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Abstract 

For the improvement of joint surgery techniques, the development of pmstheses and measures 
for prevention and early diagnosis of diseases and injuries, a detailed and fundamental under
standing of the mechanica! behavior of the joint is indispensable. The objective of this study 
is to understand the mechanism of force transmission through the tibiofemoral joint. Also the 
detailed stress and strain fields, as well as fluid pressures and flows in the different components 
of the joint are considered. 
The knee joint is described by an axisymmetric model, to which an axisymmetric load is applied. 
The meniscus and the tibial cartilage layer are represented by biphasic mixtures with a linear 
elastic solid phase. The femur is modeled as a rigid inden tor. Fluid exchange between the mixture 
bodies and frictionless sliding contact are assumed. In the model the fluid can flow freely out 
of the meniscus and the tibial cartilage at the periphery. For the numerical analyses the finite 
element method is used. 
Experiments on a porous polyurethane model of the tibial cartilage and the meniscus have been 
performed as a first step in the validation of this numerical model. A fairly good agreement 
between the numerical and the experimental model has been found with respect to the local fluid 
pressures and the displacement of the indentor as a function of time. Closer agreement may be 
achieved by improving the constitutive model for the solid matrix. 
Numerical analysis of a reference model to which a ramp load is applied, shows that initially 
a large part of the load is carried by the fluid phase, and that radial, axial and circumferential 
tensile stresses occur in largepartsin the solid matrices of the tibial cartilage and the meniscus. 
Asthefluid flowsoutof the model, the stresses in the tibial cartilage become compressive. In the 
final equilibrium state the circumferential stress in the meniscus is still tensile. During the entire 
consolidation time most of the lead is transmitted through the femur-meniscus-tibia contact, and 
only a minor part through the direct femur-tibia contact. 
Because of the many uncertainties in the material properties, geometry and boundary conditions, 
a parameter study is performed. Considering the parameter study in this thesis, the fol lowing 
general conclusions cao be formulated. 
A comparison between the reference model and a simplified geometry with roughly the same 
dimensions shows some differences, although the overall distribution of stresses in the solid 
matrix and the fluid pressure remains unchanged. 
In case the inner tip of the meniscus is removed, we find higher stresses in the central part of the 
tibial cartilage and in the meniscus. 
Fora contiguration where the fluid is prevented from flowing out of the model, the stresses in 
the tibial cartilage as well as the axial stress in the meniscus become lower. The radial and 
circumferential stresses in the meniscus however, increase. 
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4 Abstract 

Whether fluid flow between meniscus and tibial cartilage is possible or oot, has little influence 
on the results in the cases where the outer surfaces are not sealed. 
If frictionless sliding is prevented, completely different results are found, thus indicating the 
importance of the use of contact elements. 
Anisotropy ofthe meniscus causes the stresses to be distributed more uniformly in the meniscus 
as well as in the tibial cartilage. 
Modeling of the femoral cartilage as a biphasic layer (instead of repcesenting the femur as a rigid 
body) has little influence on the behavior of the tibial cartilage. However, the circumferential 
stress in the meniscus is no Jonger uniformly distributed. 
The response of the model is more sensitive to changes in the Young's modulus of the articular 
cartilage than to changes in the permeability ofthe cartilage. Moreover, the equilibrium response 
does notdepend on changes of the permeability. Both the decrease of stiffness and the increase 
of the permeability of the tibial cartilage cause an increase of the stresses in the sol id matrix of 
the meniscus and an increase of the load transmilled through the meniscus. The stresses in the 
tibial cartilage increase with increasing stiffness and permeability. 
Anisotropy of the surface layer has a large influence on the equilibrium response of the model, 
especially in the part of the tibial cartilage adjacent to the axis of symmetry. 
In the future a more detailed evaluation of the experimental model is recommended. Since con
vergence of the analyses of the numerical mode Is was very slow, it is necessary to reeonsidee the 
efficiency of the contact algorithm as wellas the solution strategy for the mixture elements. Future 
research is needed to delermine the material parameters of articular cartilage and the menisci, in 
particular with respect to the nonlinear properties, the anisotropy and the inhomogeneity. 



Samenvatting 

Voor verbetering van prothesen en chirurgische ingrepen, voor maatregelen ter voorkoming en 
vroege detectie van ziekten en blessures, is een gedetailleerd en fundamenteel inzicht in het 
mechanisch gedrag van het kniegewricht onontbeerlijk. Het doel van deze studie is het verkrijgen 
van inzicht in de krachtdoorleiding en de lokale grootheden in de verschillende onderdelen van 
het kniegewricht, zoals spannings- en rekvelden en vloeistofdrukken. 
Van het kniegewricht is een rotatiesymmetrisch model gemaakt, dat rotatiesymmetrisch belast is. 
De meniscus en het gewrichtskraakbeen van de tibia worden als poreuze mengsels beschreven. 
Hiervoor worden twee-fase modellen met een vloeistof en een lineair elastische vaste fase ge
bruikt. De femur is als een endeformeerbare stempel gemodelleerd. Vloeistofuitwisseling tussen 
de poreuze lichamen is mogelijk. Ook is wrijvingsloze slip tussen de verschillende componenten 
verondersteld. Aan de buitenkant van de meniscus en het gewrichtskraakbeen van de tibia kan 
de vloeistof vrij uitstromen uit het poreuze mengsel. Om de numerieke analyses uit te voeren is 
de eindige-elementen methode gebruikt. 
Met behulp van een poreus polyurethaanschuim is een laboratoriumopstelling van het gewrichts
kraakbeen en de meniscus gemaakt om het numerieke model te valideren. De overeenkomst 
tussen de numerieke en de experimentele resultaten voor de lokale druk en de stempelverplaat
sing is goed. Toepassen van een beter constitutief model voor de vaste fase in de numerieke 
analyse kan echter leiden tot verbetering van de overeenstemming. 
Numerieke analyse van een stapbelasting op het referentie model wijst uit dat aanvankelijk een 
groot deel van de belasting gedragen wordt door de vloeistoffase. In grote delen van het gewrichts
kraakbeen en de meniscus treedt trekspanning op in radiale, axiale en omtreksrichting. Als de 
vloeistof uit het model begint te stromen, gaan de trekspanningen in het gewrichtskraakbeen over 
in drukspanningen. In de eindtoestand is er nog steeds een trekspanning in omtreksrichting in de 
meniscus. Gedurende de gehele tijd wordt het grootste deel van de belasting doorgeleid via de 
meniscus, en slechts een klein deel via het directe contactvlak tussen de tibia en de femur. 
Omdat er veel onzekerheden zijn in de materiaaleigenschappen, de geometrie en de randvoor
waarden, is een parameterstudie uitgevoerd. De belangrijkste conclusies kunnen als volgt kort 
worden samengevat. 
Een vergelijking tussen het referentiemodel en een model met geometrisch eenvoudige vormen 
laat verschillen in het gedrag zien, hoewel de algemene verdeling van vaste-stofspanningen en 
vloeistofdrukken gelijk blijft. 
Als de binnenkant van de meniscus wordt weggehaald, worden de spanningen in het gewrichts
kraakbeen en de meniscus aanzienlijk groter. 
In een model waar de vloeistof niet weg kan stromen, nemen de spanningen in het gewrichts
kraakbeen af, evenals de spanning in omtreksrichting in de meniscus. De radiële en omtreks-
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6 Samenvatting 

spanning in de meniscus worden echter groter. 
Verhinderen van vloeistofuitwisseling tussen het gewrichtskraakbeen en de meniscus heeft geen 
invloed op het gedrag van het model, mits de vloeistof vrij weg kan stromen aan de buitenkant 
van de poreuze componenten. 
Als de meniscus niet kan schuiven tussen de tibia en de femur, verandert het gedrag van het model 
in grote mate. Hieruit blijkt dat het gebruik van contactelementen belangrijk is in de modelering 
van het kniegewricht. 
Een transversaal isotrope meniscus zorgt ervoor dat de spanningen in zowel de meniscus als in 
het gewrichtskraakbeen egaal verdeeld worden. 
Als het kraakbeen van de femur ook als een poreuze, zachte laag gemodelleerd wordt, veran
dert het gedrag van het gewrichtskraakbeen van de tibia nauwelijks. De omtreksspanning in de 
meniscus is echter niet langer egaal verdeeld. 
Het model is gevoeliger voor veranderingen in de stijfheid van het kraakbeen dan in de perme
abiliteit. Zowel een afname van de stijfheid als een toename van de permeabiliteit veroorzaken 
een toename van de vaste-stofspanningen in de meniscus en van het deel van de belasting dat 
wordt doorgeleid via de meniscus. De spanning in het gewrichtskraakbeen wordt groter bij 
toenemende stijfheid en afnemende permeabiliteit. 
Samenvattend kunnen we concluderen dat verandering van materiaaleigenschappen van grote 
invloed is op het gedrag van het model, evenals de wrijvingsloze slip en de anisotropie van de 
meniscus. Met een mengselmodel is het mogelijk de fenomenen te beschrijven, die zich in het 
materiaal voordoen, zoals de trekspanning van de vaste stof bij drukbelasting. 
In de toekomst is het nodig een gedetailleerde evaluatie te maken van het experimentele model. 
Omdat de numerieke analyses traag convergeerden, is het noodzakelijk dat aandacht wordt 
besteed aan de efficiëntie van de oplosstrategie van de mengsel- en contactelementen. Ook het 
nauwkeurig bepalen van de materiaaleigenschappen van de meniscus en het gewrichtskraakbeen 
verdient de aandacht. 



Convention 

a, A, a 
g 
ä 
A 
AT 
A, a 
Ac 
A-1 

Indices 

a" 
af 

a• 

scalar 
column 
vector 
matrix 
transposed of A. 
tensor 
conjugale of A 
inverse of A 

property a of arbitrary constituent a 
property a of fluid phase 
property a of solid phase 
initia! value of a 
equilibrium value of a 
longitudinal component of a 
transversal component of a 
radial component of a 
axial component of a 
circumferential component of a 
effective stress 

7 

Notation 



8 Notation 

Symbols 

t: 

TJ 
V 

tr 

~ 
A 
a 

c 
E 
E 
F 
F 
HA 
J 
K 
k 
L 
m 
n" 
p 

p 
Q 
q 
R 
r 

s 
T 
t 
u 
u 
v 
x 
z 
z 

strain 
viscosity 
Poisson's ratio 
Cauchy stress 
gradient operator 
cross-section 
radius 
nondimensional (compression) force 
Green-Lagrange strain 
Young's modulus 
deformation tensor 
force 
aggregate modulus 
determinant of deformation tensor 
drag coefficient 
permeability 
length, height 
laad transmitted through the meniscus 
volume fraction of phase a 

nondimensional pressure 
pressure 
flow volume 
flow rate 
nondimensional radius 
radial coordinate 
Piola-Kirchhoff stress 
oondimensional time 
time 
nondimensional displacement 
displacement 
velocity vector 
position vector 
nondimensional height 
axial coordinate 



Chapter 1 

Introduetion 

1.1 Objectives and strategy 

The knee joint is with respect to its anatomical structure one of the most complex joints in the 
human body. Although subjected to severe mechanica! stresses, the healthy joint can function 
a lifetime. However, malfunctioning of the joint is possible due to diseases, injuries and aging. 
Therefore, it is important that new reconstructive joint surgery techniques and pmstheses are 
being developed and that measures are being taken for prevention and early diagnosis of diseases 
and injuries. For this a detailed and fundamental understanding of the mechanica! behavior of 
the joint is indispensable. This can be acquired through experimental studies and by means of a 
mathematica! model. 

This project is part of a research program in which it is aimed at a three-dimensional model of 
the tibiofemoral joint to study the healthy and the malfunctioningjoint. A stepwise approach is 
chosen, starting with geometrically simple models with simple material properties of the com
ponents, to models with an increasing level of sophistication. Schreppers (1991) developed a 
geometrically nonlinear axisymmetric model, with contact elements that allow sliding of the 
meniscus between cartilage layers. At first he considered the different components in the joint 
aselastic bodies and studied with this model the force transmission through the joint in different 
configurations. One of his results was that geometrie differences have less influence on the force 
transmission than changes in the material properties of the components. Therefore, he chose to 
imprave the model first with respect to the constitutive behavior of the cartilage layers and the 
meniscus by using biphasic theory, and to maintain the simple geometry. 

The work described in the present thesis is an intermedia te step between the workof Schreppers 
(1991) and the development of a full three-dimensional model. In the present study the model 
is still axisymmetric, but less schematic. A parameter study is performed to investigate the 
influence of materialand geometrie parameters as well as the boundary conditions. Not only the 
more global force transmission is considered, but a lso the detailed stress and strain fields, as well 
as fluid pressures and flows in the different components of the joint. Moreover, experiments on 
a polyurethane model have been performed as a first step in the validatien ofthe numerical model. 
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10 Chapter 1 

Before the objectives can ba-.presented in more detail, it is necessary to give a briefdescription of 
the anatomy of the joint, the structure of articular cartilage and some of the aspects with respect 
to pathology and aging (section 1.2). In section 1.3 a few experimental studies in the knee joints 
are discussed and a shortreview on the literature on mathematica! roodels for the tibiofemoral 
joint is given, foliowed by--dle objectives insection 1.4. 

1.2 Description of the knee joint 

The knee joint (figure 1.1) or tibiofemoral joint is a synovia/ joint with a large joint cavity 
between the bones of the femur (upper leg) and the tibia (lower leg). The capsule and ligaments 
allow a large relative movement Such joints are also called diarthrodial joints in contrast with 
amphiarthrodial synovia! joints, which have a restricted mobility. 
A briefdescription of the relevant elements in the contact area of the joint will be given in the 
next section. 

medial femoral condyle 

media! meniscus 

tibia 

lateral femoral condyle 

anterlor cruciale 

lateral meniscus 

lateral 
collateral ligament 

posterior cruelate 

fibula 

medial meniscus 

conneetion 

to !he tibla 

lateral meniscus 

intercondylar 
area 

Figure 1.1: Rigbt knee joint: medio-posterior view (left) and top view of tbe tibial plateau and tbe 
meniscus (rigbt). (From Wismans, 1980) 

1.2.1 Anatomy of the tibiofemoral joint 

The bones of the femur and the tibia form two incongruent contact areas: the lateral ( or outer) 
and the media/ (or inner) condyles. The bone ends are lined with a layer of articular cartilage, 
which varies in thickness from 0.15 to 6.25 mm (Swann and Seedhom, 1989; Ateshian et al., 
1991). 
The joint is surrounded by a s leevelike articular capsule that encloses the synovia! cavity. The 
capsule consists of two layers: a fibrous outer layer with a large tensite stiffness to resist 
dislocation and an inner highly vascularized layer, covered by the so-ca lied synovia! membrane, 
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joint capsule 

meniscus 
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~--- tendon of quadriceps femoris 

~~r---- suprapatellar bursa 

~··~~tr-- cartilage 

patella 

intrapatellar pad of fat 

ligamenturn patellae 

Figure 1.2: Schematic view of the sa gittal section of the knee joint. 

which secretes the synovia/ fluid. 
The synovia! fluid lubricates the joint, provides nourishment for the articular cartilage (McK.ibbin 
and Maroudas, 1979) and removes microbes and debris resulting from wear and tear in the joint. 
The synovia! fluid, which is similar in appearance and consistency to egg white, consists of (i) 
hyaluronic acid with a high molecular weight, (ii) so-ca lied lubricating glycoproteins, which stick 
to the articular cartilage and (iii) an interstitiallow-molecular fiuid formed from blood plasma. 
The menisci are fibrocartilaginous C-shaped structures between the peripheral parts of the tibial 
and femoral condyles. The media] meniscus is nearly semicircular, the lateral meniscus is more 
a complete ring. The posterior (at the backside) and anterior (frontal) ends of both menisci 
are firmly attached to the tibia. The menisci also have attachments to the capsule at the outer 
circumference. Sliding of the meniscus between the articulating surfaces is possible. The distal 
(or lower end) tibial cartilage layer and the proximal (or upper end) femoral cartilage layer are 
attached to the underlying bones, whose stiffness is two to three orders of magnitude higher than 
that of cartilage. In addition to the lateraland the media! tibiofemoral joints the knee joint is also 
made up of the patellofemoral joint, which is located between the patella and the femur. 

1.2.2 Structure of articular cartilage 

Since much emphasis is put on the material properties of the cartilage, its structure wiJl be 
discussed here in more detail. 
Cartilage can be considered as a mixture of a solid matrix and an interstitial fluid. The solid 
phase consists of a fibrous collagen network, proteoglycan aggregates, and bound water, whereas 
the fiuid phase mainly consists of unbound water (figure 1.3). The collagen fibrils are linked 
through crosslinks and thus forma network, which is essential for the high tensite stiffness and 
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the strengthof the tissue. Proteoglycan (PG) moleculesexist of a linear pro te in, to which various 
negatively charged glycosaminoglycan (GAG) chains are linked. The PG molecules themselves 
are linked to a long hyaluronic acid and thus form large PG aggregates. These aggregates are 
trapped in the tightly woven networkof collagen fibers. Moreover, bonds to the fibers cause the 
PG aggregates to be firmly immobilized. Attraction of positive i ons to the molecule groups causes 
osmotic effects, so the articular cartilage can swell or shrink due to changing salt concentrations. 
This capability of swelling of the proteoglycan aggregates is resisted and restrictively limited by 
the network of collagen fibers. To describe this swelling behavior triphasic models have been 
developed (Lanir, l987a,b; Mow et al., 1990; Snijders, 1994). In this study the effect of changing 
osmotic pressure will be ignored. 

collagen fibers 

interstitial fluid 

proteoglycan molecules 

proteoglycan aggregates 

Figure 1.3: Diagram of the structure of cartilage. 

Four zones can be distinguished (Minns and Steven, 1977): 

• superficial zone. The thin collagen fibers run parallel to the surface, and form a tightly 
woven network. This leads to a lower elasticity perpendicular to the surface and a lower 
permeability of the surface (Ma roudas and Bullough, 1968). The presence of split lines on 
the articular surface (Bullough and Goodfellow, 1968) indicate a preferred collagen fiber 
direction at the surface. · 

• intermedia te zone. The fibers have a larger diameter and are randomly oriented. 

• deep zone. The fibers are even thicker and oriented predominantly perpendicular to the 
surface. This zone contains the highest PG concentration and the lowest water content. 

• Clllcified zone. The fibers are connected to the underlying bone (Palfrey, 1972). 

