the top 2 layers in Figure 3.2 were designed to

distribute horizontally. So the three components of every single principal

eigenvector in the corresponding element (from the 556th to the 629th

element) in the top 2 layers was (1,0,0), while the local Cartesian

coordinates in others elements did not changed. The subroutine was

changed as:

*DISTRIBUTION TABLE, NAME=tab2

COORD3D, COORD3D

*DISTRIBUTION, NAME=dist2, LOCATION=element, TABLE=tab2

, aX0,aY0,aZ0,bX0,bY0,bZ0

1, X17,38,Y17,38,Z17,38,0,1,0

2, X17,39,Y17,39,Z17,39,0,1,0

…

37, X17,74,Y17,74,Z17,74,0,1,0

38, X16,38,Y16,38,Z16,38,0,1,0

…

74, X16,74,Y16,74,Z16,74,0,1,0

…

629, X1,74,Y1,74,Z1,74,0,1,0

*ORIENTATION, NAME=ORI, DEFINITION=COORDINATES, SYSTEM=RECTANGULAR

dist2

*SOLID SECTION, ELSET=N_CART, material=CARTILAGE_MTL, ORIENTATION=ORI
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4.3.2 Models of the uniform reinforced group

Both of the Uniform-Cons model and the Uniform-SD model were the further

simplification of the DT-MRI-top model: no specific orientation of collagen

fibrils were implemented, the local Cartesian coordinate in each element was

defined to be the same as the global system. The two uniform reinforced

models were set up to investigate the influence of the strain dependent

Young’s modulus of the fibrillar network by comparing to each other, and

also the effect of fibril orientation implementation through the contrast with

the DT-MRI model.

4.3.2.1 Mechanical property of material

Uniform reinforced model with constant Young’s modulus (Uniform-

Cons)

In order to make the vertical deformation of the cartilage surface of the

Uniform reinforced models match the DT-MRI model at the end of the ramp

*DISTRIBUTION TABLE, NAME=tab2

COORD3D, COORD3D

*DISTRIBUTION, NAME=dist2, LOCATION=element, TABLE=tab2

, aX0,aY0,aZ0,bX0,bY0,bZ0

1, X17,38,Y17,38,Z17,38,0,1,0

2, X17,39,Y17,39,Z17,39,0,1,0

…

555, X3,74,Y3,74,Z3,74,0,1,0

556, 1,0,0,0,1,0

…

629, 1,0,0,0,1,0

*ORIENTATION, NAME=ORI, DEFINITION=COORDINATES, SYSTEM=RECTANGULAR

dist2

*SOLID SECTION, ELSET=N_CART, material=CARTILAGE_MTL, ORIENTATION=ORI
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loading stage, the value of the Young’s modulus Efx and Efy (represents

modulus in local x and y direction respectively) in this model was adjusted

while Efz = 0 (Figure 4.6).

In Figure 4.6, only the curve of the Uniform-Cons model with 2.15MPa

Young’s modulus could match the vertical deformation of the cartilage

surface of the DT- MRI model at t = 2s. The other material parameters in this

model (Table 4.3) were the same as the DT- MRI model. The user-defined

subroutine “UMAT” was still used in this model, although the Young’s

modulus was constant.

Figure 4.6 Adjustments of Young’s modulus in the Cons E model to achieve
the same maximum axial displacement as DT-MRI model at the end of
ramp loading (t = 2s).
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the cartilage surface in Isotropic model match the DT- MRI model at the end

of the ramp loading stage (Figure 4.7).

Figure 4.7 Adjustments of Young’s modulus in the ISO model to achieve the
same maximum axial displacement as DT- MRI model at the end of
ramp loading (t = 2s).

4.4 Results

The results from different models such as the contact pressure, the pore

pressure, the fluid load support and the stress along the cartilage surface

were collected and compared in a same figure. The axial and radial

displacements of nodes on the open side were also compared. The fluid

velocity and the contour of pore pressure through the whole cartilage sample

were displayed separately.
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In all of the modelling cases, nodes at the bottom of the lowest layer were

prevented from displacing by the applied boundary conditions at that point;

the radial deformation was normalized by the cartilage radius (2.59 mm) and

the axial deformation by the cartilage thickness (1.19 mm).