The thickness of the superficial zone and the calcified zone are each approximately 10%, and of 
the middle and deep zone each 40% of the total cartilage thickness. 
In chapter 5 a numerical model with an inhomogeneous tibial cartilage layer will be presented. 
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1.2.3 Pathology and aging 

The functioning of the joint can be influenced by various conditions, for example infections, 
arthritis, degeneration or injuries, which can cause a change in either material parameters m 
geometry. 
A change of material properties due to aging and disease was reported for articular cartilage 
(Roberts et al., 1986). The proteoglycan size decreases and the percentage of nonaggregated 
forms increases. This leads to an increased mobility of the proteoglycans within the collagen 
network and a lossof proteoglycans. AJso the collagen fibers break down, causing swelling of 
the tissue. This will lead to an increased water content. 
Since the material properties depend on the molecular structure of the collagen and the proteo
glycans and their interaction, an alteration intheir structure wil! cause a change in the mechanica! 
properties of the tissue. These changes can be characterized by loss of mechanica! stiffness and 
strengthof the tissue and an increase of the permeability. 

1.3 Literature survey 

In this sectien literature on experimental studies and theoretica! rnadeis is discussed. An overview 
of literature on lubrication, coefficients of friction and surface roughness in the !mee joint is 
presented in appendix A. 

1.3.1 Experimental studies 

A few of the numerous experimental studies are mentioned below. The location and size of 
contact areas in cadaver knee joints were measured by Walker and Ha jek (1972). Fukubayashi 
and Kurosawa (1980) determined the contact area and the pressure distribution under various 
leads using a casting methad and special sensor sheets. The presence of the menisci enlarges 
the contacting area and decreases the peak pressure by about one half. Ahmed and Burke 
(1983) measured the static pressure distribution on the tibial plateau, using a micro-indentation 
transducer. They also found the fraction of the load being transmitted by the menisci is at least 
50% of the total load applied. Experimental studies by Jans et al. (1988) and Dortmans et al. 
(1991 a,b) showed that the dynamic behavim of the knee joint is nonlinear. The magnitude of the 
applied dynamic load influences the stiffness and damping values. 
The results of experimental studies on behavim and mechanica I parameters of articular cartilage 
and meniscus that are relevant for this study are presented in chapter 2. 

1.3.2 Theoretica) models 

Knee joint mode Is can describe either (i) the relative motion between the tibia and the femur or 
(ii) the force action in the joint. 
Mode is on the relative motion without consiclering the force action are called kinematica! mode Is. 
Strasser (1917) developed the four-bar linkage model in which the cruciate ligaments, the femur 
and the tibia are represented by rigid bars. This model was extended by Menschik (1974), Huson 
(1974) and O'Connor and Zavatsky (1990). 
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The models on the force action in the joint can be subdivided in (a) rnadeis to delermine the 
forces in ligaments and musdes or the contact forces and contact area between the articulating 
surfaces and (b) models to predict stress and deformation in the articular cartilage. The first 
subcategory describes statically indeterminale systems, while for the second subcategory the 
constitutive equations of the constituents are essential. Two review articles on knee models 
(Hefzy and Grood, 1988; Hirokawa, 1993) mainly discuss the first subcategory. 

ad (a) Wismans (1980) presented a three-dimensional model, where two rigid bodies, connected 
by a number of nonlinear elastic springs, are in contact at two points. With this model 
he calculated the relative position of these bodies as well as contact farces and strain in 
ligaments and capsule, as a function of an external load and the flexion-extension angle. 
The mathematica! model of Blankevoort (1991), which is basedon the workof Wismans 
et al. (1980), a lso prediets motions and contact areas in the joint. 

ad (b) The number of models in the second subcategory is much smaller than in the first 
subcategory. Hirsch (1944) used the classica! Hertz theory of contacting elastic spheres to 
model the cartilage contact problem. Armstrong (1986) determined the strains and stresses 
in a thin layer, which is bound toa rigid foundation. To describe the initia! response he used 
an incompressible material, for the equilibrium response a compressible material was used. 
Eberhardt et al. (1990, 1991 a,b) presenled a study on the contact of layered elastic spheres 
as an analytica! model of joint contact. An analysis on the contact between a spherical 
biphasic layer and a rigid impermeable plane was performed by Ateshian et al. (1992). 

Finite element computations offer the possibility to analyze models of structures with complex 
geometry and material behavior. Stress and strain fields, among many other physical quantities, 
can be monitored. To describe the sliding contact of two or more soft bodies, contact elements 
are necessary, whereas frictionless sliding of the meniscus on a flat rigid tibia can be modeled 
without using contact elements. An overview of the ma in references on fini te element studies on 
the knee joint is given below. 

• Sauren et al. (1984) developed a finite element model with frictionless contact between 
the meniscus, femur and tibia. Meniscus, femur and tibia were described by single phase 
linear elastic materia Is. Sa uren and coworkers (1984) studied the distribution of the load 
transmitted by direct contact between the cartilage layers and the portion transmitted 
through the meniscus. The properties of the components were found to be more important 
for load transmission than the geometrie dimensions of the meniscus. 

• The model presenled by Hefzy et al. (1987) and Hefzy and Zoghi (1988) differed only with 
regard to the coarseness of the element mesh and the boundary conditions at the lower end 
of the tibia from the model of Sa uren et al. (1984). Their results confirmed the conclusions 
drawn by Sauren et al. (1984) on the importance of the meniscus for load transmission. 

• Aspden (1985) used an axisymmetric nonlinear single phase meniscus, resting on a friction
less rigid tibial surface. The load acted perpendicular to the upper surface of the meniscus. 
The results showed a region of radial tensite strain and a sharp boundary between regions 
of positive and negative shear strain. These regions coincide with the locations of the most 
commonly observed Iesions of the meniscus. 
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Figure 1.4: Fini te element model with single phase elastic cartilage layers and meniscus. (Schreppers et 
al., 1990) 

• Schreppers et al. (1990) developed an algorithm to describe the sliding contact between 
the meniscus and the cartilage. Th is resulted in a geometrically nonlinear contact element 
that allows sliding over a large area. Based on a parameter study conducted for an 
axisymmetric model with frictionless contact ( tigure 1.4), it was shown that alterations to 
the model geometry had Iittle inAuence on the mechanica! behavior of the joint in case 
the bony components are covered with single phase elastic layers. Also the importance of 
transversely isotropie material parameters of the meniscus was demonstrated. Description 
of the meniscus and the tibial cartilage layer by a biphasic mixture (Schreppers et al. , 
1991) leads to significant differences between permeable and impermeable surfaces of the 
components. The components with the impervious surfaces are in fact incompressible, so 
the Auid can only redistribute within the mixture. In the model with the permeable surfaces 
the fiuid-filled cavity initially bears the major part of the load. In the equilibrium state this 
is taken over by the meniscus. The curvature of the spherical indentor a lso has a significant 
effect on the initia! response of the model. 

• Various parameterstudies with meniscus rnadeis (three-dimensional, single phase, friction
less sliding) and femur-meniscus-tibia rnadeis (axisymmetric, single phase and biphasic) 
are performed by Tissakht et al. (1989 and 1991) and Tissakht and Ahmed (1990 and 1992) 
(see table 1.1). In the three-body axisymmetric rnadeis (Tissakht et al., 1991; Tissakht and 
Ahmed, 1992) the cartilage layers on femur and tibia are not considered, and four material 
roodels for the meniscus are compared. The response of a transversely isotropie model is 
significantly different from an isotropie model. The value of the elastic modulus of the 
femur and tibia has a large influence on the stress magnitude in the meniscus. Al tering the 
shape of the meniscus has liltie influence on the response. 

• SpiJker et al. (1992) presenled an axisymmetric biphasic finite element model of the 
meniscus with a transversely isotropie solid phase. A change of toading conditions has 
little effect on the strain distribution, but influences the time-dependent response. In genera!, 
the axial strain is compressive and the radial and circumferential strains are tensile. 
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• Van der Voet (1992) showed with a plane strain biphasic model of a synovia! joint that 
whole joints are affected by hydraulic boundary conditions a long the contact surface. The 
influence of inhomogeneity and anisotropy of the cartilage layer was a lso demonstrated. 

From these studies we see the material properties are extremely important. The conditions 
and assumptions of the various finite element studies are summarized in table 1.1. Only few 
models allow sliding contact between the meniscus and deformable cartilage layers. Other than 
by Schreppers (1991), experimental validation of analytica! or numerical roodels has notbeen 
reported. 

I reference I material description I structural components I geometry I 
Sauren et al. (1984) 1 I.e. tibia, femur, meniscus A 
Aspden (1985) 1 nl.e. meniscus A 
Hefzy et al. (1987) 1 I.e. tibia, femur, meniscus A 
Hefzy and Zoghi (1988) 1 I.e. tibia, femur, meniscus A 
Tissakht et al. (1989) 1 t.i. meniscus 30 
Schreppers et al. (1990) 1 I.e. tibia, femur, meniscus A 
Tissakht and Ahmed (1990) 1 t.i. meniscus 30 
Schreppers et al. (1991) 2 I.e. tibia, femur, meniscus A 
Tissakht et al. (1991) 1 par.st. tibia, femur, meniscus A 
Tissakht and Ahmed (1992) 2 par. st. tibia, femur, meniscus A 
SpiJker et al. (1992) 2 t.i. meniscus A 
Van der Voet (1992) 2 par. st. two cartilage layers 20 

Thble 1.1: Summary of conditions and assumptions ofvarious fini te elementstudies on the knee joint. Tbe 
material can bedescribed either by single phase {1) or hipbasic (2) materiaL The single phase 
materialor the solid phase is linearel as tic (I.e.), nonlinear elastic (nl.e.), transversely isotropie 
(t.i.) or a parameter study with different types of materialsis performed (par. st.). The geometry 
is represented by A (axisymmetric), 2D (two~dimensional) or 3D (three-dimensional). 

1.4 Outline of this thesis 

The work in the present thesis can beseen as an extension of the workof Schreppers (1991) 
and as an intermedia te step towards a three-dimensional fini te element model of the knee joint. 
Schreppers put a lot of effort indeveloping a geometrically nonlinear contact element to describe 
frictionless sliding between two single phase solids, two mixtures, or a single phase solid and a 
mixture. He performed some parameter studies but was primarily focused on the load distribution 
between the direct contact and the meniscus. The model was partly validated by experiments on 
single phase rubber structures. In this thesis, further experimental validation is performed on a 
physical model made of polyurethane foam saturated with a Newtonian oil. 
The geometry of the fini te element model is an axisymmetric approximation of a photograph of 
the knee joint. Whereas in the model of Schreppers (1991) the tip of the meniscus is replaced by 
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a fluid-filled cavity between the tibia, femur and meniscus, in this thesis the tip of the meniscus 
is fully modeled. A parameter study is performed using various boundary conditions, material 
descriptions and parameters of cartilage layers and meniscus, and geometrie changes of the 
meniscus. The study is concerned with the load distribution between the various contactareasas 
wellas with the pressure and stress distributions in cartilage and meniscus. Variations in material 
properties, boundary conditions and changes to the geometry of the meniscus are investigated. 
This parameter study should lead to the knowledge which effects are of major importance and 
have to be incorporated in a three-dimensional model, and which effectscan be ignored. 

Cartilage and meniscus are described by a biphasic mixture model, of which the theory is 
summarized in chapter 2. Material properties have been taken from literature. The boundary 
conditions for mixtures are also reviewed in chapter 2. In chapter 3 the numerical method 
and test probieros involving both mixture behavior and contact are evaluated. In chapter 4 the 
mathematica! model is experimentally validated. A physical model with a geometry comparable 
to the numerical model of the knee joint is tested in a laboratory setup. In chapter 5 the 
assumptions and simplifications for the numerical reference model are discussed. The model is 
axisymmetric, and the sliding contact between cartilage and meniscus is considered frictionless. 
Fluid exchange between cartilage and meniscus is possible. The influences of the geometry of the 
en ti re model, the boundary conditions concerning fluid exchange and sliding as wellas anisotropy 
of the meniscus are also considered in this chapter. Also the parameter study on the material 
properties and a geometrie variation of the meniscus and the femoral cartilage is presenled in 
chapter 5. Chapter 6 ends this thesis with the conclusions, discussion and recommendations. 
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Chapter2 

Constitutive modeling for the components 
of the knee model 

Presently it is generally accepted that for a correct description of the mechanica! behavior of 
articular cartilage and roeniscal cartilage, biphasic or tripbasic mixture models have to be used. 
Although the concept of using mixtures for biologica! materials was introduced in the mid
seventies by Mow and coworkers (Mow et al., 1980) the theory is dated earlier (Terzaghi, 1925; 
Biot, 1941, 1972). The theory in this thesis is based on the review articles by Bowen (1976), 
Atkin and Craine (1976a,b) and Bovendeerd and Huyghe (1994). 
The use of mixture models has great implications on the experiments to delermine the material 
parameters. Aftera short summary of the mixture equations, the material experiments on articular 
cartilage and meniscus wil! be discussed. 

2.1 Theory 

The basic assumption of mixture theory is the superposition of a number of continua in a certain 
volume. This means that, at any time, each point in the mixture is occupied by all its constituents. 
As a consequence averaging of the properties is necessary. Each constituent follows its own 
motion, and the equations of motion are formulated separately. The infiuence of the constituents 
on each other is represented by interaction terms. The behavior of the constituents and the 
interaction are described by constitutive laws. 
In the present thesis cartilage is considered as a biphasic mixture, consisting of a solid phase s 
and a fiuid phase f. The true density p~ of a phase a (either s or f) is defined as the ratio of the 
mass m 01 of the a1h phase and the volume V 01 of the a1h phase: 

(2.1) 

The apparent density p 01 of a phase a is defined as the ratio of the mass of the a 1h phase and the 
total mixture volume: 

(2.2) 

19 
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The volume fraction n"' of a phase a is defined as the ratio of the volume of the ei" phase and 
the total mixture volume V: 

V"' 
n"'=-

V 
Fora solid-ftuid biphasic mixture it is clear that the volume fractions satisfy: 

n• + nl = 1 

(2.3) 

(2.4) 

The ba la nee equations are formulated fortheseparate constituents, while summation leads to the 
balance equations for the mixture as a whole. The balance equations of mass for the mixture 
components are: 

o;ta + '\7. (p"'v ") = c"'' a= s,j (2.5) 

with v" the velocity vector. The interaction term c" represents the mass supply to the a 1" phase 
from the other constituents, due to chemica! interactions. The balance equations of momenturn 
for the mixture components are: 

a-ex 
Pa( ;t +va. vv-cx) = -ç7. u"+ patfa + rrcx, a= s,j (2.6) 

where the left-hand term represents the inertia terms, qcx the body forces and if"' the force due to 
interaction withother constituents. The following assumptions are made: 

• Both components are assumed intrinsically incompressible: 

p~ is constant (2.7) 

• Mass exchange will be neglected: 
c"' = 0 (2.8) 

• Body forcesas well as inertia terms wil I be neglected: 

p"'q" = ö (2.9) 

(2.10) 

With these assumptions the mixture equations will be derived. The mass balances (2.5) for the 
constituents now become with (2.2), (2.7) and (2.8): 

on" --+V' . (n"'v"') = o at ' a= s,j (2.11) 

Taking (2.4) into account, addition of these equations leads to the mass balance for the mixture: 

(2.12) 

This means that a change of volume of the mixture can only be caused by ftuid flow into or out 
ofthe mixture. The balances of momenturn (2.6) reduce with (2.9) and (2.10) to: 

'Ç7 · u" + if" = Ö, a= s,j (2.13) 
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Since there is no interaction on the mixture level, the interaction farces if"" satisfy: 

if' + ifl = ö (2.14) 

Consequently, summation of equations (2.13) leads to the balance of momenturn for the mixture: 

(2.15) 

In addition tothese balance equations, constitutive relations for the mixture components and the 
interaction also are needed. The constitutive relation forthefluid component of the mixture is: 

(2.16) 

where pis the hydrodynamic pressure. The constitutive relation for the solid is given by: 

u• = -p n'l + tT elf (2.17) 

where u •lf is the effective Cauchy stress, which is the stress necessary to deform the solid matrix 
(with pores but without fluid). The term -p n•I represents the hydrodynamic stress exerted by 
the fluid. By introducing the effective Piola-Kirchhoffstress Se//> which is related to the effective 
Cauchy stress by: 

(2.18) 

the constitutive relation for the solid is written as: 

(2.19) 

where J is the determinant of the defonnation tensor F, 4 L is a constant fourth-order symmet
rical tensor and E is the Green-Lagrange strain. This relation is not physically real for large 
compressive strains (greater than about 40 percent) (Oomens, 1985). 
The viseaus effect of the fluid on the solid is accounted for in the constitutive relation for the 
interaction. A Iinear relation between the interaction farces if• and ifl and the relative velocity 
of the fluid with respect to the solid (ijl - v') is proposed: 

(2.20) 

where K is the drag coefficient, which is assumed equal in all directions. The first term is 
called the Stokes drag and represents the diffusion. The second term, called the buoyancy force 
(Müller, 1968; Bowen, 1980), originates from the phenomenon that a solid body submerged in a 
fluid experiences a force proportional to the difference in density between the solid and the fluid. 
Substitution of the constitutive equations (2.16), (2.17) and (2.20) in the balance of momenturn 
of the fluid (2.13) results in: 

v1 - v' = -(n')2K~p (2.21) 

Ifthe permeability is defined as k = -(nf)ZK equation (2.21) becomes Darcy's Iaw: 

(2.22) 
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During deformation of the solid matrix the pore size wilt change. This causes a change of the 
permeability. In this thesis we use a relationship between the permeability and the volume change 
according to Huyghe (1986): 

(Jnf)z _ (~ )2 
f - f + 1 

no no 

k 
(2.23) 

ko 

where nÖ and k0 are the porosity and permeability of the undeformed mixture. The permeability 
function for small strains in a one-dimensional situation is plotted in tigure 2.1. Even fora smal! 
strain a considerable change in the permeability can occur, depending on the porosity of the 
undeformed mixture. 
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Figure 2.1: Strain-dependent permeability for different values oftbe porosity of tbe undeformed mixture. 

Substitution of the Darcy equation in the mass ba la nee of the mixture (2.12) results in : 

v. v'- v. (kVp) = o (2.24) 

Substitution of the constitutive relations for the solid and the fiuid phase in the balance of 
momenturn for the mixture (2.15) gives: 

(2.25) 

For a mixture boundary conditions on the displacements and pressures are needed. Boundary 
conditions concerning the displacement or the force are analogous to those for a single phase 
solid. Boundary conditions concerning the ftuid pressure and the flow can be categorized as 
follows: 

• mixture-mixture boundary: p+ = p-, where p+ and p- denote the fiuid pressures at bath 
si des of the boundary. 

• mixture-salid boundary: Q = 0, where Q is the fluid flow across the boundary. 

• mixture-fluid boundary: p+ = p-, where p+ denotes Huid pressures in the mixture and p
the pressure of the external ft u id. 

An overview of the literature on boundary conditions for mixtures is given in appendix B. 



Constitutive modeling for the components of the knee model 23 

2.2 Material properties of articular cartilage 

Since emphasis is put on material behavier in this study, the mechanica! properties of the 
components are important. Many researchers who determined the material properties of cartilage 
used single phase elastic or viscoelastic theory: Sokoloff, 1966; Linn, 1967; Radin et al., 1970; 
Hayes and Mockros, 1971; Kempsen et al., 1971; Hayes et al., 1972; Hori and Moclcros, 1976; 
Johnson et al., 1977. Fora survey the reader is referred to Mow et al. (1984). 
However, the parameter values determined with the experiments basedon these theories, such 
as the Young's modulus and the Poisson's ration, are notadequate to describe the behavier of 
mixture materials adequately. When mixture theory is used, experiments are needed to delermine 
the behavior of the fluid phase and the interaction with the solid phase. Three of the most 
common experiments for the biphasic mixture theory are steady state uniaxial filtration, confined 
compression tests and indentalion tests. 

uniaxial fiJtration 

Uniaxial tiltration measurements (also called ultrafiltration) are directly based on Darcy's law. 
For one-dimensional flow, and a pressure gradient D.p across a specimen of length D.x, the flow 
rate q [mis] is expressed as: 

q = k D.p 
D.x 

(2.26) 

where kis the permeability [m4/Ns). Mansourand Mow (1976) showed that permeability of 
cartilage va ried as a function of applied strain: the higher the strain, the lower permeability. They 
found values for the permeability of bovine articular cartilage between 2.9 and 33 ·10-16 m4/Ns 
for 14 samples on two different locations. 

confined compression 

The confined compression test is one-dimensional: a cylindrical specimen of height L is placed 
in a tightly fitting ring. The lower surface rests on a rigid porous filter with high permeability. 
In a creep experiment, a step load is applied on the upper surface of the sample by means of an 
impermeable platen. Therefore, the sample can only deform in the axial direction by expelling 
the interstitial fluid. The equation for the displacement is given by: 

du = H ktflu 
dt A dz2 (2.27) 

where HA is the aggregate modulus written for the solid matrix, including the pores but without 
the interstitial fluid: 

H - E 1- v. 
A- • (1 + v.)(1- 2v8 ) 

(2.28) 

The boundary conditions for this problem are: 

du F 
= at z = 0 

dz HA 
u= 0 at z = L 
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reference material k ·10 "16 HA v. nf 

[m4/Ns] [MPa] [-] [-] 
Mansourand Mow (1976) bovine 2.9 - 33 
Mow et al. (1980) bovine 34- 118 0.61-0.79 
Armstrongand Mow {1982) human 5- 195 0.13- 1.91 0.79 
Whipple et al. {1985a) po reine 24 0.55 0.14 
Mow et al. {1989) bovine 1.3- 7.9 0.47- 1.33 0.38 
Kwan et al. {1990) hu man 0.29-0.84 

bovine 0.25-0.55 
Kwan et al. (1992) canine 0.82- 1.10 

Thble 2.1: Biphasic material parameters of articular cartilage from literature. The large range is caused 
by different testing methods and assumptions, experiments performed on specimens from 
several locations and species, as well as the variatien on one location. 

Assuming small deforrnations, a constant permeability k and linear, isotropie elastic behavior for 
the solid, Mow and coworkers {1980) formulated the solution for the creep displacement They 
deterrnined the aggregate modulus and permeability (tab ie 2.1) in confined creep experiments 
from ten specimens of bovine articular cartilage. The large spread in the perrneability values 
is due to the assumption of a constant permeability, rather than assuming a strain-dependent 
perrneability. 
Armstrong and Mow (1982) performed tests on articular cart i lage from the human patella. They 
found for 103 specimens a large range ofvalues ofthe permeability, aggregate modulus, thickness 
and water content. Their results are summarized in table 2.1. 
Kwan et al. (1990) developed a large strain theory by incorporating the influence of strain
dependent perrneability. Experiments on both human and bovine articular cartilage showed a 
significant difference between the aggregate moduli. Kwan et al. (1992) determined for the 
media] tibial plateau from the hind I i mb of adult mongrel canines the aggregate modulus, which 
corresponds to the initia] slope of the nonlinear stress-strain curve. The storage time of cartilage 
specimens had no significant effect on the aggregate modulus: 0.82 MPa for fresh cartilage and 
0.85 MPa for cartilage that was stored up to 60 days in tissue culture media. 

indentation tests 

The advantage of indentation is that the tissue is tested in situ with the normal physiological 
constraints, so that the fibers that de termine the solid matrix structure are left intact. The articular 
surface of the cartilage is indented by a porous, plane-ended circular cylinder. Mow et al. {1989) 
used a method, developed by Mak et al. {1987), to calculate HA, v. and k for isotropie and 
homogeneaus materials on the joint surface. Mow and coworkers {1989) used young bovine 
femoral articular cartilage from knee joints in an indentation creep experiment. The results of 
experiments using the media] and lateral condyles are identical (table 2.1). 
In a preliminary investigation (Whipple et al., 1985a) the samemetbod showed different values 
for porcine lateral femoral condyles: see table 2.1. 
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2.3 Material properties of the meniscus 

confined compression 

Favenesi et al. (1983) conducted confined compression tests on specimens from four locations in 
bovine media! menisci. The plugs were divided in superficial and deep plugs, but no significant 
difference was found for the aggregate modulus HA. They reported values for the aggregate 
modulus between 0.38 and 0.45 MPa. The permeability of the surface was slightly lower than 
that of the deep zone. Values between 6.9 and 9.3 ·10-16 m4/Ns were reported for various sites 
on the menisci. With direct permeability measurements they found k = 6.4 ·10- 16 m4/Ns. For 
the porosity they found a value of nf = 0.74. 

anisotropy of the solid phase 

Several authors (Bullough et al., 1970; Cameron and Macnab, 1972; Aspden et al., 1985) reported 
anisotropy of the meniscus, caused by fiber orientation in circumferential direction, giving the 
meniscus a higher stiffness in that direction. The mechanica! properties perpendicular to the 
fibers are different from the properties parallel to the fibers. This kind of anisotropy is called 
transversal isotropy. In genera!, to describe transversely isotropie material, the direction parallel 
to the fibers is called the longitudinal direction, and the directions perpendicular to the fibers are 
called the transversal directions1• Thus the solid phase can bedescribed by 5 material parameters: 

axial direction 
(transversal material direction) 

radial direction 
(transversal material direction) 

circumferential direction 
(longitudinal material direction) 

Figure 2.2: Axial, radial and circumferential directions within the meniscus. 

two Young's moduli in longitudinal and transversal directions ELand Er, two Poisson's ratios 
VL and vr, and a longitudinal shear modulus G L· The transversa I shear modulus can bedescribed 

1This definition of longitudinal and trans versa! directions conllicts in the case of the meniscus with tbe termi
nology used in medicalliterature, wbere longitudinal means parallel to the axis ofthe buman body and transversal 
perpendicular to this axis. 
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as a function of ET and VT. The Poisson 's ratio VL is the ratio of the strain in transversa I direction 
tothestrain in longitudinal direction under the action of a load in the Jongitudinal direction. The 
Poisson's ratio VT represents the ratio of the strains in both transversal directions. 

tensile tests 

To determine the Young's modulus for longitudinal (here: circumferential) and transversal di
rections (here: axial and radial) of the meniscus, tensile testing can be applied. Whipple et al. 
(1985b) determined the tensile stiffness of medial bovine meniscus, using constant strain rate 
uniaxial tension tests. Dumbbell-shaped specimens with circumferential and radial orientations 
were obtained from the surface, middle and deep zones in anteriorand posterior segments. The 
surface was isotropie with an average Young's modulus of 59.8 MPa. The interior layers however, 
were strongly anisotropic and inhomogeneous: the circumferential specimens were much stiffer 
than the radial specimens. Also with respect to the location inhomogeneities were found: the 
tensile modulus in circumferential direction of posterior specimens is higher than that of anterior 
specimens. 
Skaggs and Mow (1990) determined for bovine medial menisci the circumferential tensile mod
uli from the linear part of the stress-strain curves. They also found a large spatial variation: 
10.8 MPa for the anterior, 32.7 MPa for the centraland 42.3 MPa for the posterior region. 

shear tests 

Chem et al. (1990) determined the anisotropic shear properties of bovine media! menisci. The 
disc-shaped specimens were obtained in three different directions: two directions with the fibers 
parallel to their upper and Iower surfaces (the so-called axial and radial specimens), and one 
with the fibers perpendicular to its upper and Iower surface (the circumferential specimen). The 
shear moduli were determined as GT = 36.8 ± 11.6 kPa for the circumferential specimens and 
G L = 29.8 ± 9.7 and 21.4 ± 6.5 k.Pa for the axial and radial specimens respectively. The difference 
between the axial and radial specimens is the result of radial fibersin the tissue. 

reference surface interior specimen 
layer 

E, [MPa] ET [MPa] EL [MPa] GT [k.Pa] GL [k.Pa] 

Whippie et al. (1985°) 59.8 2.8- 71.4 48.3- 259 
Skaggs and Mow (1990) 10.8- 42.3 
Chern et al. (1990) 21.4- 29.8 36.8 

1àble 2.2: Anisatrapie parameters of bovine medial menisci. The interior specimens are taken from 
several locations: middle and deep zones from both anteriorand posterior positions. 
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2.4 Discussion 

The range of material parameters from the various references is shown in table 2.3. The large 

HA 
[MPa] 

0.1-2 
0.38-0.45 

ET 
[MPa] 

2-70 

Table 2.3: Summary of tbe material parameters from literature. 

variations in experimental data on the material properties of articular cartilage and meniscal 
cartilage are due to several causes such as: inadequate constitutive models, differences between 
individuals of a single species and differences between various species. Also the standard testing 
methad may lead to erroneous values. Most tests require a well defined geometry, and for all 
tests it is assumed that the specimens have homogeneaus material properties, which is not the 
case for biologica! materia Is. Also the interna I structure of the material can be severely disrupted 
when the test samples are manufactured. These problems have been recognized by Peters (1987) 
in a study on the measurement of strains and stresses in soft tissues. Recently mixed numerical
experimental techniques are being developed to ciccumvent these problems (Hendriks, 1991 ). 
However, they have nat been applied to cartilage and meniscus yet. 
In chapter 5 a reference model wil! be defined with material properties within the range ofreported 
experimental results. As a consequence of the wide range of the material parameters, a parameter 
study will be performed a lso in chapter 5. 
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Chapter3 

Numerical modeling 

In tbis cbapter tbe numerical tools to solve tbe mixture equations and tbe contact problem are 
considered. The finite element metbod is used to solve the equations. First tbe elements are 
described, foliowed by test problems involving the combination of mixture and contact elements. 

3.1 Mixture elements 

To describe the behavior of the mixtures a mixed formulation is used as described by Oomens 
et al. (1987). Snijders (1994) improved tbis algorithm with respect to time integration, and 
implemenled a class of elements in the fini te element package DIANA (De Borst et al., 1985). 
To solve the mixture equations (2.24) and (2.25) 

they are written in a weighted residual form and transformed to the undeformed contiguration 
to obtain a Total-Lagrange formulation. These equations are then discretized according to tbe 
Galerkin finite element metbod (Zienkiewicz, 1977). The primary unknowns are the displace
ments of tbe solid and tbe fluid pressure. The discretization results in the following set of 
nonlinear differential equations: 

JJ?iJ + b(Y,'f!) = 9 
f)(Y,'f!) = Q 

(3.1) 

(3.2) 

wbere tbe submatrix .!1? describes tbe solid-fluid interaction. The columns y and p contain the 
nodal displacements and the nodal pressures respectively. The discretization of time fs done using 
the Houbolt tbird order inlegration scheme (Bathe, 1982). The nonlinear algebraic equations are 
solved using the Newton-Rapbson tecbnique. 
Four-node isoparametrie axisymmetric mixture elements with linear interpolation functions for 
the displacements and hydrastatic pressures are used. For a more extensive derivation of the 
elements tbe reader is referred to Snijders (1994). 

29 
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3.2 Contact elements 

In descrihing the contact between two or more bodies several phenomena can be recognized: 
adhesion, friction and large sliding may occur, while penetratien is not allowed. 
To solve the frictionless contact problem, contact elements which allow large sliding were 
developed by Schreppers et al. (1992). In this formulation a distinction is made between master 
nodes and target nodes. Usually themasternodes are on one body and the target nodesareon the 
ether. With respect to every master node a contact unit is defined. A contact unit consists of a 
master node and a number of target nodes, which forma target contact area. In a two-dimensional 
element the target contact area becomes a line, described by two target nodes. In figure 3.1 a 

target nodes 

master node 

Figure 3.1: A contact unit between two contacting bodies A and B. 

contact unit between two bod i es is represented by a triangle. To every contact unit one of the two 
following states can be assigned: 

• active state: The master node is lying in the target contact area (or line) and contact 
interaction exists. 

• passive state: The master node is not lying in the target contact area and there is no contact 
interaction. 

In order to describe problems with large slip more contact units are assigned tothemaster node, 
as shown in figure 3.2. At the most one of the contact units, assigned to a master node, can have 
the active state at a eertaio time, and the ethers are passive. If the master node slides a long the 
target contact line the next contact unit can take over the active state. 

·.Y.· 
Figure 3.2: Three contact units assigned to one master node. 
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In the active units there are contact forces on the master node and the target nodes. Within every 
contact unit there is equilibrium for all the contact forces in the nodes. The contact forces on the 
target nodes are distributed according to the position of the master nodes relative to the target 
nodes. 
Scheeppers (1991) formulates the contact problem with two sets of equations: 

[(;) - r- ç(;, ~) = Q 

M:f,~) = 9 

(3.3) 

(3.4) 

where the first set describes the equilibrium of forces in the nodes: the columns f, rand ç contain 
the interna I nodal forces, the external nodal forces and the contact forces respecti;"ely. The second 
set of equations represents the contact constraints, that prevent the bodies from penetrating each 
other for the active contact units and set the contact forces to zero for the passive contact units. 
The columns ; and ~ repcesent respectively the nodal coordinates and the contact forces in the 
master nodes. To solve this set of nonlinear equations an iterative salution procedure is used. 
The contact elements can also be used between mixtures or between a mixture and a solid body. 
In addition to the boundary conditions concerning the elastic solid, the boundary conditions 
concerning the fluid must a lso be accounted for. Three cases of mixture contact are considered: 

• mixture-mixture contact with permeable surfaces 
Every master node on the contacting surface is checked whether it is actually in contact 
with another structure. The fluid flow in the node resulting from the interaction in the 
contact unit is distributed according to the geometry, analogous to the distribution of the 
contact forces. The hydrastatic pressures at both si des of the contacting surfaces are equal. 
If two mixtures are not in contact the flow at the surfaces is zero and the pressure is an 
unknown, analogous toa mixture where no pressure is prescribed at the boundary. 

• mixture-mixture contact with impervious surfaces 
In case of impervious surfaces no fluid flow is permitted across the surface while the 
fluid pressures at both sides of the contact are not necessarily equal. This is analogous to 
solid-solid contact, since the equations which are related to the fluid movement inside the 
mixtures are left out. 

• mixture-solid contact 
Description of mixture-solid contact is also analogous to solid-solid contact. 

Fora more extensive derivation of the elements the reader is referred to Scheeppers (1991 ). Also 
the contact elements are implemented in the fini te element package DIANA. 
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3.3 Test problems 

In addition tothetest probieros on the contact between solid structures (Schreppers, 1991) three 
contact probieros with axisyrometric mixture bodies are tested. In axisymmetric roodels the 
georoetry, material properties and resulting physical quantities do not vary in the circuroferential 
direct ion. 
In these test problems dimensionless variables will be used: 

z z 
(3.5) = L 

R 
r 

= (3.6) 
L 

Ur 
Ur 

(3.7) 
L 

T 
HAk (3.8) = vt 

p 
rra2 

(3.9) = p-P 
where L is the length of the specimen, a the radius, Ur the radial displacement and F the applied 
force. The load is applied in axial direction on the axis of symmetry. The axial displacements of 
all nodes in the upper surface are equal. 

I 

F 
;7 

L 
z 

0 

a 

Figure 3.3: Dimensions of the axisymmetric specimens, which are used in the numerical test problems. 