4.4.1 Contact pressure, pore pressure and fluid load support
on cartilage surface

Variation of the contact pressure distribution along the cartilage surface was

apparently different among the three model-groups (Figure 4.8): The DT-

MRI and DT-MRI-top model had a much higher maximum value but

decreased faster while the other models varied smoothly. The slight

difference between the curves of Uniform-Cons and Uniform-SD models

showed that the strain dependent Young’s modulus of collagen fibril did not

affect contact pressure markedly in this group.

Figure 4.8 Distribution of contact pressure along cartilage surface at the end
of ramp loading (t = 2s).
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Figure 4.9 clearly shows that fibril reinforcement could increase the value of

pore pressure comparing to the ISO model. It can also be found that strain

dependent Young’s modulus influenced pore pressure of Uniform-SD model

more apparently than it did on contact pressure in Figure 4.8.

Figure 4.9 Distribution of pore pressure along cartilage surface at the end
of ramp loading (t = 2s).

The value of fluid load support at the contact zone of cartilage surface in the

four models with fibril reinforcement increased markedly compared to the

simple Isotropic model (from <60% to >80%), although there were more
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models (Figure 4.10).
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Figure 4.10 Comparison of fluid load support along cartilage surface at the
end of ramp loading (t = 2s).

Figures 4.8 - 4.10 clearly show the peak value of observed parameters

located on the symmetric centre of cartilage surface (except the fluid support

of DT-MRI and DT-MRI-top models). The detailed values of the observed

parameters at the end of ramp loading (t = 2s) are compared in Table 4.4.
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Table 4.4 Comparison of results on axisymmetric surface centre of cartilage
sample at the end of ramp loading (t = 2s).

Although the peak value of fluid load support in the Uniform-SD model was

similar as that of the DT-MRI model (Table 4.4), it decreased much more

rapidly after ramp load, while the load was maintained (Figure 4.11).

Results on surface

centre

Models

Contact

pressure

( KPa)

Pore

pressure

( KPa)

Fluid load
support

(%)

Isotropic model 14.15 8.18 57.80

Uniform
reinforced

models

Uniform-Cons 11.67 11.0 87.33

Uniform-SD 11.91 11.10 93.26

Realistic
fibril

distribution
models

DT-MRI 52.26 50.06 95.78

DT-MRI-top 50.95 47.57 93.35
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Figure 4.11 Comparison of fluid load support at the centre of cartilage
surface during loading period.

4.4.2 The fluid velocity of cartilage

The fluid velocity (FLVEL) was fairly homogeneous in the Isotropic model

and the Uniform reinforced models (Figure 4.12). In those cases, it

increased from top to bottom along the open side (right) edge of cartilage

although the magnitude was obviously higher in the two latter models. Both

uniformly reinforced models generated velocity maps which were aligned

with the fibril orientation, showing less fluid movement between layers than

in the isotropic case.
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(a)

(b)

(c)

(d)

(e)

Figure 4.12 Fluid velocity (mm/s) of (a) Isotropic, (b) Uniform-Cons, (c)
Uniform-SD, (d) DT-MRI and (e) DT-MRI-top at the end of ramp loading
(t = 2s).
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In the DT-MRI and DT-MRI-top cases, the velocity direction was highly

variable. The higher velocity magnitude close to the Isotropic model and the

Uniform reinforced models but much more concentrated around the

symmetric axis. The lower magnitude close to the open edge implies that the

fluid was trapped and less had been expelled at this time point (t = 2s). In

the meantime, no apparent difference was found between the two models in

the same group, except the more regular distribution in the first layer

elements of the DT-MRI-top model compared to the DT-MRI model (Figure

4.12).

4.4.3 The contour of pore pressure within cartilage

The map of pore pressure throughout the tissue was similar for the two

models within the same group. This is particularly clear for the two DT-MRI

based models (Figure 4.13). However, the contours of pore pressure

showed apparent differences in magnitude and distribution among the three

groups of models. Low pressure region near the open edge is much wider in

the DT-MRI group models than in the Uniform reinforced models; it is even

wider near the cartilage surface in the Isotropic model but decreases rapidly

to the cartilage bottom. High pressure regions near the symmetric axis in the

DT-MRI group models confirm that fluid is trapped and pressurised in that

area, when compared to the uniform distribution in the other cases (Figure

4.13).
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(a)

(b)

(c)

(d)

(e)

Figure 4.13 Contour of pore pressure (MPa) of (a) Isotropic, (b) Uniform-
Cons, (c) Uniform-SD, (d) DT-MRI and (e) DT-MRI-top model at the
end of ramp loading (t = 2s).
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4.4.4 The radial and axial deformation of the cartilage open
edge

4.4.4.1 The radial deformation of nodes on the open edge of

cartilage

In Figure 4.14, the radial deformation of cartilage open edge was lowest in

the Uniform-SD model; it decreased gradually from top to bottom in the

curve of the Isotropic model but began to decrease from the 5th and 10th

layer respectively in the Uniform-Cons and the Uniform-SD model.

In the curves of the DT-MRI model and the DT-MRI-top model, radial

deformation of the top seven layers (nodes 1st-8th in Figure 4.12) was much

lower than those in the Isotropic model although it was higher on the other

ten layers (nodes 9th -18th); meanwhile, the top 2 layers in the DT-MRI-top

model deformed apparently less than the DT-MRI model (Figure 4.14).

Figure 4.14 Comparison of radial deformation on open edge of cartilage at
the end of ramp loading (t = 2s).
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4.4.4.2 The axial deformation of the cartilage open edge

Although the Isotropic and Uniform-Cons model was designed to match the

axial deformation of the DT-MRI model at the end of ramp loading (Figure

4.6 and 4.7), the axial displacement of each individual node along the open

edge and the axial deformation of each layer of cartilage may be different.

The axial displacement of each node along the open edge of cartilage

The axial displacements of the nodes on the open edge of cartilage in the

three models with same total axial deformation (i.e. Isotropic, Uniform-Cons

and DT-MRI) were truly different. But between the corresponding nodes in

the two models of DT-MRI group, only on the upper parts of the open

cartilage edges were slight difference found while the lower parts of the open

edges were nearly coincide. Nodes in the Uniform-SD model had the lowest

axial displacements compared to the other four models (Figure 4.15).

Figure 4.15 Comparison of axial displacement of nodes along the open edge
of cartilage at the end of ramp loading (t = 2s).
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The axial deformation of each layer of the cartilage

The axial deformation of a specific cartilage layer was defined as the

difference of the axial displacement of the top and bottom vertex of the

corresponding element along the open edge. This can be calculated from

Figure 4.15: the difference of two contiguous nodes in the same curve (from

top to bottom) was the axial deformation of cartilage layer between the two

nodes (Figure 4.16). As the curves of the two models of DT-MRI group are

nearly coincide (Figure 4.15), the axial deformation of cartilage layers of the

DT-MRI-top model was not calculated in order to make the curves more

distinguishable.

Figure 4.16 Comparison of axial deformation of elements along the open
edge of cartilage at the end of ramp loading (t = 2s).

0

2

4

6

8

10

12

14

16

18
-0.05 0 0.05 0.1 0.15 0.2

N
um

be
ro

fL
ay

er
(T

op
to

Bo
tt

om
)

Normalized Deformation of Each Layer (%)

Isotropic

Uniform-Cons

Uniform-SD

DT-MRI-SD



- 118 -

4.4.5 The radial stress on the cartilage surface

Radial stress around the symmetric axis along the cartilage surface was

much higher in the two groups of fibril reinforced models than that in the

Isotropic model. Larger fluctuations appeared in the curve of the DT- MRI

model compared to the DT-MRI-top model, while the curves of other three

models distributed smoothly (Figure 4.17).

Figure 4.17 Distribution of radial stress (S11) along cartilage surface at the
end of ramp loading (t = 2s).
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Figure 4.18 Normalized axial deformation of cartilage during the loading
period (3602s).

4.5 Discussion

The functional role of collagen in unconfined compression of articular

cartilage was clarified when the tension-compression nonlinearity had been

incorporated in the theoretical modelling of cartilage collagen (Soltz and

Ateshian, 2000): the high tensile stiffness of collagen acts in a similar way to

as the rigid side-wall of a confining chamber, to resisting lateral expansion,

and pressurizing the interstitial fluid considerably. The combination of these

factors enables the interstitial fluid to support most of the applied external

loading. However, no numerical results from realistic fibril-reinforced

cartilage model have been reported to support the interpretation directly. The

findings from implementing collagen fibril direction derived from DT-MRI data

in this study were reasonably consistent with Park et al. (2003) and provided

direct support to the theoretical explanation (Ateshian, 1996).
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produced (Figure 4.9 and Table 4.4) to support the applied load (Figure

4.10).

4.5.1.2 The effect on pore pressure and fluid velocity throughout

the cartilage

As the hop direction remained unchanged in the 2D axisymmetric models,

the Young’s modulus in this direction was still much greater than in the axial

direction in the deeper region under the top two layers of cartilage in the

reinforced models. So the “UMAT” not only enhanced the pressurization of

interstitial fluid in the upper part of cartilage (Figure 4.9), but also throughout

the tissue to produce different fluid flow in contrast with the Isotropic model

(Figure 4.12 and 4.13).