The coropression forceinsection 3.3.2 is scaled with the equilibrium value (at t -+ oo) of the 
force: 

3.3.1 Confined compression 

F 
C=

Feq 
(3.10) 

To test the ability of the contact element to couple the pressures at the boundary between two 
fluid-filled porous bodies, a confined compression experiment is used. lnstead of using one plug 
with Jength L two identical plugs each with length 0.5 L are used. Between the plugs a contact 
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element which couples the pressures of the two contacting bod i es is placed. The contact element 
also enables fluid flow between these bodies. In this way the total contiguration functions as one 
body with length L. Each plug consists of 8 elements. Radial displacements are set to zero for 
all nodes. The lower plug rests on a rigid foundation. The two nodes at the top ofthe upper plug 
(Z = 1) have equal axial displacements. The fluid pressure is zero at the top of the upper plug, so 
the fluid can flow freely out of the mixture there. Aftera dummy step to establish the contact, a 

F I 
P=O 

."(V 
contact element 

L 
L_ 

z 

L 
01---------

a 

Figure 3.4: Mesbof tbe confined compression test problem. The triangle !::. denotes suppressed vertical 
displacement, the triangle C> suppressed radial displacement 

step load is applied at the upper surface of the plugs, and is held constant for all subsequent time 
incremeots. The total time is divided in 20 progressively increasing steps. 
In tigure 3.5 the pressure is plotted against the specimen depth for the contiguration with the 
contact element for 6 points in time. The location of the contact element at Z = 0.5 is a lso shown. 
The pressure is not influenced by the presence of the contact element. 
The results of the contiguration with the contact element are equal to those of the contiguration 
with one plug of length L. There is a smal! difference between the two numerical solutions 
and the analytica! solution given by Terzaghi (1943). As can be seen in tigure 3.6, time step 
refinement impraves the numerical solution. 
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Figure 3.5: Results of the numerical model with the contact elements: nondimensional pressure against 
position for the confined compression test at different times. 
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Figure 3.6: Nondimensional pressure against time at the upper surface for confined compression. 
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3.3.2 Unconfined compression 

To test the sliding between a mixture and a solid body, an unconfined compression test is 
simulated. A cylindrical disc can slide between two smooth, frictionless, impermeable plates. 
The !ower plate is fixed, the upper plate is given a prescribed axial displacement The outer 
radius of the discis stress free and the fluid pressure is zero. The toading is a constant strain ra te 
foliowed by stress relaxation. The analytica! solution of this problem with a linear elastic solid 
phase and a constant permeability is given by Armstrong et al. (1984). The kinematic boundary 
conditions for this problem can either be defined by tying the axial displacementsof the nodesof 
the upper surface of the disc or by using contact elements between the disc and the plates. 

u z 

I 

L P= 0 

z 

L I 
01--------------

-~:; 

a 

Figure 3.7: Meshof the unconfined compression test problem. The triangle /::, denotes suppressed vertical 
displacement, the triangle 1> suppressed radial displacement 

In the expression for the nondimensional time (equation 3.8) the radius a of the disc is used 
instead of the length L, since the pressure does not vary with the lengthof the disc, but in radial 
direction (figure 3.8). 
In ligure 3.9 the force needed for the compression is shown. Again good agreement is found for 
the two numerical solutions and the analytica! solution. The agreement for the two numerical 
solutions and the analytica! solution is better than for the confined compression test, since instead 
of the force the displacement is prescribed in this test problem. 
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Figure 3.8: Nondimensional pressure against radial position in the disc for the unconfined compression 
problem at different times. 
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Figure 3.9: Nondimensional compression force against time for unconfined compression. 
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3.3.3 Unconfined compression between two permeable plates 

To test both sliding and fluid transport, an unconfined compression test of a biphasic disc between 
two plates with a large permeability is performed. Since the analytica] salution to this problem 
is not known, two numerical solutions are compared. In the model without contact elements 
the boundary conditions for the displacements can be used as in the unconfined compression, in 
actdition of free fluid flow at the upper and lower surface of the disc. In the model with the contact 
elements the plates are highly permeable and fluid flow across the contact elements is possible. 
For reasoos of symmetry only the upper quarter of the disc is modeled. 
The results of both models agree very wel! with each other for the pressure in the bottorn node 

F P=û 

I 

1/2 L 
P=û 

z 

d 

a 

Figure 3.10: Mesh of the unconfined compression test between two permeable plates. The triangle /:;; 
denotes suppressed vertical displacement, the triangle [> suppressed radial displacement 
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Figure 3.11: Nondimensional pressure against radial and axial position in the disc for unconfined com
pression between two perrneable plates at different times. 
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on the axis of symmetry (figure 3.12) as well as for the radial displacement of the outer boundary 
(figure 3.13). All three test problems indicate the combination of mixture and contact elements 
functions well. 
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Figure 3.12: Nondimensional pressure in the center against time for unconfined compression between 
two permeable plates. 
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Figure 3.13: Nondimensional radial displacement of the outer surface against time for unconfined com
pression between two permeable plates. 
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Experimental validation 

In each step in the modeling process, starting from the ideas about the physics, via the translation 
of these ideas into a theoretica! model, until the numerical model, a number of assumptions and 
simplifications have been made. Some aspects, for example the numerical solution process, can 
partly be checked by comparison with analytica! solutions. The numerical model of the joint 
as a whole can only be tested by means of a comparison with the biologica! reality. However, 
experiments on biologica! materia is or complete joints are difficult to perform for various reasons: 
individual variations in material properties and geometry, availability, preparation and storage 
of the specimens and disturbance of the interna I structure of samples due to isolation from their 
natura! surroundings. Therefore, it is worthwhile to perform an intermediale validation step by 
comparing the numerical model with a physical model built in the laboratory. This is especially 
important to check the translation from the physics to the theoretica! model, which contains the 
following steps: 

• the continuurn approach of mixture theory. 

• the assumptions on the incompressibility of the constituents, the neglect of body forces, 
inertia terros and mass exchange between the phases. 

• the constitutive equations for the constituents and the solid-fluid interaction. 

• the boundary conditions for mixture-mixture, mixture-fluid and mixture-solid contact. 

For these reasons the complete model is validaled in a Jaboratory experiment by using a 
polyurethane model, which simulates various aspects of the anatomical system, such as the 
loading of the extended knee and the biphasic nature of the carti lage and the meniscus. The ge
ometry of the physical model is comparable to the numerical model of the knee joint ( chapter 5). 

4.1 Experimental metbod 

4.1.1 Modeland matenals 

The physical model in this study (figure 4.1) is based on the reference model of Schreppers 
(1991). The femur is represented by a rigid indentor made of perspex. The femoral cartilage 

39 
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cavity 
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meniscus 

tibial cartilage layer 

26 

Figure 4.1: Dimensions of the model [ mm ]. 

layer is not included in the model. The tibial cartilage layer is represented by a deformable 
disc, the meniscus by a wedge-shaped deformable ring. Both the disc representing the tibial 
cartilage layer and the ring presenting the meniscus are made of porous polyurethane, saturated 
with a Newtonian oil (Shell ONDINA 33, viscosity TJ = 0.24 Pa·s at a temperature of 20 °C). 
The properties of the porous material are influenced by using different volume fractions of the 
polyurethane during the production, which leadstoa change of solidity (n•), stiffness (E) and 
permeability (k). For the tibial cartilage layer, a 15 volume percent polyurethane is used. Three 
menisci of respectively 10, 15 and 20 volume percent polyurethane are made. In this chapter the 
menisci will be named 10%, 15% and 20% menisci, basedon the polyurethane volume percent 
of the solid matrix. The meniscus is cut off at an inner radius of 10 mm (figure 4.1) in order to 
obtain a clearly defined edge. As a result a cavity, which can contain fluid flowing out of the 
tibial cartilage layer or meniscus, exists. 
Initia! estimates of some of the material parameters are determined by means of unconfined 
compression tests, tensile tests and permeability tests. These material parameters are used as 
initia! values fora numerical-experimental procedure to delermine the material properties which 
best fit the experimental data (section 4.2.2). 

4.1.2 Experimental setup 

The model is placed in a perspex container filled with oil (figure 4.2). Four small channels in 
the bottorn of the container are conneeled to pressure gauges (Philips KPZ20G). The vertical 
displacement of the indentor, which is guided by the lid of the container, is measured with 
a displacement transducer (Scheavitz 050DC-D). The fluid can flow freely out of the cavity 
through 8 holes (0 = 1 mm) in the indentor (see detail in tigure 4.2). The ramp load is applied 
by letting sand flow at a constant rateontoa tray on the balance arm. Prior to the experiments 
the loading force is measured with a force transducer, placed halfway along the balance arm 
(figure 4.3). A conterweight is used to obtain a horizontal position of the balance arm in the 
unloaded situation. 
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Figure 4.2: Cross-section of the experimental setup: 1 frame, 2 container, 3 model of the tibial cartilage 
layer, 4 model of the meniscus, 5 indentor, 6 oil, 7 lid, 8 pin, 9 sand, 10 balance arm, 11 
displacement transducer, 12 conterweight, 13 pressure gauges. The detail shows one of the 
holes (14) in the indentor through which the Huid can flow out of the cavity. 
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Figure 4.3: Measured loading force versus time. 
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4.1.3 Experimental procedure 

Four contigurations are tested: one without the meniscus, and three with menisci of respectively 
10, 15 and 20% polyurethane matrices. In all contigurations the tibial cartilage layer is made 
of a 15% matrix. The air in the solid matrix is completely removed in a vacuum pump and the 
specimens are saturated with oil. A prelead is applied to the contigurations with the menisci to 
ensure all surfaces are in contact. Then the load is applied to the model and kept constant until 
the consolidation is complete (after a total time of 12s). The test was repeated three times for 
each contiguration. In tigure 4.4 the measured quantities are shown: the vertical displacement 

F 

Fïgure 4.4: Measured quantities of the model: the fluid pressure at the lower surface of the tibial cartilage 
layer at four locations (P1 to P4) and the axial displacement of the indentor (V). 

of the indentor and the fluid pressure at the lower surface of the tibial cartilage layer at four radii 
(P1 to P4 at respectively r = 0, 7, 14 and 21 mm). The results of each contiguration are averaged 
over the three tests. All tests are performed at a temperature of 21.5 ± 1 °C. 
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4.2 Femur-tibia model 

In this section the contiguration withoutthe meniscus will be discussed. Th is contiguration will 
be used to fit the properties of the porous material with the 15% matrix. 

4.2.1 Experimental results 

The displacement of the indentor (tigure 4.5 (left)) is linear with the load during the step 
(0 < t < 1. 7 s). For t > 1.7 s the indentalion increases slowly, while at the end of the ex
periment the displacement has not reached the equilibrium value. 
The fiuid pressure ( tigure 4.5 (right)) increases during the load step. The highest pressure is found 
on the axis of symmetry (P1) at t = 1.7 s. The maximum pressure is lower for the larger radii . 
The initia! negative value of P 4 probably can be ascribed to the combined effect of adhesion of 
the disc to the bottorn of the container and bending of the disc during the loading. At t = 10 s the 
fiuid pressure everywhere in the disc is nearly zero and the load is carried entirely by the solid 
phase. In order to be able to cernpare the results of two experiments, or of an experiment and 

0.00 

E" 
.§. - 0. 10 

P, 

ë 
()) 

E 
()) -020 
0 
l1l 
a. 
"' '5 -0.30 

-0.40 
0 3 6 9 12 0 3 6 12 

time [s] t ~me [s i 

Figure 4.5: Experimental results for tbe model without meniscus: displacement of the indentor (Ie ft) and 
pressures at the lower surface of the disc (right) versus time. Also the times are shown at 
which the pressure signa Is Pt to P4 wiJl be compared: T1 to Ts, which represent t = 0.8, 1.7, 
2.5, 3.5 and 5 s. 

a numerical analysis, the pressures P1 to P4 will be presenled at times T 1 to T5 , which are also 
shown in tigure 4.5 (right). T2 is detined at the end ofthe load step (t = 1.7 s). 
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4.2.2 Parameter estimation and numerical analysis 

The following procedure is used todetermine the mechanica! properties. The material parameters 
obtained in the various tests mentioned at the end of section 4.1.1 are used as a first estimate. A 
fini te element analysisofthe model with this set of material properties is compared with the exper
iments. Using an iterative procedure, the Young's modulus and permeability are adjusted until (i) 
the maximum pressure at the end ofthe Joad step (at t = 1.7 s) and (ii) the equilibrium displacement 
of the indentor (at t = 12 s) agree for both the numerical and experimental results. The final esti
mate for the Young's modulus and the permeability ofthe 15% matrix are respectively 0.4 MPa and 
22.5 m4/Ns. 
In the fini te element model axisymmetric mixture elements are used for the tibial cartilage layer. 
The femur is modeled as a rigid single phase solid. Contact elements are used to describe the 
interface between the femur and the tibial cartilage. In the numerical model horizontal and 
vertical displacementsof the nodes on the lower surface of the tibial cartilage layer are prevented. 
The ftuid can flow freely out of the solid matrix at the outer radius. The Joad is applied in two 
steps analogous to the protocol in the experiments. After consolidation due to preloading, a step 
load of 1.5 N in 1. 7 s is applied. 
Although the numerical results are fitted to match the experimental results fora value of the pres
sure and a value of the displacement at only two points in time, the numerical results show the 
sametrend as the experimental results for the total time ( tigure 4.6). However, the deformation of 
the numerical model is fa ster than of the experimental result ( tigure 4.6 (upper)). Fortimes T1 to 
Ts the pressures are shown next toeach other per channel for the experimental and the numerical 
results (figure 4.6 (lower)). The results at T1 and T2 show good agreement for P1• However, the 
experimental pressure decreases faster with increasing time and is more equally distributed over 
the lower surface of the disc. 
The differences between the numerical analysis and the experiment can be caused by viscoelastic 
behavior of the solid phase. This has been checked by a numerical analysis, in which the solid 
phase of the tibial cartilage and the meniscus is modeled with a 3-parameter Maxwell model 
(Schoonen, 1993). This analysis showed a qualitatively better agreement with the experiments. 
A quantitative comparison has nat been performed yet. 
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Figure 4.6: Comparison of experimental and numerical results for the model without meniscus: dis
placement of the indentor versus time (upper) and P1 to P4 at T1 to Ts (lower). 
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4.3 Femur-meniscus-tibia model with the 15% meniscus 

In this section the model with the meniscus with n• = 0.15 will be discussed and compared to the 
femur-tibia model. 

4.3.1 Experimental results 

The same characteristics as for the femur-tibia model described in the previous section are 
observed in figure 4.7. The highest pressures are found on the axis of symmetry (P1) and the 
maximum pressures for alllocations occur at the end ofthe load step (t = 1.7 s). However, due to 
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Figure 4.7: Experimental results for the model with meniscus: pressures P1 to P4 at the lower surface of 
the disc versus time. 

the increase of the load-carrying area of the meniscus, the fluid pressure and the indentation are 
reduced considerably compared to the contiguration without meniscus (figure 4.8). The pressure 
in the center of the disc (P1) at the end of the lûad step is reduced by a factor 2.5. The difference 
diminishes towards the end of the experiment. The pressure is distributed more equally in the 
model with the meniscus. No negative va lues for the pressure P 4 (at r = 21 mm) occur, probably 
because the meniscus prevents bending of the tibial cartilage layer. 
Both models still show creep of the indentor at the end of the experiment, although the fluid 
pressure is nearly zero. The axial displacement of the indentor at equilibrium is reduced by a 
factor 3.5 compared to the model without meniscus. 
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4~3.2 Numerical analysis 

The tibial cartilage layer and the meniscus are modeled with axisymmetric mixture elements, 
while the femur is modeled as a rigid single phase sol id. The lower surface of the tibial cartilage 
layer is fixed to the underlying foundation, while the meniscus is allowed toslide freely along the 
surfaces of tibiaJ cartilage layer and femur. The fluid can flow freely out of the solid matrix both 
at the outer radius as well as into the cavity. The numerical analysis is performed using a mixture 
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Figure 4.9: Fini te elementmeshof the experimental configuration with meniscus. The triangle ó. denotes 
suppressed vertical displacement, tbe triangle [> suppressed radial displacement 

material with the properties as determined from the femur-tibia model. The pressures show 
very good agreement with the experimental results (figure 4.10 (lower)). The pressures from the 
numerical analysis decrease slightly slower than those from the experiments. The displacement of 
the indentor however, shows a rather large difference between the experimental and the numerical 
results (figure 4.10 (upper)). lt is assumed this difference is caused by viscoelastic behavior of 
the solid matrix. 
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Figure 4.10: Comparison of experimental and numerical results for the model with the 15% meniscus: 
displacement of the indentor versus time (upper) and Pt to P 4 at T 1 to T s (lower). 
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4.4 A qualitative comparison between experiments and three 
femur-meniscus-tibia models 

To gain more insight in the modeling and to validate the model more extensively, three roodels 
with respectively 10, 15 and 20% menisci will be compared. Only a qualitative oomparisou 
between the experiments and the numerical analysis is undertaken. 
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Figure 4.11: Experimental results for the three rnadeis with meniscus: displacement of the indentor 
versus time (upper) and pressure Pt at Tt to Ts (lower). 

Preliminary tests showed that the material with the higher volume fraction of the solid has a 
higher Young's modulus and a lower permeability. The higher stiffness will cause a smaller 
deformation and therefore, a lower pressure at a given time. The lower permeability wil! cause 
the opposite effect on the pressure: the fluid will flow more slowly out of the solid matrix, which 
will result in a higher pressure at a given time. 
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The experimental results for the three configurations with the different menisci are shown in 
tigure 4.11. The model with the meniscus with the lowest stiffness (n• = 0.10) has the largest 
displacement of the indentor and the highest pressure in the center of the tibial disc (P1). Of 
the two effects mentioned above, the Young's modulus has apparently a larger influence on the 
pressure. 
The same trend, seen for the experirnental results, can also be observed for the numerical results 
(figure 4.12). 
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Figure 4.12: Numerical results for the three roodels with meniscus: displacement of tbe indentor versus 
time (upper) and pressure P1 at T 1 to T5 (lower). Numerical model ml 0 corresponds to the 
experimental model witb the 10% meniscus, m15 to the 15% meniscusand m20 to the 20% 
meniscus. 
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4.5 Discussion 

A total of four configurations of a physical model of the knee are tested. The configurations differ 
from each other with respect to the meniscus and its material properties. Via indirect contact 
between disc and indentor through the meniscus, the applied load is distributed over a larger area 
than in the model without the meniscus. This results in a lower, more equally distributed fluid 
pressure and a smaller indentation. The maximum pressure, in the center of the tibial cartilage 
layer, is reduced by a factor of 3.5, the end displacement of the indentor by a factor of 2.5. By 
increasing the stiffness of the model meniscus, a decreasing indentation and lower fluid pressure 
are found. The effect of change in permeability appears to besmal I. 
The results of the experiments are reproducible and therefore indicate the reliability of the 
experimental setup and procedure. Favorable comparison of the experimental and numerical 
results confirms the validity of the numerical formulation. However, there are also differences 
between the experimental and numerical analysis. These can be explained as follows: 

• Since the fabrication of the material and the specimens is not fully reproducible, due to 
different cooling ra te of the specimens, the numerical fit of the material parameters should 
be performed for every specimen. The material properties of the 15% meniscus however, 
are assumed equal to those of the tibial cartilage, which is made of material with the sa me 
volume percent polyurethane. 

• Pores at the outer surfaces of thick specimens are observed to be smaller than those at 
their centers. Thus permeability may also be distributed inhomogeneously. However, in 
the numerical analyses the tibial cartilage is modeled as homogeneous and isotropic. This 
may account for the different relaxation times between the experiments and the numerical 
mode Is. It is possible to check the effect of inhomogeneity and anisotropy with a numerical 
parameter study. 

• Whereas in the numerical analysis the lower boundary of the tibial cartilage is tied to a 
rigid base, the tibial cartilage in the experiment is free to lift slightly from its rigid support. 
If this happens, the fluid can flow freely out of the disc. In that case the pressure P 4 (near 
the outer surface) wiJl decrease faster. With a numerical parameter study it is possible to 
check the influence of this effect. 

• Both in the experiments, as we IJ as in the numerical a na lysis, frictionless sliding is assumed. 
In the experiments however, the magnitude of the friction is not known. 

• Schoonen (1993) examined whether a viscoelastic model for the solid phase in the numerical 
analysis gives a better description of the experiment. Although a quantitative comparison 
has notbeen performed yet, the analysis showed a qualitatively better agreement with the 
experiments. 

Despite the above mentioned error sourees the numerical results came quite close to the exper
imental results, which gives confidence in the physics and the numerical analysis of the model. 
As it is not the objective of this thesis to obtain a perfect fit on one specific physical model or 
to perform a detailed material characterization of the polyurethane used to model soft tissues, 
further etaboration of experiments was omitted. For a detailed study qn the determination of 
material parameters of mixtures, the reader is referred to Op den Camp et al. (1993). 
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Numerical model and parameter study 

In this chapter the numerical model of the knee joint will be studied. The reference model is 
defined and a parameter study is performed. In the parameter study the same conditions, such as 
boundary conditions, the applied laad and the material properties, as in the reference model are 
used, and only one parameter at a time is varied: 

• an overall change of the geometry 

• absence of frictionless sliding 

• the permeability of the surfaces 

• anisotropy of the meniscus 

• the rnadeling of the femoral cartilage layer 

• material parameters of the tibial cartilage: Young's modulus, permeability 
and inhomogeneity. 