As mentioned in Section 4.2.5, the differences of pore pressure at the

various parts of cartilage made the interstitial fluid flowing from the parts with

higher pore pressure to the other parts where pore pressure was lower. In

the uniformly reinforced models implementing “UMAT”, high pore pressure

distributed in the majority area of cartilage ((b) and (c) in Figure 4.13)

leading to the fairly homogeneous fluid velocity within the tissue ((b) and (c)

in Figure 4.12). Meanwhile, zero pore pressure distributed along the outer

edge almost evenly and the adjacent area with low pore pressure was

narrow ((b) and (c) in Figure 4.13). The higher pore pressure next to these

two area produced a high fluid velocity and let the interstitial fluid flowed

freely out through the whole edge ((b) and (c) in Figure 4.12).

For the Isotropic model, zero pore pressure distributed more and more wide

from bottom to top along the outer cartilage edge ((a) in Figure 4.13). So the

large difference of pore pressure was only produced near the corner
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between the outer edge and the bottom of cartilage ((a) in Figure 4.13)

leading to the concentrated high fluid velocity at this corner ((a) in Figure

4.12).

4.5.2 The influence of the realistic fibril orientation

In the DT-MRI group models, the implementation of the realistic fibril

orientation caused an inhomogeneous pore pressure field ((d) and (e) in

Figure 4.13). The fluid was channelled towards lower pressure elements

causing bottlenecks in the flow. It therefore took more time for the fluid to be

expelled from the structure and a larger amount of pressure was built for a

particular ramp load. Furthermore, the area of zero pore pressure and the

adjacent low pressure area ((d) and (e) in Figure 4.13) were much wider

than those in the uniformly reinforced models ((b) and (c) in Figure 4.13).

The fluid in these two area could not get the high velocity from the tiny

pressure difference between the two area. So the fluid flowing out of the

cartilage was much less than in the uniformly reinforced models ((d) and (e)

in Figure 4.12). All of these factors caused by the realistic fibril orientation

combined together and led to the long maintaining of the high fluid load

support at the centre of cartilage surface (Figure 4.11) although this is not

consistent with the literature (Mow et al., 2005). However, this phenomena

was also found in the equilibrium model of Kazemi et al. (2011) using the

same “UMAT” and also implementing the realistic fibril orientation: the value

of pore pressure was also remarkably high (66% of the peak value) after

2000 seconds’ creep.

As introduced in Section 2.4, several collagen fibril angles were greater than

50° in the top two layers. Although this phenomenon had been explained by
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vertical (or oblique) fibril in the 2D plane formed a ring of reinforced material

which does not exist in the real tissue.

In order to solve the above problems, three dimensional fibril reinforced

model will be set up in the following chapter.



- 125 -

Chapter 5 Three-dimensional Fibril-reinforced Model

5.1 Introduction

The systematic 2D axisymmetric models with poroelastic material set up in

Chapter 4 investigated the capabilities of the fibril-reinforced model in

describing the fluid load support in articular cartilage. However, the 2D DT-

MRI based model could only support a low load (0.2N) and was difficult to

achieve the equilibrium after one hour creep (Figure 4.18). This made it

impossible to validate the fibril-reinforced model with the data under the

higher load, or simulate physiological stress and strain conditions. In order to

solve this problem, a 3D fibril reinforced model is set up in this chapter

implementing the fibril orientation derived from the DT-MRI data, and the

modeling result is compared to the corresponding information recorded from

the unconfined compression experiment under a higher load of 5.4N.

Furthermore, the fibril orientations from the whole DT-MRI slice can be

implemented to the 3D model while only half of the DT-MRI data used in the

3D model.

As in Chapter 4, a simple 3D isotropic poroelastic model was created to

carry out the mesh sensitivity analysis in the second section. The geometry

of the 3D model was set up first. The element type was then determined and

the mesh sensitivity analysis was performed. The verified mesh was used in

all of the 3D models in Section 3 including the model implementing DT-MRI

data, the uniformly reinforced model incorporating constant Young’s

modulus and the isotropic model.
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In the fourth section, the normalized vertical displacement of cartilage

surface was transformed from the experimental record of cartilage thickness

provided by Dr Robin Damion, derived in the MRI experiments. The curve of

cartilage deformation during the creep test was also produced. In order to fit

this curve, the values of the material parameters of the DT-MRI based model

were adjusted to carry the higher applied loads.

In Section 5, the results of the models in Section 3 were compared and the

validation results from Section 4 were also displayed. Then, all of these

results were analyzed in the final section.

5.2 Model and Method

The 3D models in this chapter were set up to replicate the unconfined

compression of a cylindrical specimen of articular cartilage with 6.0mm

diameter and 1.36mm thickness (excluding bone; Figure 4.1). The cartilage

was fixed to the bone. The concentrated load was applied through a rigid

plate over a ramp time of 2 seconds and then maintained for one hour

(Figure 4.1). The following boundary conditions, geometry, and mesh were

used in all of the 3D models.

5.2.1 Geometry of the 3D models

As introduced in Chapter 2, the orientations of the collagen fibrils were

derived from the DT-MRI data by scanning a cross-section slice of a

cylindrical cartilage sample (Figure 2.1). There were no such data in other

parts of the cartilage to define the direction of the collagen fibril in those

areas. The limited fibril orientation information means that we must make

assumptions which extrapolate the data from the single slice to any 3D
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volume modelled. So the cylinder geometry should not be used in the 3D

model, although it was most accurate. However, the scanning slice itself

could not be used to simulate the cylindrical cartilage specimen, with a

thickness of only 2.0mm along the global Y-axis (Figure 5.1).

In order to implement the collagen fibril orientation throughout the cartilage

geometry in the 3D fibril reinforced model, the structured pixel grid of

diffusion tensor MRI with 17 rows and 74 columns (Figure 5.1) was extruded

to 5.18mm along the global Y-axis. The rectangular cube was formed as the

geometry of the 3D model (Figure 5.2), with 5.18 × 5.18 mm2 squared top

surface and bottom perpendicular to global Z-axis.

Figure 5.1 The structured pixel grid of diffusion tensor MRI (17 rows and 74
columns).

5.2.2 Boundary conditions and load

As in the 2D axisymmetric models in Chapter 4, all nodes on the cartilage

base were constrained in all directions, replicating a perfectly rigid substrate.

The pore pressure at the nodes on the outer cartilage edges was set to be

X

Z

Y
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zero. Flow was prevented from nodes on the base and top surface of

cartilage. The 1.1N concentrated load was applied through the reference

point of the rigid plate. The reference point was constrained in the horizontal

direction to prevent translation parallel to the surface; its rotation was also

constrained. A contact condition, with a zero coefficient of friction, was

created between the rigid plate and the top surface of cartilage. The soil

consolidation procedure in ABAQUS was used to simulate the creep test in

the tissues.

5.2.3 Material model

Each of the 3D model cases was assigned a poroelastic material where both

a solid and fluid phase are considered. In cases where the fibre

reinforcement was included, a distribution of fibre orientations was created.

The material model was modified in these local fibre directions. Fibril strain-

dependence was introduced using a user-defined material subroutine.

5.2.4 Mesh of the 3D models

5.2.4.1 Element type

For the three dimensional contact problems simulated in this thesis, the

twenty-node hexahedral elements (C3D20) in ABAQUS experienced very

slow solver convergence (Li et al., 2009). In order to reduce the running time

of the 3D finite element models, reduced integration with lower-order

integration was used to form the element stiffness (ABAQUS 6.10, Analysis

user’s manual 25.1.1). For example, the hexahedral element C3D20 has 27

integration points while C3D20R has only 8. Therefore, element assembly is

roughly 3.5 times more costly for C3D20 than for C3D20R. However, the

first-order, reduced-integration elements such as C3D8R may cause hour
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(a)

(b)

(c)

Figure 5.3 Comparison of contact pressure (a), pore pressure (b) and fluid
load support (c) at the centre of cartilage surface in isotropic models
with different number of elements during the simulation (t=3600s).

The axial displacement of cartilage surface during the simulation is also

compared in Figure 5.4:
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system were required to be defined in the 3D model while the coordinates of

point b lying on the local y-axis needed to be calculated in advance. The

second difference was, in each single horizontal layer of the 3D mesh

(Figure 5.2), all of the eight elements along each unique line perpendicular

to the vertical surface with 17×74 elements were defined as an element set -

totally 1258 element sets. All other seven elements in the same set were

implemented with the same fibril direction (and also the same local system)

as the corresponding element on the vertical surface.