• the geometry of the meniscus 

The knowledge obtained in the axisymmetric model on the inftuence of the these parameters on 
the behavior of the joint can be used in the development of a three-dimensional model. First the 
computational results of the reference model will be discussed in detail. 

5.1 Reference model 

5.1.1 Description 

The geometry of the numerical model (figure 5.1) is based on a photograph of an anatomical 
cross-sectionat slice of the medial-posterior section in the sa gittal plane of a hu man knee joint 
(Hinson and Middleton, 1989). 
Since we are primarily interested in the inftuence of material properties in this study, an ax
isymmetric model is developed to save computing time and memory. Although the meniscus is 
approximately semicircular ( tigure 1.1 (right)), the attachments of the anteriorand posterior ends 
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to the tibia cause a restrietion in the radial displacement, as ifthe meniscus was a closed ring. The 
femur is modeled as an impermeable, rigid inden tor, and the tibial cartilage and the meniscus as 
biphasic mixtur.es. The material parameters used for the reference model are shown in table 5.1. 

Thble 5.1: Material parameters of the reference model. 

The lower end plane ( or distal surface) of the tibial cartilage layer is fixed to the underlying bone, 
which is modeled as rigid. The pressure at the outer surfaces of the meniscus and tibial cartilage 
is zero, and consequently, the fiuid can flow freely out of the model there. 
The radius of the tibial cartilage layer is 15.5 mm, and the thickness in the center 2 mm. The 
outer radius of the meniscus is 12.6 mm; the inner radius is 2.7 mm. The height of the meniscus 
(i.e. the maximum size in axial direction) is 4.8 mm. 

z 

o· I 

Figure 5.1: Tbe finite element mesh of the reference model. Tbe fiuid is allowed to flow freely out 
of the model at the free surfaces at the periphery of the meniscus and the tibial cartilage. 
Tbe triangle /::,. denotes suppressed vertical displacement, the triangle [> suppressed radial 
displacement 
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The tibial cartilage and meniscus are divided into 270 four-node isoparametrie mixture elements 
(section 3.1) by. using the mesh generator implemented in 1-DEAS (Structural Dynamics Resaerch 
Corporation, 1990). Between the meniscus and the tibial cartilage, contact elements with fluid 
exchange capability (section 3.2) are used. To describe the contact between femur and tibial 
cartilage as wellas between femur and meniscus, contact elements without fluid exchange are 
used. The total number of nodes equals 337; the number of kinematic and pressure degrees of 
freedom is 1117. 
Since a mesh generator was used, the nodesof contacting bod i es can have penetrated the opposing 
body already in the undeformed mesh. With a dummy load step with magnitude zero, the contact 
between the three bodies is set. After the dummy load step during 1 s, a ramp load of 50 N in 
axial direction is then applied to the femur in 4 s. The load is kept constant until t = 105 s. At this 
timethefluid pressure is zero and the equilibrium response is reached. In this way it is possible 
to evaluate the short-term as well as the long-term response of the model. The total time interval 
of 105 s is divided in 30 time steps, progressively increasing from 2 to 30000 s. 
The computations are performed on a Silicon Grapbics Challenge-L and a Cray Y-MP. On the 
Challenge the CPU-time for one iteration is approximately 100 seconds, whereas the total CPU
time, which depends on the number of iterations per time step, is approximately 6 hours for the 
reference model. 
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5.1.2 Results 

Although with a fini te element computation many physical quantities can be precisely monitored, 
a selected number of quantities is chosen to indicate the behavior of the knee joint model. To 
evaluate the response of the model, we will consider the radial and axial displacementsof certain 
points in the geometry (nodes A, 8 and C in tigure 5.2), since they are relatively easy to measure 
in an experimental setup of the model. Since a stress analysis may lead to a better insight in 
the failure mechanism of the tissue, the distributions of the fluid pressure and the stresses in the 
solid matrix are considered. To evaluate the load-bearing of the meniscus, the parameter m [%] 
is introduced, which describes the load transmitted through the meniscus as a percentage of the 
total applied load. 

r = 0 5 10 15[mm) 

Figure 5.2: Location of the !i nes I to IV through the meniscus and the tibial cartilage Jayer, a long which 
the results are plotted in the following figures in tb is section. 1: distal tibial cartilage, II: line 
through the tibial cartilage, ill: tibial surface of the meniscus, IV: line through the meniscus, 
from node B to node C. 
Node A is located on the axis of symmetry at the upper surface of the tibial cartilage layer. 
Node B is in the tip of the meniscus, node C at the outer surface of the meniscus. 

In addition to contour plots and two-dimensional graphs three-dimensional plots are used to 
present the results: for example the fluid pressure or a stress component in figure 5.7, versus the 
time and the radial coordinate. The time scale (on the x-axis of the plots) is logarithmic, and 
the y-axis shows the radial coordinate of the nodes in the undeformed geometry along the distal 
surface of the tibial cartilage (Jine 1), tibial surface of the meniscus (line III), or along a line 
through the tibial cartilage or the meniscus (respectively lines 11 and IV). The positions of these 
lines through the tibial cartilage layer and the meniscus arealso shown in figure 5.2. 
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Huid pressure 

The ftuid pressure reaches the highest va lues on the axis of symmetry,just after the load is applied. 
The pressure decreases towards the outer surfaces ( tigure 5.3 (upper)), where the fluid can flow 
freely out of the tibial cartilage and the meniscus. As the time increases more ftuid ftows out of 
the cartilage and the meniscus. Finally the pressure becomes zero (figure 5.3 (lower)). 
During the dummy laad step and the actual loading steps and immediately after the laad is 
applied, spatial instahilities in the pressure occur, because initially the mixture behaves like 
an incompressible materiaL This leads to a constraint which dominates the salution (Oomens, 
1985). By mesh refinement ar increasing the si ze of the time steps this problem can be diminished. 
However, there is a delicate balance between the size of the elements in the mesh and the time 
step. When the time step is too large, the salution is inaccurate; when the time step is too small 
instahilities occur. The locking effect disappears when the time increases (here: approximately 
from t = 7s). 
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Figure 5.3: Fluid pressure (MPa] at t = 50 s (upper) and at t = tOSs (lower). 
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stress at t = 50 s and at t = leP s 

In the tibial cartilage layer we find for the short-term response predominantly tensite stresses in 
the solid matrix in all directions (figure 5.5). At t = 50 s there is a smalt area in the tibial cartilage 
layer, just beneath the contact zone with the femur, with a high radial stress. Most striking is the 
tensile axial stress in a large area in the tibial cartilage, although an axially compressive load is 
applied. Since it takes some time for the fluid to flow out of the mixture, this phenomenon can 
be compared toa balloon that is compressed in one direction. Because the air can notflow out of 
the balloon, it is redistributed in the direction perpendicular to the compression, thus causing an 
inflation at the periphery. Analogously the fluid pressure intheknee joint model causes a tensite 
stress in the solid matrix. As the fluid flowsoutof the mixture, the solid matrix starts bearing the 
load. 
At t = 105 s (i.e. the equilibrium state) the radial and axial stress are negative. Since the tibial 
cartilage is tied to the undedying bone, the circwnferential stress is approximately zero. The 
circumferential stress in the meniscus is positive during the total consolidation time, with the 
lines of equal stress running in axial direction. The large gradient in the shear stress in the tibial 
cartilage at 50 s has disappeared at lOS s. In the meniscus however, the gradient in the shear 
stress is still large in the equilibrium state. 

Figure 5.4: Radial (u"'), axial (u zz ), circumferential ( 0'99) and shear stress ( O'rz) involved in axisymmetric 
analysis. Positive stresses are tensile, negative stresses are compressive. 

In order to get an impression of the pressure and the stress for all time steps, the results are 
plotted along the lines I and 11 through the tibial cartilage and line IV through the meniscus (next 
paragraphs). 
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Figure 5.5: From upper to lower: radial, axial , circumferential and shear stress (MPa] at t = 50 s (left) 
and at t = 105 s (right). Note the difference in contour values for the different stresses. 
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LINE I LINE 11 

radlal stress [MPa] radlal stress [MPa] 

axlal stress [MPa] axial stress [MPa] 

circumferentlal stress [MPa] circumferential stress [MPa] 

Figure 5.6: From upper to Jower: radial, axial and circumferential stress at the distal surface of the tibial 
cartilage layer (line I) (Ieft) and at line 11 through the tibial cartilage (right). 
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stress in the tibial cartilage 

Initially the stresses in the tibial cartilage are positive, except for the small radii at the lower 
surface (line I) (figure 5.6 (Ieft)). Between 10 and 15 mm we see a small dip, which is present 
during the entire time. lnitially the radial and circumferential stresses in the center of line Il (the 
Iine through the tibial cartilage, ligure 5.6 (right)) are higher than towards the periphery. With 
increasing time the stresses become negative on line I as well as on line 11. Also the tensite peak 
near the center on line 11 is replaced by maximum compressive stress. 

meniscus 

In the tip of the meniscus, a large gradient in the pressure and the stress is observed. For this 
reason line IV runs from node B to node C, and not entirely from the inner tip. 
The pressure in the meniscus shows the same trend as in the tibial cartilage layer: high at the 
inner radius, zero at the outer radius, and decreasing with time. In the tip of the meniscus the 
tensile stresses in all directions are initially very high. The radial and circumferential stresses 
are positive since the meniscus slides outwards. Initially, when the fluid pressure is still high, 
the axial stress is also tensile, but becomes compressive when the fluid starts flowing out of the 
meniscus. 

pressure [MPa] 

0 .30 

axial stress [MPa] 

radial stress (MPa) 

circumferential stress (MPa) 

0 .60 

Figure 5.7: Pressure (upper left), radial stress (upper right), axial stress (Iower left) and circumferential 
stress (Iower right) at line IV through the meniscus. 
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displacements 

Immediately after the application of the load the displacements of nodes 8 and C are nearly 
constant for a short time. The equilibrium value is reached at a very large time (25000 s) 
( tigure 5.8). The equilibrium response of the model equals the response of a purely elastic model 
with the same Young's modulus and Poisson's ratio. 
The radial displacements of nodes 8 and C, which are respectively at the tip and at the outside 
of the meniscus, are positive at all times. From the difference in radial displacements of nodes 
8 and C, we see the meniscus is compressed in radial direction. The axial displacement of node 
C at the outer radius of the meniscus is initially positive, but becomes negative with increasing 
time. The difference in axial displacements of nodes 8 and C shows the meniscus is tilted, due 
to the sliding outwards in the tilted, wedge-formed gap between the tibia and the femur. 
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Figure 5.8: Displacements in radial (left) and axial (rigbt) direction at the inner radius along the distal 
surface of the meniscus (node B) and at the midpoint of the outer surface of the meniscus 
(node C). 

load distribution 

Figure 5.9 shows the load distribution between the direct femur-tibia contact and the femur
meniscus-tibia contact. 8oth are represented as a percentage of the applied load. Most of the 
load is transmitted through the femur-meniscus-tibia contact, and only a minor part through direct 
femur-tibia contact, which even diminishes during time. Th is demonstrates the importance of the 
meniscus in the hearing of the load, which was a lso reported by Shrive et al. (1978), Fukubayashi 
and Kmosawa (1980) and Ahmed and 8urke (1983) from experimental studies. One of the 
numerical roodels presented by Schreppers (1991) also shows that a large part of the load is 
transmitted by the meniscus. 
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Figure 5.9: Load dis tribution between the direct femur-tibia contact zone and the femoral-meniscal-tibial 
contact. 

5.1.3 Mesh refinement 

The mesh was refined in order to delermine the reliability of the results. The number of elements 
in the reference model of 276 is nearly doubled to 502. The number of degrees of freedom 
increases from 1117 to 1946. 
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Figure 5.10: Pressure (left) and axial displacement (right) of node A for the reference model and the 
refined mesh. 

Looking at plots of physical quantities against time, for example the fiuid pressure and the axial 
displacement of node A (figure 5.10), we see different solutions for the two meshes for the first 
few time steps. lt is not clear what causes this difference, but it probably is a numerical effect. 
Most Jikely the time steps are too large for the refined mesh (a lso see page 57), and the difference 
will be reduced by the application of a time step refinement. As the consolidation progresses, the 
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results of the reference model and the refined mesh agree very wel I. 
In tigure 5.11 the pressure along the distal surface ofthe tibial cartilage Jayer (line I) and the axial 
displacement of the Jower surface of the meniscus (line lil) are plotted for two instants in time. 
Near the axis ofsymmetry there is a difference between the two meshes. However, for the larger 
radii the results agree very wel!. 
From these results it is concluded that mesh refinement is not necessary and that the reference 
model suffices. 
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Figure 5.11: Pressure of line I (Je ft) and axial displacement of Jine III (right) at t = 50 s and 105 s for tbe 
reference model and the refined mesh. 

5.2 Simplified geometry 

To get an impression of the influence of geometrie changes, the reference model is transformed 
into a model in which the structural components are represented by simplified geometries, such 
as rectangles, straight lines and arcs, with comparable sizes to the reference model. The tibial 

Figure 5.12: Deformation of the si~plified geometry at t = 50 s (Ieft) and at t = loS s (right). 
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cartilage is 15.5 by 2 mm, the inner and outer radii of the meniscus are respectively 2.7 and 
12.6 mm, and the maximum height of the meniscus is 5.6 mm. The material properties and 
boundary conditions are the same as in the reference model. 
Figure 5.12 (left) shows the deformation of the modelafter 50 s. The meniscus slides outwards, 
and because the distance between the femur and tibia is larger than the height of the meniscus, 
a small gap between the meniscus and the tibial cartilage layer develops. This gap lowers the 
/oad-bearing capacity of the meniscus ( ligure 5.14). As the tibial cartilage deforms more, and the 

Figure 5.13: Detail of tbe deformed geometry at t = 50 s. 

meniscus does not slide further, the gap is closed again (figure 5.12 (right)). This phenomenon 
does not occur in the reference model, because the distance between the tibial cartilage and the 
femur is smaller than in the simplified geometry. Apparently, the anatomy of the media! contact 
area is such that no gap will develop between the meniscus and one of the contacting cartilage 
layers. 
According to Schreppers (1991), who considered only geometrically simple models, the infiuence 
of geometrie variations is not very large. However, the responses of the reference model and the 
simplified geometry are different. 
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Figure 5.14: Load transmitted tbrougb tbe femur-meniscus-tibia contact as a percentage of tbe total 
applied Ioad for tbe reference model and tbe model with the simplified geometry. 
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5.3 Model without frictionless sliding 

In this thesis contact elements are used to describe the sliding between two bodies over a large 
distance. In many finite element studies no contact elements are used (section 1.3). This cao be 
done either by modeling frictionless sliding of the meniscus on a rigid surface and applying the 
load directly to the meniscus (Aspden, 1985; SpiJker et al., 1992), or by tying the meniscus to 
the tibial cartilage and the femoral surface (Tissakht and Ahmed, 1992). To get an impression 
of the influence of the frictionless sliding, the reference model is compared toa model in which 
the upper and lower surfaces of the meniscus are attached to respectively the femur and the tibial 
cartilage. The pressure is continuous across the tibia-meniscus contact and fluid exchange is 
possible. 

NODE A 

0.00 ------~ relerenee model -
·0.02 nosllding --

'i" -0.04 '-, 
c.. 

\, ~ 

"' -0.06 

! 
-0.08 "' ëil "'-----'ë 

~ -0.10 

·0.12 

-0.14 
2 3 4 

logt [s] 

0.00 
raferenee model ----

·0.02 ----~" no sliding --~ 

-0.04 
'i" c.. -0.06 ·, 
~ 
::! -0.08 \ e 
Oi ·0.10 

ëil -0.12 -~ 

-0.14 

-0.16 

-0.18 
2 3 4 5 

log I [s] 

O.Q10 

0.008 

0.006 
'i" c.. 0.004 
~ 

"' 0.002 
"' ., 
p 0.000 "' ëil 
'ë 
~ 

-0.002 

-0.004 

-0.006 

-0.008 

-0.010 

-0.015 ... -----... 

-0.020 
'i" c.. -0.025 
~ 
::! -0.030 

e 
Oi -0.035 
ëil -0.040 -~ 

-0.045 

-0.050 

-0.055 

2 

NODEC 

relerenee model -
no sliding -----__ _._._ _____ ... ________ _ 

3 4 5 

logt [s] 

reference model ----

'~ 
no sliding 

2 

""~~--

3 

logt [s] 

4 5 

Figure 5.15: Radial and axial stress in node A (left) and in node C (right) of the reference modeland the 
model without sliding contact. 



Numerical modeland parameter study 67 

Figure 5.15 shows that the differences in the radial and axia/ stress of nodes A and Care very 
large for the two models. Although not shown here, other quantities exhibit similar differences. 
Therefore, it is clear that for correct rnadeling of the tibiofemoral joint, frictionless sliding of the 
meniscus has to be included. 

5.4 Penneability of the surfaces 

Since it is reported the surface of articular cartilage is less permeable than the interior of the 
cartilage layer (Ma roudas and Bullough, 1968), a parameter study is performed in order to judge 
the effect of different values of the permeability. The pressure outside the cartilage and the 
meniscus, within the cavity enclosed by the joint capsule is not known. Therefore, the effect of 
free fluid flow at the outer surfaces of the tibial cartilage and the meniscus is a lso considered. In 
this part of the study four mode Is will be compared: ( 1) the reference model, with free fluid flow 
between the structural components and free outflow at the outer edge; (2) a modelwithno flow 
between tibial cartilage and meniscus, but with free outflow; (3) a model with free flow between 
tibial cartilage and meniscus, but with a sealed outer surface; (4) a model with completely sealed 
surfaces. 