To implement the orientation of collagen fibril to each element set in the DT-

3D model, the code to use ‘ORIENTATION’ and ‘DISTRIBUTION’ was the

same as the one in Figure 3.6.

5.2.7 Outputs from the 3D models

The output parameters in this chapter were similar as those in the 2D

axisymmtric models and most of the parameters were measured at the end

of the ramp loading i.e. the instant at t = 2s. However, the detailed positions

to collect these data were different due to the more complicated geometry

and element type. The element vertexes on the cartilage surface were

selected to form a path in the 2D models, and the values of the chosen

parameters on this path were recorded. But in the 3D models meshed by

C3D20RP elements, the path was composed of the midpoint of the related

element edges on the cartilage surface since the contact pressure was zero

on all of the element vertexes on cartilage surface.
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5.2.7.1 Contact pressure, pore pressure, fluid load support and

stress on the surface of cartilage

Theoretically, the pore pressure with higher values should distribute in the

central area of the cartilage in the 3D models. As the element numbers

along the cartilage edge parallel to the global X- and Y-axis were designed

to be even (74 and 8 respectively) in Section 5.2.3, there were two existing

midlines crossing the centre on the cartilage surface in Figure 5.2. So the

surface paths used to collect the parameter value were defined to coincide

with these two midlines respectively, composing of the integration points of

the corresponding hexahedral element. The path parallel to the global X-

axis was named as Midline-X including 74 integration points, while the other

one parallel to the global Y- axis was Midline-Y having 8 points (Figure 5.5).

(a) (b)

Figure 5.5 Paths defined on the cartilage surface to collect the data of
related measurements in the 3D models (a) Midline-Y parallel to the
global Y-axis; (b) Midline-X parallel to the global X-axis (from right to
left).
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5.2.7.2 The fluid velocity and contour of pore pressure

The fluid velocity (FLVEL) within the cartilage represents the direction and

magnitude of the interstitial fluid flow. The contour of pore pressure

illustrates the pressure distribution at various parts of the cartilage. In the 2D

axisymmetric models in Chapter 4, the distributions of these two parameters

could only be displayed in a two dimensional map representing the

distributions at any other parts of the realistic three dimensional cartilage.

This may be feasible in the homogeneous models such as isotropic (or

transversely isotropic) model. But for the non-homogeneous models,

particularly the fibril reinforced model implementing realistic fibril orientation,

it is unreasonable due to the anisotropic material properties of the tissue.

For the 3D models in this chapter, the distributions at any part inside

cartilage could be investigated directly by view-cutting (ABAQUS manual -

Getting Started) the 3D geometry of the tissue. The most frequently used

patterns to cut the cartilage are the two cross-sections along the two

midlines (red lines in Figure 5.6) and perpendicular to the global X- and Y-

axis respectively in the meantime.
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(a)

(b)

Figure 5.6 The two cross-sections to investigate the distributions of related
measurements inside cartilage in the 3D models: (a) the cross-section
perpendicular to the global X-axis; (b) the cross-section perpendicular
to the global Y-axis.

5.2.7.3 Deformation of the cartilage

The vertical deformation

Similar as in the 2D axisymmetric models of Chapter 4, the vertical

deformation of the whole cartilage was set up to be the same in the different

3D models in order to make it reasonable to compare the results. However,

the vertical deformation of the top layer elements of the cartilage, which was

crucial for the investigation of fluid load support on the cartilage surface, may

not be same. The vertical deformation of a specific element was defined as

the difference of the axial displacement of the top and bottom vertex of this

element. Information from the elements along the two midlines in Figure 5.5

Midline-Y

Midline-X
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and the four edges of the cartilage surface were recorded and calculated to

represent the vertical deformation of the top layer of cartilage.

The radial deformation

In order to compare the radial deformation of cartilage in different 3D

models, another two midlines perpendicular to the horizontal surface on the

corresponding vertical surface were defined respectively in Figure 5.2 -

Midline-X-Z in the global X-Z plane perpendicular to Midline-X and Midline-

Y-Z perpendicular to Midline-Y in the global Y-Z plane.

5.3 Modelling Cases

Three dimensional models were set up with different material settings: the

realistic fibril orientation model with strain dependent fibrillar Young’s

modulus (named DT-MRI-3D); the Uniform reinforced model with constant

dependent fibrillar Young’s modulus (Uniform-3D model); and the basic

model with isotropic poroelastic material (Isotropic-3D) - totally three

modeling cases. The same geometry, mesh, boundary conditions and

loading were used in all of the three models. The material properties

employed in these models, including the collagen fibril orientation (except in

the Isotropic-3D model), are described in Table 5.1.

The value of the fibril Young’s modulus on the local x-axis, Efx, in the

Uniform-3D model had been adjusted to 4.0 MPa and Efy = Efz = 1.33 MPa

to match the vertical displacement of the cartilage surface centre in the DT-

MRI -3D model at the end of the ramp loading stage, in order to make the

comparison reasonable. The Young’s modulus Em was also adjusted in the











- 142 -

Figure 5.8 Adjustments of Young’s modulus in the Uniform-3D model to
achieve the same axial displacement of cartilage surface centre as DT-
MRI-3D model at the end of ramp loading (t = 2s).

5.3.2.2 Definition of the local coordinate system

Similar as the 2D uniformly reinforced models in Section 4.3, no specific

orientation of collagen fibrils were implemented this 3D uniformly reinforced

model. The local Cartesian coordinate in each element was defined to be the

same as the global system. This effectively aligned the fibril orientation with

the global X-axis. Each element was given an equal, maximum

reinforcement in the local x-direction when the material model was modified

based on this orientation.

Instead of the user-defined “ORIENTATION” including “Distribution” in

Section 3.3, the ‘Keyword’ method was used to define the local system by

specifying the locations of points a and b directly (Abaqus Analysis User's

Manual 2.2.5). The detailed input file in this model to define the local
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Cartesian coordinate was the same as the one used in the 2D uniformly

reinforced models in Section 4.3:

5.3.3 The isotropic poroelastic model

In order to produce the comparable results, the value of Young’s modulus E

in Table 5.1was increased to 1.13MPa from 0.69MPa in Section 5.2

(Mononen et al., 2010) while the other material parameters remained. This

adjustment made the vertical deformation of the cartilage surface centre in

the Isotropic-3D model match the DT-MRI-3D model at the end of the ramp

loading stage (Figure 5.9).

Figure 5.9 Adjustments of Young’s modulus in the Isotropic-3D model to
achieve the same axial displacement of cartilage surface centre as the
DT-MRI-3D model at the end of ramp loading (t = 2s).
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investigate its effects on the modelling results of cartilage deformation and

the curve-fitting of the experimental data.

5.5 Results

The results from different modelling cases described in Section 5.3 are

collected and compared to each other in the first subsection. The validation

results are displayed separately in the second subsection.

5.5.1 Comparison of results from different 3D models

5.5.1.1 Contact pressure, pore pressure and fluid load support

on the cartilage surface

Comparison of contact pressure along midlines of the cartilage surface

The value of contact pressure was highest in the central parts of the midlines

and decreased to the parts near the edges in all of the three models (Figure

5.11), while the curve along Midline-X of the DT-MRI-3D model fluctuated

frequently (Figure 5.11(a)). The Isotropic model had the highest values along

Midline-Y (Figure 5.11 (b)).
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(a)

(b)

Figure 5.11 Comparison of contact pressure on the cartilage surface along
(a) Midline-X and (b) Midline-Y at the end of ramp loading (t = 2s).

Comparison of pore pressure along midlines of the cartilage surface

Similar as the distribution of contact pressure, the value of pore pressure

was also higher in the central parts of the midlines than in the parts aside

while the curves of the Isotropic-3D model were lowest along both midlines

(Figure 5.12). The curves of the DT-MRI-3D model had the highest values

although fluctuated along Midline-X (Figure 5.12 (a)).
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(a)

(b)

Figure 5.12 Comparison of pore pressure on the cartilage surface along (a)
Midline-X and (b) Midline-Y at the end of ramp loading (t = 2s).

Comparison of fluid load support along midlines of the cartilage

surface

Except on the limited number of points along Midline-X, the values of fluid

load support of the DT-MRI-3D model were higher than the corresponding

value of the other two models as expected (Figure 5.13 (a)). The curves of

the Isotropic-3D were the lowest with values less than 65% (Figure 5.13).
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(a)

(b)

Figure 5.13 Comparison of fluid load support on the cartilage surface along
(a) Midline-X and (b) Midline-Y at the end of ramp loading (t = 2s).