(1} (2} (3} (4} 

F1gure 5.16: Four roodels with different permeabilities of tbe surface: (J ): reference model, (2): no flow 
between tibial cartilage and meniscus, (3): sealed outer surface, (4): completely sealed 
surfaces. The dasbed lines denote tbe surfaces across which Huid flow is possible. 
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Comparison of the results shows no difference in the response of the models (1) and (2) (i.e. the 
models with free outflow at the outer surfaces of the tibial cartilage and the meniscus). Because 
of the zero pressure at the periphery, the pressure gradient in the tibial cartilage layer and the 
meniscus is in the radial direction (figure 5.3). This is perpendicular to the contact between the 
tibia and the meniscus. Therefore, Huid exchange between the tibial cartilage and the meniscus 
is not likely and sealing of the tibia-meniscus contact has no inftuence. However, when the outer 
surface is impervious, and consequently, no Huid can flow out of the model, redistribution of fluid 
has to take place within the model. Dependent on the permeability of the contacting surfaces, 
this redistribution has to take place either within the complete model (3) or within the structural 
components separately (4). 
lnitially the pressure in node A in the four modelsis nearly equal, but after approximately 2500 s 
there is a difference between the mode Is withor without a sealed outer surface ( ligure 5.19 (lower 
Jeft)). In the mode Is (1) and (2) the final fluid pressure Peq is zero. The pressure in node C in 
models (3) and (4) is shown in ligure 5.17. Until t = 3000 s the pressure in nodeCis equal for 
the models (3) and (4). The equilibrium va lues of the pressure in the tibial cartilage (node A) 
and the meniscus (node C) are equal in model (3): Peq = 0.060 MPa. In model (4) the finalfluid 
pressure in the tibial cartilage is Peq = 0.074 MPa and in the meniscus 0.015 MPa. 
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Figure 5.17: Fluid pressures in node A and node C of the two mode!s with the sealed outer surfaces: 
models (3) and (4). 
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The radial displacements (not presented here) are hardly influenced at all, while the final axial 
displacements show large differences (figure 5.18). 
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Figure 5.18: Axial displacements at the inner radius along the distal surface of the meniscus (node B) 
(left) and at the midpoint of the outer surface of the meniscus (node C) (rigbt) of tbe four 
models with different permeabilities of tbe surface: (1): reference model, (2): no flow 
between tibial cartilage and meniscus, (3): sealed outer surface, (4): completely sealed 
surfaces. 

The stress in the solid matrix is different for the final response as well as for the short-term 
response of all four models (figure 5.19). For node A the compressive stress in all directions is 
higher in the models with the sealed outer surfaces than in the models with the nonsealed outer 
surfaces. In the meniscus (node C) the radial and circumferential stress in the equilibrium state 
are smallest for the models with the nonsealed outer surface. There is also a large difference 
between the models (3) and (4): the radial and axial stress in the model with the completely sealed 
surfaces are lower than in the model where fluid red is tribution between the tibial cartilage and the 
meniscus is possible. Only for model (3) the axial stress in node C hasa positiveequilibrium value. 

For node A the differences between the mode Is with sealed and nonsealed outer surfaces occur at 
approximately 2500 s, for nodeBat 1000 s and for node C these rnadeis show already from the 
start larger differen~s. For the models with the nonsealed outer surfaces it takes some time for 
the fluid to flow out of the model. Thus the influence of the outflow is noticed later on the model 
axis of symmetry than towards the periphery. 
It can be concluded that for the short-term response (i.e. physiological loadings) the various 
boundary conditions on fluid flow do notlead to different results. However, for the equilibrium 
response the permeabilities of the outer surfaces of the meniscus and the tibial cartilage are of 
importance. In the remainder of this study all surfaces are assumed permeable. 
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Figure 5.19: Results of the four models with different permeabilities of the surface: (1 ): reference model, 
(2): no flow between tibial cartilage and meniscus, (3): sealed outer surface, (4): completely 
sealcd surfaces. From upper to lowcr: on the left: radial stress, axial stress and pressure on 
the axis of symmetry (node A); on the right: radial, axial and circumfcrential stress at the 
midpoint of the outer surface of the meniscus (node C). 
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5.5 Anisotropy of the meniscus 

The fibers in circumferential direction in the meniscus cause anisotropic behavior. The Young's 
modulus in the direction ofthe fibers (the longitudinal direction) is much larger than the Young's 
modulus in the other (i.e. transversal) direetions. Because (i) experiments show a large range of 
values of the Young's moduli and (ii) not al.l the parameters neeessary to describe transversely 
isotropie material are known, an arbitrary choice is made for the various material parameters. In 
the numerical model, a ratio of 1 to 10 is chosen for the Jongitudinal and the transversa I modulus 
of the meniscus. The values of the solid matrix properties of the transversely isotropie meniscus 
are as follows: 

EL= 200MPa 
VL = 0.005 

Er= 20MPa 
vr = 0.05 

The transversal shear modulus is a function of Er and vr and thus equals Gr = 9.52 MPa. The 
longitudinal shear modulus GL is notrelevant in an axisymmetric model in which the fibers run 
in the circumferential direetion. The permeability and the porosity are equal to those of the 
meniscus in the referenee model: k = 8.0 ·10-16 m4/Ns and nf = 0.75. 
The results ofthis model are eompared to the reference model, ofwhieh the solid matrix properties 
of the meniscus are: E = 5.0 MPa and v = 0.3. Therefore, changes in the behavior of this model 
are caused by the anisotropy of the meniscus as well as by the inereased overall stiffness of the 
meniscus. 
The anisotropy of the meniscus influences the overall behavior of the model. In figure 5.20 
the final equilibrium deformation of the roodels with an isotropie meniscus and a transversely 
isotropie meniscus are compared. The radial, axial and shear deformation in the central zone 
of the tibial cartilage are in the model with the isotropie meniscus much larger. The isotropie 
meniscus moves furtheroutwards. In the model with the transversely isotropie meniscus the tibial 
cartilage under the contact region is deformed more uniformly, whereas the axial deformation of 
the tibial cartilage in the periphery of the contact region is much larger. 

Figure 5.20: Deformation of the models with an isotropie meniscus (left) and a transversely isotropie 
meniscus (right) at t = tOS s. 
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Not only does the meniscus anisotropy affect the distribution of the fluid pressure and stress of 
the solid matrix in the meniscus itself, but also in the tibial cartilage (figure 5.21). On the left 
side of the figure results are plotted along line II through the tibial cartilage. On the right side of 
figure 5.21 the pressure and circumferential stress a long line IV through the meniscus are plotted. 
(For the definition of line II and line IV see figure 5.2.) The maximum Huid pressure in the tibial 
cartilage is approximately four times lower for the model with the anisotropic meniscus and in 
the meniscus two times. The circumferential stress is more uniformly distributed along line II 
through the tibial cartilage. The very high stress at the center of the tibial cartilage decreases 
substantially. The sa me conclusions hold for the stresses in the radial and axial direction. 
In the anisotropic meniscus (line IV) we see a more uniform distribution of the circumferential 
stress. This stress at the inner radius is lower than in the reference model, and is higher at the 
outer radius. The stresses in radial and axial direction are lower than in the reference model (not 
shown here). We see that the fibersin the meniscus cause a decrease and equalization ofthe Huid 
pressure and the stresses. 

LINE 11 

pressure [MPa] 

0.80 

circumferential stress [MPa] 

pressure [MPa] 

0.30 

circumferential stress [MPa] 

0.60 

LINE IV 

Figure 5.21: Comparison of the Huid pressure {upper) and circumferential stress (lower) at line 11 through 
tbe tibial cartilage layer (left) and atline IV through the meniscus (right) for the reference 
model with an isotropie meniscus (solid lines) and a model with a transversely isotropie 
meniscus ( dasbed lines). 
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The large difference in displacements of the two models is illustrated in tigure 5.22. The radial 
displacement of the inner tip of the meniscus is reduced by approximately a factor 50, the axial 
displacement by a factor 2. A smaller axial displacement of node B means that the axial strain of 
the tibial cartilage layer is also smaller. 
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Figure 5.22: The radial (left) and axial (right) displacement of the tip of the meniscus (node B) for the 
reference model and the model with an anisotropic meniscus. 

Anisotropy of the meniscus increases the percentage of laad transmitted through the femur
meniscus-tibia contact. Because the anisotropic meniscus does not slide outwards, a larger part 
of the meniscus participates in the load transmission. 
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Figure 5.23: l..oad transmitted through the femur-meniscus-tibia contact as a percentage of the total 
applied load for the reference modeland the model with the anisotropic meniscus. 

Since the anisotropy of the meniscus has such a large infiuence on the behavior of the model, the 
remainder of the parameter study is performed with the transversely isotropie material parameters. 
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5.6 Modeling of the femoral cartilage layer 

In order to study the influence of the simplification of the femurtoa rigid indentor, the reference 
model (with anisotropic meniscus) is compared with an analysis in which the femoral cartilage 
layer is modeled as a mixture with a linear elastic solid phase. According to the findings of 
Jurvelin et al. (1987) the Young's modulus of the femoral cartilage is modeled slightly higher 
than that of the tibial cartilage: E, = 1.0 MPa. The other parameters are identical to those of the 
tibial cartilage. The proximal end of the femoral cartilage is tied to the femur, which is modeled 
as rigid. The fluid can flow freely out of the mixtures at the outer radii of the tibial and femoral 
cartilage and the meniscus. In both models the meniscus is transversely isotropic. 
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Figure 5.24: Load transmitted through the femur-meniscus-tibia contact as a percentage of the total 
applied laad for the reference modeland tbe model with the poroelastic femoral cartilage. 

A temporal instability occurs between time steps 20 and 21, as seen in figure 5.24. In time step 21, 
the calculation did not converge because some of themasternodes in one of the contact elements 
penetrated the contacting body. In the next time step the bocties were contacting correctly again. 
Modeling of the femoral cartilage layer with a mixture material hardly changes the behavior 
of the tibial cartilage layer or the distribution of the laad transmission as comparcd to the 
reference model (see tigure 5.24). However, the radial displacement of the meniscus as well as 
the radial and circumferential stresses in the meniscus change considerably. In tigure 5.25 the 
circumferential stress in the equilibrium state is shown. In the model with the poroelastic femoral 
cartilage the gradient of the circumferential stress in the meniscus is much larger. In the lower 
outer corner of the meniscus we see an area with a low circumferential stress. From anatomical 
studies it is known that in that region the circumferential fibers are very thick. Consequently, the 
stiffness in circumferential direction will be higher. With a parameter study it is possible to gain 
insight in the effect of this inhomogeneity. 
Although the meniscus shows a different behavior as a consequence of the rnadeling of the 
femoral cartilage layer, in the parameter studies on the material properties of the tibial cartilage 
and the geometry of the meniscus, the femur will be modeled as a rigid inden tor. 
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Figure 5.25: Circumferential stress [MPa] at t = 105 s for the reference model (Ie ft) and the model with 
the femoral cartilage layer (right). In bath rnadeis the meniscus is transversely isotropic. 

5. 7 Material parameters of the tibial cartilage 

The experimentally determined material parameters of the cartilage layer show a wide range 
(section 2.2). ln order to evaluate the influence of this range on the behavior of the model, a 
parameter study on the Young's modulus and the permeability is performed. With a parameter 
study it is also possible to gel an impression of the effect of aging, which causes a loss of 
mechanica! stiffness and strength, and an increase ofthe permeability (Roberts et al. , 1986). The 
varied parameters of the tibial cartilage are shown in table S.2. 
1t is known that articular cartilage has a layered structure (section 1.2.2). Insection S. 7.3 a model 
with an inhomogeneous tibial cartilage layer wil! be presented, where the Young's modulus and 
the permeability of the superficial and the deep layers are different from those in the intermedia te 
zone (figure S.32 and table S.3). 

model k ·10 ·IO E. 
name [m4/Ns] [MPa] 

El 7S 1 
ES 7S s 
E10 7S 10 
K1 1 1 
K5 s 1 
KlO 10 1 
KSO so 1 
K100 100 1 
KSOO soo 1 

Table 5.2: Permeability and Young's modulus of the tibial cartilage layer of the rnadeis in the parameter 
study. 
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In all rnadeis in these parameter studies the meniscus is transversely isotropic, and fluid flow 
between the tibial cartilage and the meniscus as well as out of the model is possible. The results 
of the parameter variations are presenled in the following sections. 

5. 7.1 Young's modulus 

From the figures in this section it cao be seen that the rnadeis with a higher stiffoess lead to 
faster consolidation. For the analysis of a confined compression test it is appropriate to use the 
dimensionless timeT= li4t, (equation (3.8)). This means the process time tjT decreases with 
increasing stiffness and permeability. Th is is in agreement with the findingsof the stiffer mode Is 
in this section. 
Also the long-term response is influenced by the Young's modulus of the tibial cartilage. After 
consolidation the behavior is only determined by the properties ofthe solid matrix: E. and v,. 
For models ES and ElO initially an increase ofthe radial displacement of node C can be observed 
(figure S.26). ;\fter approximately SOO s the radial displacement of node C decreases for all 
mode Is. Si nee node B moves towards the centerfort :::; SOOs, and later outwards, the meniscus is 
first stretched in radial direction and later compressed. Fora higher stiffness ofthe tibial cartilage 
the radial compression of the meniscus is larger: the radial displacement of node B is larger for 
the stiffer tibial cartilage layer, and of node C smaller. Consequently, the part of the load that is 
carried by the meniscus is smaller ( tigure S.28). 
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Figure 5.26: Radial displacementsof node B (left) and node C (right) for the models El, ES and Elû. 

All stresses and initially the pressure of node A on the a x is of symmetry in the tibial cartilage are 
larger for the stiffer models. For node C at the outer edge ofthe meniscus however, the axial and 
circumferential stress are lower for the stiffer model. The radial stress of node C is positive for 
models El and ES, and mostly negative for model ElO. 
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Fïgure 5.27: Results of the models El, ES and ElO. From upper to lower: on the left: radial stress, 
axial stress and pressure in node A; on the right: radial, axial and circumferentia( stress in 
node C. 
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Figure 5.28: Load transmitteè through the femur-meniscus-tibia contact as a percentage of the total 
applied load for the models El, ES and ElO. 

5.7.2 Permeability 

The equilibrium response of the mode Is is determined by the properties of the solid phase (E4 and 
v,). Since these are equal for models Kl to KSOO, all these models will have the sameequilibrium 
response. However, the lower the permeability of the cartilage, the slower the consolidation. If 
a mixture has a lower permeability, thus resembling a sponge with smaller pores, it is more 
difficult for the fluid to flow out of the mixture. For the models with a very low permeability 
(k ~ 1 -10-15) the equilibrium is not reached even at t =lOS s. 
The models a lso havetoa large extent nearly the same initia! response, except for the pressure 
and all stresses in the central zone of the tibial cartilage (node A, figure 5.29). At the periphery 
(node C), where the fluid ftows out of the model, the equilibrium is reached after a short time. 
Consequently, all models have the same (i.e. solid matrix) response near the outer radius. 
However, at the center the consolidation is slower, and thus causes large differences in the 
behavior of the mode Is Kl to KSOO at a given time. 
The radial stress in node C is for all models except KSOO al most the same. For model KSOO the 
radial stress remains 50% higher from approximately t = 100 s. The axial stress in node C has a 
regular pattem for the increasing permeability. The circumferential stress again is very high at 
approximately t = 100 s and has an overshooi after 1000 s for model KSOO. The circumferential 
stress has not reached the equilibrium value yet at t = 1 OS s forthe mode Is with Iow permeability. 
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Figure 5.29: Results of the modcls with different perrncabilities of the tibial cartilage layer. 
From upper to lower: on the lcft: radial stress, axial stress and pressure in node A; on the 
right: radial, axial and circumferential stress in node C. 
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For higher permeability the radial displacement of node C (figure 5.30 (right)) increases with 
time, and the maximum displacement is reached earlier. The decrease of the radial displacement 
is faster for higher permeability, as predieled by the dimensionless time. The equilibrium value 
is nol reached at t = 105 s forthemode Is with low permeability. The radial displacement of node 
B first decreases in time for all models, and later increases until the equilibrium value is reached. 
As the permeability increases, the percentage of load transmitted through the meniscus also 
increases faster because the equilibrium state is reached earlier. For the very low permeability 
(KI) we see in figure 5.31 initially a decrease of the load transmitted through the meniscus. 
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Figure 5.30: Radial displacements of node B (left) and node C (right) of the models with different 
permeabilities of the tibial cartilage layer. 

Figure 5..31: Load transmilled through the femur-meniscus-tibia contact as a percentage of the total 
applied load for the models Kl to KSOO. 
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5. 7.3 Inhomogeneity 

In this section the mesh is adapted so that the superficial and the calcified layer are modeled with 
a Young's modulus and permeability, different from those of the intermedia te zone (figure 5.32). 

superficial layer 

intermediate layer 

calcified layer 

Figure 5.32: Diagram of tbe model with the inhomogeneous tibial cartilage. 

Several roodels are defined. In model (a) the tibial cartilage layer is homogeneous; all layers in 
the tibial cartilage have the same material parameters, as those used in the reference model. In 
model (b) the Young's modulus of the superficial and calcified layers is 10 MPa, the permeability 
of the calcified zone is 7.5 -10-16 m4/Ns. The other material parameters are the same as in model 
(a). In model (c) the superficial layer is transversely isotropic. The Young's modulus parallel to 
the surface (the transversal direction) is higher than the Young's modulus perpendicular to the 
surface (the longitudinal direction): Er= 10 MPa and EL= 0.5 MPa. All roodels in this part of 
the parameter study have a transversely isotropie meniscus. 

superficiallayer intermediale layer calcified layer 
model k ·10 10 E. k .lQ-10 E. k ·10 "10 E. 
name [m4/Ns] [MPa] [m4/Ns] [MPa] [m4/Ns] [MPa] 

(a) 75 0.7 75 0.7 75 0.7 
(b) 75 10 75 0.7 7.5 10 
(c) 75 10-0.5- 10 75 0.7 7.5 10 

Table 5.3: Penneability and Young's modulus in the various zones of the tibial cartilage layer. 
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The percentage of Laad transmitted through the meniscus is hardly influenced by the inhomo
geneity (figure 5.33). However, looking in detail at nodes A. B and C, large changes can 
be seen. Although the Young's modulus in radial direction is equal for models (a) and (c) 
(E.,rr = 10 MPa), the radial stress in node A is for model (c) significantly different from the 
other mode Is fort ;::: 103 s (figure 5.34). In the equilibrium state the axial displacementsof the 
nodes Band C differ by approximately a factor 2 for the models (b) and (c) (figure 5.35). 
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Figure 5.33: Load transmitted through the femur-meniscus-tibia contact as a percentage of the total 
applied Joad. The models have different properties of the superficial wne and the calcified 
zone in the the tibial cartilage layer: model (a): reference model; model (b): with stiffer 
isotropie superficial zone; model (c): with transversely isotropie superficial wne. In all 
three models the meniscus is transversely isotropic. 
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Figure 5.34: Results of the models with different properties of the superficial wne and the calcified 
wne in the tibial cartilage layer: model (a): reference model (with transversely isotropie 
meniscus); model (b): with stiffer isotropie superficial zone; model (c) : with transversely 
isotropie superficial zone. On the left: radial stress, on the right: axial stress. 
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Figure 5.35: Radial and axial displacement in node B (left) and in node C (right) of the models with 
different properties of the superficial zone and the calcified zone in the the tibial cartilage 
layer: model (a): reference model (with transversely isotropie meniscus); model (b): with 
stiffer isotropie superficial zone; model (c): with transversely isotropie superficial zone. 