Distribution of contact pressure on the cartilage surface

Calculated only on the integration points of the reduced hexahedral element,

contact pressure distributed discontinuously with the higher values at the

central area of the cartilage surface and decreased to the region near the

edges in all of the three models (Figure 5.14).
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(a)

(b)

(c)

Figure 5.14 Contour of contact pressure (MPa) on the cartilage surface of (a)
the Isotropic-3D, (b) the Uniform-3D and (c) the DT-MRI-3D model at
the end of ramp loading (t = 2s).
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Distribution of pore pressure on the cartilage surface (Figure 5.15)

(a)

(b)

(c)

Figure 5.15 Contour of pore pressure (MPa) on the cartilage surface of (a)
the Isotropic-3D, (b) the Uniform-3D and (c) the DT-MRI-3D at the end
of ramp loading (t = 2s).
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The region with higher pore pressure around the cartilage surface centre

was much smaller in the Isotropic-3D model than in the Uniform-3D model

(brown area in Figure 5.15 (a) and (b)). Only in the DT-MRI-3D model, the

highest values of pore pressure emerged on the cartilage surface (central

region with grey and red colour in Figure 5.15 (c)).

Inside distribution of pore pressure on the cross-section of cartilage

perpendicular to the global X-axis

The highest value of pore pressure arose at different position of the cartilage

bottom in the three models (Figure 5.16). Different from the two simpler

models, the pore pressure with the second highest value also emerged from

the middle zone to the surface of cartilage (the upper red area in Figure 5.16

(c)) in the DT-MRI-3D model.
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(a)

(b)

(c)

Figure 5.16 Contour of pore pressure (MPa) on the cross-section
perpendicular to the global X-axis (out of the page) of (a) the Isotropic-
3D, (b) the Uniform-3D and (c) the DT-MRI-3D model at the end of
ramp loading (t = 2s).
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Inside distribution of pore pressure on cross section of cartilage

perpendicular to the global Y-axis (Figure 5.17)

(a)

(b)

(c)

Figure 5.17 Contour of pore pressure (MPa) on the cross-section
perpendicular to the global Y-axis (out of the page) of (a) the Isotropic-
3D, (b) the Uniform-3D and (c) the DT-MRI-3D model at the end of
ramp loading (t = 2s).
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In the Isotropic-3D and Uniform-3D model, the highest value of pore

pressure only arose around the centre of cartilage bottom (red region in

Figure 5.17 (a) and (b)). But in the DT-MRI-3D model, the highest pore

pressure also distributed in the whole central area of the tissue from the

surface to the bottom (grey and red region in Figure 5.17 (c)).

Contact pressure, pore pressure and fluid load support at cartilage

surface centre during the loading period

Although the peak values of contact pressure were similar in the three

models, the peak pore pressure was much higher in the DT-MRI-3D model

than in the other two models leading to the highest peak fluid load support

(Figure 5.18). The pore pressure and fluid load support decreased similarly

after ramp load and tended to zero while the load was maintained.
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Figure 5.18 Comparison of fluid load support at cartilage surface centre
during the loading period (t = 3602s).
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5.5.1.2 Distribution of fluid velocity

Distribution of fluid velocity on the vertical outer sides surfaces of

cartilage (Figure 5.19)

(a)

(b)

(c)

Figure 5.19 Distribution of fluid velocity (mm/s) on the vertical outer sides of
cartilage in (a) the Isotropic-3D, (b) the Uniform-3D and (c) the DT-MRI-
3D model at the end of ramp loading (t = 2s).

On the vertical sides perpendicular to the global X-axis, the Unifrom-3D

model had the largest fluid velocity (Figure 5.19 (b)); the Isotropic-3D model
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had similar distribution near the cartilage bottom as the DT-MRI-3D model

but less magnitude from the middle area to the cartilage surface (Figure 5.19

(a) and (c)). On the two vertical sides perpendicular to the global Y-axis, fluid

flew out only near the bottom of the tissue while increasing with the

complexity of the material, although the magnitude was much lower than that

on the adjacent sides (Figure 5.19).

Inside distribution of fluid velocity on the cross section of cartilage

perpendicular to the global X-axis

In each individual model in Figure 5.20, the distribution of fluid velocity

decreased from the outer edges to the central part of the cross section of

cartilage perpendicular to the global X-axis. Compared to the other two

models, the Unifrom-3D model had the lowest inside fluid velocity on the

section (Figure 5.20).
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(a)

(b)

(c)

Figure 5.20 Distribution of fluid velocity (mm/s) on the cross-section
perpendicular to the global X-axis (out of the page) of (a) the Isotropic-
3D, (b) the Uniform-3D and (c) the DT-MRI-3D model at the end of
ramp loading (t = 2s).