5.8 Geometrie change of the meniscus 

An example of damage of the meniscus is modeled by removing the inner tip of the meniscus 
with the arbitrarily chosen value of 3.5 mm. All mt'lterial properties are as in the reference model 
with the transversely isotropie meniscus. 
In figure 5.36 the deformation at t = 105 s is shown. In the tibial cartilage three zones are 
distinguished: a central zone with axial compression, foliowed by a zone with axial extension 
and beneath the meniscus again a zone with axial compression. 
Although we expect the percentage of /oad transmitted through the meniscus in this model to 
be lower, initially the part of the load that is carried by the meniscus is slighlly larger than for 
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,..------_,.,~·--

Figure 5.36: Defonnation of the model in which the inner tip of tbe meniscus is removed at t = 105 s. 

the reference model. However, the load transmitted through the damaged meniscus decreases in 
time, and after approximately 50 s becomes smaller than the intact meniscus. 
Since the meniscus moves further outward the radial and circumferential stress are higher in this 
meniscus ( tigure 5.38). Also the axial compressive stress is larger. 
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Figure 5.37: Load transmitted through the femur-meniscus-tibia contact as a percentage of the total 
applied laad for the reference modeland the model without the inner tip of the meniscus. 

The plots in figure 5.39 show a comparison with the reference model with the anisotropic 
meniscus, at line 11 through the tibial cartilage (see tigure 5.2). The pressure in the tibial cartilage 
isJower in the inflated zone. The circumferential stress is no longer uniformly distributed in the 
tibial cartilage in this model, as is the case in the reference model. 
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Figure 5.38: The axial (left) and circumferential (right) stress of node C for the reference modeland the 
model without the inner tip of the meniscus. 
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Figure 5.39: Comparison of the pressure (upper) and circumferential stress (lower) at Iine II through 
the tibia for the reference model (lefl) and .the model without the inner tip of the meniscus 
(right). 
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5.9 Condusion 

In this chapter a reference model for the parameter study is defined. The analysis shows that 
during the short-term response the fluid carries a substantial part of the load, and in a large 
area of the tibial cartilage the radial, axial and circumferential stresses in the solid matrix are 
tensite (figure 5.5). In the equilibrium state, when the fluid pressure has become zero, the axial 
stress in the tibial cartilage and the meniscus are compressive. The radial and circumferential 
stresses in the tibial cartilage are also compressive, whereas in the meniscus the circumferen
tial stress is tensile. During the entire time most of the load is carried by the meniscus ( tigure 5.9). 

To see the influence of the various assumptions, a parameter study on the geometry, boundary 
conditions and material properties is performed. 

• Although the size and form ofthe model has influence on the results, the overall distribution 
of all stresses and the pressure remains the same in the simplified model as in the reference 
model (section 5.2). In the simplified model the distance between the tibia and the femur 
is too large, so a gap arises between the meniscus and the tibial cartilage. Later this gap 
doses again as the femur approaches the tibial cartilage. 

• If frictionless sliding of the meniscus is not allowed, the stresses are lower. For example, 
in the tibial cartilage on the axis of symmetry, the initia] stresses are up to 5 times lower, 
and the radial stress on the outer surface of the meniscus becomes a tensite stress insteadof 
a compressive stress as is the case in the reference model. Therefore, it can be concluded 
that using contact elements has a large influence on the behavior of the model. 

• In case the fluid is prevented from flowing out ofthe model, all stresses in the tibial cartilage 
as well as the axial stress in the meniscus become lower, since the fluid bears a part of the 
load. However, the radial and circumferential stresses in the meniscus increase with up to 
15 times. 
The results of the analysis are hardly influenced by the possibility of fluid flow between 
the tibial cartilage and the meniscus in case of free outflow at the outer surfaces of the 
tibial cartilage and the meniscus. However, in the cases where the outer surfaces are 
sealed there is a large difference in the equilibrium state between the model with flow 
between the meniscus and the tibial cartilage on the one hand and the model with the sealed 
tibial-meniscal surface on the other hand. 

• Although it is known that the meniscus is transversely isotropic, the magnitude of all 
parameters needed to describe the material are not determined. Therefore, a parameter 
study with arbitrary values is performed. The main condusion is that anisotropy of the 
meniscus causes the stress in the meniscus as wel I as in the tibial cartilage to be distributed 
more uniformly. 

• Modeling of the femoral cartilage as a biphasic layer has minor influence on fluid pressure 
and solid matrix stresses in the tibiaJ cartilage. In the meniscus however, the gradient of 
the circumferential stress is larger for the model with the poroelastic femoral cartilage than 
for the model without the femoral cartilage. 
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After this parameter study the reference model is adapted. Since the anisotropy of the meniscus 
has a large infiuence on the behavior of the model, a transversely isotropie meniscus is used in 
the parameter studies on the material parameters of the tibial cartilage and the geometry of the 
meniscus. 

• The parameter study on the material parameters of the tibial cartilage shows the following 
features: 

- A change of stiffness infiuences the equilibrium response of the model. An increase 
of the stiffness of the tibial cartilage layer causes an increase in all stresses in the 
tibial cart i lage, and a decrease in the stresses of the meniscus. Also the percentage of 
load transmilled through the meniscus decreases. 

- A change ofthe permeability influences the consolidation ra te, but not the equilibrium 
response. Therefore, only during the short-term response a difference can be observed 
for the mode Is with different permeabilities. An increase of the permeability of the 
tibial cartilage causes an increase of the stresses in the tibial cartilage at a given 
time because of the faster consolidation. The axial stress in the meniscus remains 
constant for all models until 50 s, after that the stress increases faster for higher 
permeabilities of the tibial cartilage. The radial and circumferential stresses in the 
meniscus are during a period of approximately 500 s higher for model K500, but 
reach the equilibrium values quicker than in the other models. 

- A transversely isotropie surface layer with a higher stiffness parallel to the tibial 
surface and a lower stiffness perpendicular to the surface leads to larger axial dis
placements and an increased axial strain of the tibial cartilage. 

• In case the inner tip of the meniscus is removed, the load transmitted through the meniscus 
is reduced. The stresses in the meniscus as well as the stresses in the tibial cartilage layer 
are higher. 

The variatien of the material constanis might lead to insight in the effect of aging on the 
tibiofemoral joint. lt is known that aging causes a lower stiffness and a higher permeability. A 
lower stiffness of the tibial cartilage results in general in a lower stress in the tibial cartilage 
but not in the meniscus. A larger part of the load is carried by the meniscus, although in case 
of an anisotropic meniscus the difference is very smal I. An increased permeability of the tibial 
cartilage leads at a given time to a higher stress in the tibial cartilage as well as in the meniscus, 
because of the faster consolidation. Again the load transmitted through the meniscus is increased. 
This is also a temporary effect, and at equilibrium the load transmitted through the meniscus is 
independent of the permeability. 
These effectscan be summarized as follows. Both the decrease of stiffness and the increase of 
the permeability of the tibial cartilage cause an increase of the stress in the solid matrix of the 
meniscus and an increase ofthe load transmitted through the meniscus. The deercase of stiffness 
and the increase of the permeability have an opposite effect on the stress in the solid matrix of 
the tibial cartilage. But as also the strength of the cartilage decreases, damage can occur more 
easily. 
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Finally some general remarks can be made on the numerical analysis: 

• Biologica! materials are in general nonlinear elastic, which means the stiffness increases 
with increasing strain. The constitutive equations in this model do not account for this 
nonlinearity. Therefore, the loadsapplied in this study are a decade lower than physiological 
loads for normal standing. 

• Depending on the chosen material parameters, the convergence toward a salution in the 
initia! time steps can be very slow due to the incompressibility of the mixture materials. 
Forsome of the roodels in this study, the accuracy of the salution during those time steps 
is lower than for later time steps. However, the difference between the applied load and 
the reaction force on the tibia, which is a measure for the accuracy, is less than 1% of the 
applied load for all time steps. 

• The meniscus is modeled with homogeneaus material parameters, which probably causes 
the very high stresses in the tip of the meniscus in the numerical analyses. However, 
in reality no circumferential fibers are found in the tip of the meniscus. By rnadeling the 
material properties in the tip ofthe meniscus differently (for example with a nonlinear elastic 
solid phase or with an anisotropic material that differs from the rest of the meniscus), it is 
possible that a uniform distribution of stresses is found, which is normal in physiological 
circumstances. 
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Conclusions, discussion and 
recommendations 

The objective of this study is to understand the mechanism of force transmission through the 
tibiofemoral joint. Also the detailed stress and strain fields, as well as fluid pressures and flows 
in the different components of the joint are considered. For this purpose a numerical model is 
defined. Because of the many uncertainties in the material properties, geometry and boundary 
conditions, a parameter study is performed. The findings of this study can be used in the 
continuation of the research program: the development of a three-dimensional model to describe 
other loading cases such as flexion, as well as the three-dimensional nature of the joint. On the 
long term the knowied ge on the mechanica! behavior of the knee joint may lead to improved joint 
surgery techniques and pmstheses and early diagnosis of diseases and injuries. 

6.1 Conclusions 

test problems 

The numerical tools (i.e. the mixture elements and the contact elements) used in this thesis are 
developed and implemenled in the finite element package DIANA by respectively Snijders (1994) 
and Schreppers (1991 ). In addition to the test problems on the contact between solid structures 
(Schreppers, 1991 ), in this thesis contact problems with mixture bod i es are tested. Three test 
problems show that the combination of mixture elements and contact elements functions well. 
The analytica! solution, a numerical salution of a model without contact elements and a numerical 
salution of a model with contact elements nearly have the sa me results fora given test problem. 
In the numerical model with the contact elements the boundary conditions are adapted in such a 
way that the same problem is solved. 
The small difference between the analytica! and the numerical solutions of the confined com
pression test can be reduced by time step refinement. The unconfined compression test gives 
the same results for all three solutions. For the problem of the unconfined compression between 
two highly permeable plates no analytica] salution is known. However, a comparison of the two 
numerical models (with and without contact elements) show a perfect match. 

89 
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experimental validation 

To validate the numerical model four configurations of the knee joint model are tested, which 
differ from each other with respect to the meniscus and its material properties. The tibial cartilage 
and the meniscus are represented by a disc and a wedge-shaped ring made of porous polyurethane 
and saturated with a Newtonian oil. The experimental results (i.e. fluid pressures at the Jower 
tibial surface and axial displacement of the indentor) are compared with numerical analyses, and 
in general the results are in good agreement. The smal! differences can be accounted for by 
inhomogeneity of the samples due to uncontrolled factors during the production, the assumptions 
of fixation of the tibial disc to the foundation and frictionless sliding of the meniscus between tibia 
and femur. Closer agreement between the experimental and numerical results may be achieved 
by choosing a better constitutive model for the solid matrix. Numerical analyses are done with a 
linear elastic model and with a 3-parameter Maxwell model for the description of the solid phase. 
However, it is possible that other viscoelastic roodels give a better description of the material 
behavior. 

numerical model 

The knee joint is described by an axisymmetric model, in which the meniscus and the tibial 
cartilage layer are represented by biphasic mixtures with a linear elastic solid phase. The femur is 
modeled as a rigid indentor. Fluid exchange between the mixture bodies and frictionless sliding 
contact are assumed. The fiuid can flow freely out of the model at the outer edges of the meniscus 
and the tibial cartilage. For the numerical analyses the finite element method is used. Initially 
the fiuid carries most of the load, and in a large area of the tibial cartilage the radial, axial and 
circumferential stresses in the solid matrix are tensile. In the equilibrium state the fiuid pressure 
has become zero and the axial stress in the tibial cartilage and the meniscus are compressive. The 
radial and circumferential stresses in the tiblal cartilage also have become compressive, whereas 
in the meniscus the circumferential stress is tensile. During the entire time most of the load is 
carried by the meniscus. 

parameter study 

A parameter study on geometry, boundary conditions and material properties is performed. The 
results can be summarized as fo.llows: 

• geometry: A comparison between the reference model and a simplified geometry with 
roughly the same dimensions shows some differences, although the overall distribution of 
stresses in the solid matrix and the fiuid pressure remains the same. 
In case the inner tip of the meniscus is removed, we find higher stresses in the central part 
of the tibial cartilage and in the meniscus. 

• bouncklry conditions: For the configuration where the fluid is prevenled from fiowing out 
of the model, the stresses in the tibial cartilage as well as the axial stress in the meniscus 
become Jower. The radial and circumferential stresses in the meniscus however, increase. 
Whether fiuid flow between meniscus and tibial cartilage is possible or not, has little 
infiuence on the results in the cases where the outer surfaces are not sealed. 
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If frictionless sliding is prevented, completely different results are found, thus indicating 
the importance of the use of contact elements. 

• material parameters: Several material properties are varied, and from the present study we 
see that material parameters have a large influence on the results. 
Anisotropy of the meniscus causes the stresses to be distributed more uniformly in the 
meniscus as well as in the tibial cartilage. 
Modeling of the femoral cartilage as a biphasic layer (instead of representing the femur 
as a rigid body) has little influence on the behavior of the tibial cartilage. However, the 
circumferential stress in the meniscus is no Jonger uniformly distributed. 
The response of the model is more sensitive to changes in the Young's modulus of the 
articular cartilage than to changes in the permeability of the cartilage. Moreover, the 
equilibrium response does notdepend on changes of the permeability. Both the decrease 
of stiffness and the increase of the permeability of the tibial cartilage cause an increase 
of the stresses in the solid matrix of the meniscus and an increase of the load transmitted 
through the meniscus. The stress in the tibial cartilage increases with increasing stiffness 
and permeability. 
Anisotropy of the surface layer has a large influence on the equilibrium response of the 
model, especially in the part of the tibial caitil a ge adjacent to the a x is of symmetry. 

Considering the parameter study, the following general conclusions can be formulated. In addition 
to the material properties, a lso frictionless sliding of the meniscus between the tibial and femoral 
surfaces and anisotropy of the meniscus are important. The boundary condition that allows free 
fiuid flow between the tibial cartilage and the meniscus is of little influence in the models with 
free outflow at the outer surface. 

6.2 Discussion 

boundary conditions 

Fora correctdescription ofthe lubrication process between two mixtures, the boundary conditions 
for pressure and fluid displacement have to be formulated and validated. However, most of the 
effects ofthe mixture-Huid boundary conditions are limited toa small area near the interface. For 
this reason, in the macroscopie knee joint model a detailed description ofthe boundary conditions 
is omitted and the interface conditions for frictionless sliding and continuity of the Huid pressure 
are used. 

material description 

The use of a mixture model is important to describe the phenomena that occur within the tibial 
cartilage and the meniscus. During the short-term response the fluid carries a substantial part 
of the load, and thus causes tensite stresses in large parts of the solid matrix. Even in the axial 
direction, in which a compressive load is applied, a tensite stress occurs. It is clear that such a 
phenomenon can not be described with an elastic materiaL 
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consolidation time 

The conso!idation time of the model, which is very long (up to 105 s), decreases with increasing 
stiffness and permeability. Since the solid phase of biologica! materials is nonlinear elastic, the 
stiffness will strongly increase with increased loading. Consequently, the characteristic time for 
consolidation will decrease, although this might be partly compensated by a reduction of the 
permeability, which is strain-dependent. 

general remarks on the numerical analysis 

It should be clear that the analysis of a numerical model of the kind presenled in this thesis is nota 
straightforward, robust procedure, but is hampered by highly nonlinear effects which sometimes 
leads to divergence or very slow convergence. 
It is nol clear whether the divergence is caused by numerical problems in the contact elements or 
in the mixture elements. However, in genera!, problems with contact elements occur in case the 
difference in stiffness of two contacting bodies is too large. The use of contact elements needs 
some fine tuning regarding the number of master and slave nodes. Also the coordinates of the 
nodes in the contact elements may have to be adapted slightly, because of the possible initia! 
penetratien of these nodes into the opposing body. For the mixture elements the size of the time 
steps is related to the dimensionless time, which depends on the material properties and the size 
of the elements. However, the optima! size of the time steps is not known a priori for any other 
problem than the confined compression test. Consequently, the size of the time steps intheknee 
joint model is a matter of fine tuning. 
The solution of the constitutive equation is not physically real for large compressive strains. 
Therefore, a large compressive strain in just one element can lead to divergence of the calculation. 
As a consequence, it is somelimes necessary to experiment with time steps, load increments, or 
the exact choice of the nodal coordinates or the choice of master and slave nodes in the contact 
elements, which is not easy with time and memory consuming calculations. For this reason not 
all the analyses were successful: 

• the model with refined mesh. The accuracy is one order of magnitude lower than the 
reference model in order to obtain convergence. Still, during one time step penetratien of 
one node in a contact element 6ccurred. However, for large times the results of the original 
mesh and the refined mesh agree well. The fine tuning of the contact elements is more time 
consuming as the number of elements increases. 

• models with either too small a Young's modulus or too high an applied load. With 
the constitutive equation for the solid chosen for this study, divergence can occur if the 
compressive strains become too large. With a nonlinear elastic material model for the solid 
phase it would be possible to apply a more realistic load on the model. 

• the model with an anisotropic meniscus with Young's moduli of Er= 5.0 MPa and EL= 10 
or 50 MPa. Such a model could better be compared to the model with an isotropie meniscus 
with E. = 5.0 MPa. 
On the other hand, a model with an isotropie meniscus with E. = 20 MPa could be compared 
with the anisotropic meniscus as in the parameter study insection 5.5. However, this model 
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also did not converge, which might be caused by the magnitude of the difference in stiffness 
of the tibial cartilage and the meniscus. 

Forsome of the other roodels convergence was a lso very slow, and was only achieved after fine 
tuning of the contact elements. 
To judge the effect of the mixture elements or the contact elements separately on the convergence, 
two analysescan be considered: (i) a model without contact elements (section 5.3) or (ii) a model 
in which the mixture elements are replaced by solid elements (i.e. the elastic salution of the 
reference model). For both these roodels the convergence is still slow. 

6.3 Recommendations 

In the future a more detailed evaluation of the experimental model is recommended. The main 
problem wiJl be the production and characterization of a suitable material to model the cartilage 
layers and the meniscus. Measurement of the pressure and axial displacement can be done very 
well, whereas the determination of the radial displacement of the meniscus is more difficult 
because of the fluid environment and the small deformations. 

Future research is needed to determine the material parameters of articular cartilage and the 
menisci, in particular with respect to the nonlinear properties, the anisotropy and the inhomo
geneity. 

The areasof development of the numerical rnadeling are twofold: (i) geometry and (ii) material 
description. 

ad (i) With a three-dimensional model it is possible to investigate the effect of other than the 
axialloading, such as those occurring during walkingor to performa detailed study on the 
effect of surgery. lt is a lso possible todetermine the limitations of the axisymmetric model: 
do the conclusions on the influence of materials, geometry and boundary conditions also 
apply to a three-dimensional model? 

ad (ii) For the very short-term behavior an incompressible material might suffice. However, to 
be able to understand the physical phenomena on the Jonger termor within the tissue itself, 
a biphasic or a tripbasic material is essential. 
To be able to apply a more realistic load on the model it is recommended that a nonlinear 
elastic material model is implemented for the solid phase of the mixture. 

In the three-dimensional model computing time and memory wiJl be much more massive than 
in the axisymmetric model. Therefore, it is necessary to reconsider the efficiency of the contact 
algorithm as welf as the salution strategy for the mixture elements. 
A continuation of the stepwise approach is recommended, for example first the use of an elastic 
material, then a mixture with a linear elastic solid phase, and finally a nonlinear elastic solid 
phase. Also the use of tripbasic materia Is can be considered. 
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Appendix A 

Lubrication mechanisms 

During its lifetime the knee joint sustains considerable loads. During walking the knee joint 
force reaches a maximum of nearly 3 times body weight, during fast walking and ascending stairs 
4 times, deseending stairs 6 (Paul, 1966-67; Morrison, 1968), and for jumping up to 25 times 
body weight (Smith, 1975). The ability to carry these loads is inftuenced by the mechanism of 
lubrication and the friction in the joint. 
In this appendix an overview of literature on surface roughness, coefficients of friction and 
lubrication in the knee joint is presented. 

A.l Surface roughness 

The surface roughness plays a role in the mechanism of joint lubrication. Various studies 
were performed to delermine the surface roughness of articular cartilage. Transmission electron 
microscope studies by Dav i es et al. (1962) indicated a smooth surface with asperities less than 0.2 
J.lffi in height. Walker et al. (1968) measured acryl ie castings of cartilage and reported as perities 
of the order of magnitude of 40 J.tm. Gardoer and McGillivray (1971) showed by means of 
light microscopy that articular cartilage in living mammals and birds has shallow undulations. 
Clarke (1971), using a scanning electron microscope, found 2 to 10 J.tm deep depressions in 
the surface. However, most reported data are already rather old and it is well known that the 
measuring techniques (according to Sayles et al., 1979) or the methods of preparatien (Bioebaum 
and Wilson, 1980; Hesse, 1981) may in themselves produce surface irregularities and dimensional 
changes up to 20%. 

A.2 Coefficients of friction 

The coefficient of sliding friction for various joints is far lower than values achieved in normal 
mechanica! hearings. Values between 0.0015 and 0.04 have been reported (table A.l). 
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I reference joint tested I coefficient of friction I 
Jones (1934) equine knee 0.02 
Charnley (1959) humanknee 0.005-0.024 
Barnettand Cobbold (1962) canine ankle 0.015-0.03 
Linn (1968) canine ankle 0.005-0.01 
Rad in and Pa ui (1971) bovine ankle 0.0062-0.0112 
Cl arke et al. (1975) human hip 0.01-0.03 

Table A.l: Coefficicnts of friction in synovia! joints. 

A.3 Lubrication mechanisms 

To explain these low values of friction, the following mechanisms of joint lubrication were 
proposed: 

• hydrodynamic lubrication (MacConaill, 1932): The contacting surfaces are separated by 
a thin fluid film. The pressure in the fluid film is maintained by the presence of a wedge 
and the relative motion of the contacting surfaces. In this model the menisci function as 
Mitchell tilting pads. However, hydrodynamic lubrication can only occur in bearings with 
continuous, high-speed motions. 

• boundary lubrication (Charnley, 1959): A thin layer of GAG molecules in the synovia! 
fluid, attached to the contacting surfaces, reduces the amount of direct contact. The laad is 
partially transmitted by the fluid film and partially by the contacting surfaces. 

• weeping lubrication (Lewis and McCutchen, 1959; McCutchen, 1959, 1962a,b) takes into 
account the poroei as tic character of articular cartilage. The interstitial fluid in the cartilage 
is squeezed out when a laad is applied to the contacting areas. Th is can beseen as a farm of 
hydrastatic lubrication, where an externally pressurized lubricant maintains a fluid film of 
suftleient thickness. However, the interstitial fluid is more likely to flow out of the cart i lage 
into an area with lower pressure inslead of into the contact zone. 

• elastohydrodynamic lubrication (Tanner, 1966; Dowson, 1966-67, Medley et al., 1984): 
Through elastic deformation of the bearing surfaces the contact area is enlarged, which 
reduces the pressure gradient inthefluid film. 

• squeeze film lubrication (Fein, 1967; Higginson and Norman, 1974; Higginson, 1978; 
Rybicki et al., 1979): The pressure in the fluid film, trapped between two approaching 
surfaces, can carry the laad fora few seconds, until the fluid has flownoutof the gap. The 
duration of the sustained film depends on the viscosity. 
A theoretica! study of a Newtonian squeeze film behavior between a rigid impermeable 
plate and a rigid po rous plate by Op den Camp (1991) shows that the ra te of decrease of the 
film thickness is a function of the permeability of the porous body. For highly permeable 
mixtures the decrease of the film thickness is very rapid, whereas for nearly impermeable 
mixtures the film thickness approaches the salution oftwo impermeable plates. 
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1\vo studies on the squeeze film between a spherical, solid indentor and an elastic porous 
layer show that the deformation of theelastic layer reduces the lateral velocity of the fluid 
in the gap (Hou et al., 1992) and that fora thin fluid film the lubricant is squeezed into the 
articular cartilage within the center of the contact (Jin et al., 1992). 
Numerical studies on squeeze film lubrication with non-Newtonian lubricants were pre
senled by Tandon and Rakesh (1981 ), using a mieropalar fluid, Wada and Nishida (1986), 
using a pseudo-plastic fluid, Gupta and Singh (1987), using a couple stress fluid, and 
Bujurke et al. (1989), using a second order fluid. 

• boosted lubrication or ultrafiltration theory (Walker et al., 1968; Collins, 1982) takes the 
composition of synovia! fluid into account. In the contact area the smaller molecules in the 
synovia! fluid can flow into the cartilage. The remaining macromolecules of the synovia! 
fluid form a highly viseaus gel, which is trapped between the loaded surfaces, due to 
the surface roughness of the cartilage and interaction between GAG molecules and the 
cartilage. 
Hlaváeek (1993"•b) numerically analyzed the film fiJtration process where the synovia! 
fluid is modeled as a mixture of two incompressible fluids. A stabie gellayer of sufficient 
thickness was formed and maintained as result of the diffusion of low molecular weight 
substances through the cartilage surfaces and a long the gap. However, since various studies 
have shown the surface of articular cartilage is smooth, it is difficult for the synovia! fluid 
to be trapped in pools in the loaded surface. 

• micro-elastohydrodynamic lubrication (Tandon and Gupta, 1984; Dowson and Jin, 1986 
and 1992; Soslowsky et al., 1991): The initia! surface roughness of articular cartilage is 
smoothed out as it passes through the loaded region. A large initia! surface roughness 
causes the hyaluronic acid molecules to be entrapped between the asperities. This leads 
to a rise of the viscosity and thus an increase of the load capacity. Again, this type of 
lubrication is not likely to occur because of the smoothness of the articular surface. 

Hydrodynamic and elastohydrodynamic lubrication can not function in joints with slow speeds 
and high loads, whereas boosted lubrication and micro-elastohydrodynamic lubrication assume 
a certain surface roughness, while for weeping lubrication an externally pressurized lubricant 
is necessary. Only a few types of lubrication mechanisms seem likely: boundary lubrication, 
elastohydrodynamic lubrication and squeeze film lubrication. Although the three modes of 
lubrication are distinctly different from each other, a combination of two or more typescan occur. 
However, at present no comprehensive or consistent theory exists for diarthrodial joint lubrication 
under all operating conditions (Mow et al. , 1993). 
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AppendixB 

Boundary conditions for mixtures 

The description of the contact between mixture materials or between a mixture materialand the 
synovia! fluid is not trivia!. Therefore, a brief overview of the literature is given in this appendix. 

B.l Introduetion 

The properties and quantities of the constituents in a mixture are averaged over the ent i re mixture 
volume according totheir volume fractions. For this averaging procedure representative volume 
elements (RVE) are used. Around every point a certain volume is defined, and the averaged 

n• 

• 
nmixll.l'e 

transition zone 

0 ~------------------------~------~------. 

representative 

volume element 

(RVE) 

position 

Figure B.l: Boundary between a mixture and a fluid. In the transition zone the averaged quantities 
gradually decrease. 
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values of the RVE are assigned to that specific point. The RVE should be large enough, so that 
the averaged va lues are not dependent on the size of the RVE. Within the mixture the continuurn 
approach is valid, but towards the boundary is a transition zone, in which this assumption no 
Jonger holds. For this reason the location of the boundary is not exactly defined. An example is 
given in tigure B.1 for the volume fraction of the solid, which is defined as n• = vv, . 

RVB 
The material surface, which is not smooth, is replaced by an idealized boundary in the form of a 
surface across which an abrupt change in the porosity takes place. This idealized boundary can 
be located anywhere in the transition zone: at the plane conesponding to the beginning of the 
transition zone, or halfway, or at the plane tangent to the most extreme asperities of the medium. 
The location of this surface has implications for the boundary conditions. 
Moreover, the behavior near the boundary in the porous medium is affected by what happens 
outside the medium, so the conditions on the boundary are unknown a priori. 

B.2 Literature 

The first studies concentraled on boundary conditions fora fluid in contact with a nondeformable 
porous sol id. The nomina! boundary of the mixture is defined as a smooth surface bounding the 
solid matrix completely. 
Beavers and Joseph (1967) derived an empirica I boundary condition for mixtures consisting of a 
rigid solid and a fluid. They studied the flow of a Newtonian fluid in a rectangular channel with 
one porous wall, under the action of a uniform pressure gradient in the channel as well as in the 
porous wal!. The flow in the channel is incompressible and stationary. They postulated that the 

y 

u fluid channel 

porous wal I 

Figure B.2: Velocity profile for the rectilinear flow in a horizontal channel formed by a porous lower wall 
and in impermeable upper wal I under the action of a uniform pressure gradient (Beavers and 
Joseph, 1967). u and q are the fluid velocity in respectively the channel and the porous wal!, 
ub is the slip velocity. 

slip velocity ub at the interface changes rapidly to the averaged fluid velocity q in the pores of the 
wall in a boundary layer, situated within the permeable waJI (figure 8.2). lt was assumed that 
the fluid in the channel just outside the boundary and the fluid in the porous wall exert a drag 
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force on each other. They further assumed that the slip velocity for the fluid in the channel is 
proportional to the shear rate at the boundary: 

du "' dy=~(ub-q) (8.1) 

The constants"' [-] and K [ m2] are factors related to respectively the structure ofthe permeable ma
terial in the boundary layer and to the microscopie dimensions of the permeable materia i. Beavers 
and Joseph (1967) verified their boundary condition by means of experiments and showed the 
slip velocity only depends on the structure of the surface through the parameter"'· 
Taylor (1971) and Richardson (1971) expressed K and"' in the geometrie parameters of an ideal
ized porous medium. Their calculated values of"' agree with their experimental results. 
Saffman (1971) gave a theoretica] justilkation for the empirica! slip condition of Beavers and 
Joseph. First Darcy's law is extended to an inhomogeneous porous medium using a statistica! 
approach. Then boundary layer techniques are used to describe the step function distribution of 
penneability and porosity, which leads to the boundary condition. He showed that the exact value 
of the slip velocity depends on the precise surface which is regarded as the interface. 
This was later confinned by Larson and Higdon (1986 and 1987) in a microscale study on the 
flow near the surface of an idea!ized two-dimensional porous medium. Si nee the !ocation of the 
interface can not be distinguished on the macroscopie level, it is not possible to de fine a consistent 
value for the slip velocity. 
Williams (1978) presenled a set of equations to describe the flow of an incompressible viscous 
fluid through a rigid porous medium. Several material parameters were introduced, among which 
À, which is a positive viscosity factor for the interstitial fluid. A value of À greater than 1 gives an 
augmenled viscosity in the porous medium, a value less than 1 a reduced viscosity. The viscosity 
factor depends only on the solid parameters. The effect of À is significant only in the shear stress 
near a boundary. Therefore, the geometry of a fluid channel bounded by a porous medium was 
considered. The boundary velocity of the fluid in the channel is not constant: at the solid matrix 
the velocity is zero, and at the pores the velocity equals the actual velocity of the interstitial fluid. 
The extemal fluid exerts a shear stress on the solid phase as wel! as on the interstitial Auid phase 
in the mixture. The stress exerted by the interstitial fluid on the external fluid equals the part 
of the stress from the external fluid on the interstitial fluid. These boundary conditions on the 
velocity and the shear stress are consistent with the slip condition of Beavers and Joseph (1967), 

and show that ";>. = "'· 

Peters (1986) and Hou et al. (1989) presenled a general formulation of the boundary conditions 
between defonnable mixtures, basedon the balance equations. The change of a eertaio quantity 
must equal the flow through the boundary, if there is no sinkor souree within the volume. Thus 
the boundary conditions in the normal direction can be determined. It is assumed the boundary 
conditions in tangential direction are analogous to those in normal direction. 
With this fonnulation it is possible to describe all kinds of mixture contact: fora solid body the 
volume fraction of the fluid phase nl equals zero and the volume fraction of the solid n• equals 
one. Fora fluid the opposite holds: nl = 1 and n• = 0. 
To denote the difference of a quantity <P at both sides of a boundary the notation [[<P]] is used: 
[[<P]] = tjJ+ - <P-, where tjJ+ is the limit of <P as the boundary is approached from the positive 
direction and <P- is the limit of <Pas the boundary is approached from the negative direct ion. 
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Consider a defonnable mixture R containing a surface S, over which one or more properties are 
discontinuous. The veloeities of the solid phases at bath sides are continuous, therefore, no slip 
between the solid phases occurs. The total mass within the volume R can only change because 
of fluid flow through the outer boundary ó'R(t). Since the averaged values of pf and iJ! are not 
necessarily continuousacross the surface S, the volume R is divided in R -(t) and R+(t). This 
leads to the ba Jances of mass, momenturn and energy on S. 
The mixture velocity is defined as nfiJ! + n•iJ'. Under the assumption of a continuous mixture 
velocity, incompressible phases, and a nonviseaus interstitial fluid, a substitution ofthe constitu
tive equations of bath of the phases into the balance of mass leads to the boundary condition for 
the pressure: 

(8.2) 

In order to account for viseaus interaction at the baundary, it is assumed that the tangential 
component of the mixture velocity is continuousacross the boundary. However, the veloeities of 
the fluid and the solid at the interface can be discontinuous. This is called the "pseudo-no-slip" 
baundary condition, which reduces to the normal no-slip condition on the baundary between a 
fluid channel (nf = 1) and a solid wall (n' = 1). Since the normal component of the mixture 
velocity is continuous across the boundary due to the balance of mass, the kinematic boundary 
condition equals: 

[(n' iJl + n'iJ']] = Ö (8.3) 

The consequence of this equation is that the (macroscopie) ftuid velocity is not continuousacross 
a baundary between a mixture and a ftuid. 
The balance equations ofmomentum and energy on the interface lead to the baundary conditions 
for the stress in the fluid and solid phase. To describe the shear stress of the interstitial ftuid the 
apparent viscosity .". is introduced by Hou et al. (1989). For the boundary between a mixture 
and a fluid the dynamic boundary condition is consistent with the boundary conditions proposed 
by Williams (1978), provided that .". = (nf)Z À'f/, where T/ is the ordinary fluid viscosity. 

B.3 Coneinsion 

Since it is essential to take into account the viscosity of the interstitial Huid in order to allow 
interaction with the external fluid, various parameters were introduced: the slip coefficient 'Y by 
8eavers and Joseph (1967), the viscosity factor À by Williams (1978) and the apparent viscosity 
.". by Hou and coworkers (1989). 8eavers and Joseph as wellas Williams showed procedures to 
determine their material parameters experimentally. 
Saffman (1971) as wellas Larson and Higdon (1986 and 1987) showed that the slip velocity is 
very sensitive to the definition of the interface. The boundary conditions are important for studies 
on the microscale, such as studies on squeeze films or Jubrication. However, since the inftuence 
of the boundary conditions on the quantities in the mixture is restricted to a very small area, the 
slip velocity is beyond the scope of this study, which considers behavior at the macroscale level. 
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Stellingen 

behorende bij het proefschrift 

The mecbanical bebavior of tbe tibiofemoral joint 
A numerical study on material and geometrie parameters 

1. Het interpreteren van de (berekende) spanningen in het gewricbtsk:raak
been vereist een mengselbeschrijving voor kraakbeen. 

• hoofdstuk 5 van dit proefschrift 

2. Wrijvingsloze slip en continuïteit van de druk zijn voldoende randvoor
waarden tussen twee mengels in het onderzoek naar de krachtdoorleiding 
in het kniegewricht. 

3. De meniscus speelt een belangrijke rol bij de krachtdoorleiding m het 
kniegewricht. 

• Ahmed AM, Burke DL. (1983) In-vitro measurement of static 
pressure distribution in synovia! joints. Part I. Tibial surface of the 
knee. Journalof Biomechanica[ Engineering 105, 216-225. 

• Schreppers GJMA (1991) Force transmission in the tibio-femoral 
contact complex. Ph.D. thesis, Eindhoven University of Technology, 
the Netherlands. 

• hoofdstuk 5 van dit proefschrift 

4. De bepaling van materiaaleigenschappen van biologische materialen zoals 
gewrichtsk:raakbeen en meniscus staat nog in de kinderschoenen. 

• hoofdstuk 2 van dit proefschrift 

5. De anisotropie van de meniscus heeft een belangrijke invloed op de 
spanningsverdeling in de meniscus zelf en in het gewrichtsk:raakbeen. 

• hoofdstuk 5 van dit proefschrift 



6. Promotieprojecten moeten geformuleerd blijven op basis van interessante 
wetenschappelijke vraagstellingen; de beschikbaarheid van financiële 
fondsen moet slechts een marginale aanpassing van de plannen tot gevolg 
hebben. 

7. Een maat voor het succes van het milieubeleid is de hoeveelheid emissie 
die voorkomen wordt en niet de boeveelheid papier om over dit succes te 
rapporteren. 

8. Het zijn niet wapens die de vrede bedreigen, maar het gebrek aan mense
lijkheid. 

• Ash TG. (1990), De vruchten van de tegenspoed. Becht, Bloemen
daal. 

9. Het was tot voor kort vanzelfsprekend dat instellingen als gemeenteraden 
en rechtbanken uitsluitend door mannen werden bezet. Pas nu een meer
derheid van vrouwen dreigt te ontstaan, gaan er eindelijk stemmen op dat 
een evenredige vertegenwoordiging beter is. 

10. Een groot placebo-effect geneest beter dan een klein medicinaal effect. 

11. Arbeid: voor velen is er te weinig, en voor enkelen teveel. 

12. Waar het op aankomt in communicatie is horen wat niet gezegd wordt. 

Eindhoven, oktober 1994 Monique van Lank:veld 


