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Biomechanics of Diarthrodial 
Joints: A Review of Twenty Years 
of Progress 
 
A survey of some of the advances made over the past twenty years in understanding 
diarthrodial joint biomechanics is presented. Topics covered in this review include 
biotribology (i.e., friction, lubrication and wear of diarthrodial joints);contact area 
determinations; stereophotogrammetric rendering of articular surfaces; defore motional field 
analysis using canonical problems; and finite element formulations for both infinitesimal and 
finite deformations of biphasic materials and precise anatomic surfaces. Suggestions are 
made for future research directions as well.

Introduction 
Diarthrodial joints are the intricate mechanisms that 

provide between skeletal segments of animals. These 
motions allow locomotion (lower extremity function) and 
activities of daily living (e.g., hand function) to occur. 
Historically, biomechanical studies of joints were based on 
the need to better understand their structure-function 
relationships in providing joint motion, and the patho-
mechanical processes involved in joint diseases such as 
osteoarthritis [l, 2]. These studies have evolved 
significantly in the last twenty years as advances in 
theoretical analyses, experimental methodologies and 
highspeed computing methods have provided new 
opportunities for progress [3]. 
The object of this review is to present some of the important 
gains which have taken place in the past two decades in 
biotribology, quantitative descriptions of joint anatomy, 
joint contact and cartilage stresses, and finite element 
modelling of diarthrodial joints. Other areas relating to 
diarthrodial joints, e.g., tendons, ligaments, bone, etc., are 
also covered in this special JBE volume. 

Biotribology 
Tribological studies have been applied to every 

conceivable bearing system made by man. Various theories 
have ben proposed for the study of lubrication of bearings. 
The most fundamental ones are the hydrodynamic 
lubrication theory of Reynolds (1886) elasto-hydrodynamic 
lubrication theory of Dowson and Higginson (1977) and 
boundary lubrication theories (see Bowden and Tabor, 1964 
[61; Peterson and Winer (1980) [7]). These modes of 
lubrication also operate within diarthrodial joints. 

Under healthy conditions, diarthrodial joints function in 
a nearly frictionless and wear resistant manner throughout 
life. Failure of these bearing surfaces (i.e., articular 
cartilage), as with engineering bearings, means a failure of 
these bearings 
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to provide their essential lubrication function. In biomedical    
terms, failure of diarthrodial joints leads to osteoarthrosis, or 
 simply OA. While the depiction of the arthritic process in 
joints 
as the failure of the lubrication process in bearings is an over— 
simplification, the analogy between an engineering bearing 
and a diarthrodial joint is apt. In these joints, synovial fluid, 
articular cartilage and supporting bone are the essential 
materials forming the bearing system. The performance of 
these bearings depends on the mechanical behaviors of the 
materials comprising the joint. The reader is referred to the 
review in this volume by Lai et al., on progress made over the 
past 20 years on constitutive modeling of these materials. In 
this paper, only the performance of these bearings, i.e.,the 
friction, lubrication and wear characteristics, and methods 
required to model these bearings will be reviewed. From the 
engineering view, benefits could also be gained from an 
appreciation of nature's bearing design. 

All diarthrodial joints have some common structural features, 
Figs. I(a) and (b). First, they are enclosed in a strong fibrous 
capsule which is often reinforced by ligaments, e.g., the knee 
ligaments. Second, this capsule is lined with a metabolically 
active tissue, i.e., the synovium, which secretes the synovial 
fluid, long thought to be the lubricant for diarthrodial joints [4]. 
Third, the articulating bone ends in the joint are lined with a 
thin layer of cartilage which is a hydrated-soft tissue. These 
linings, i.e., the synovium and the two cartilage layers, form 
the joint cavity which contains the synovial fluid, Fig. I(b). The 
synovial fluid also provides the nutrients required by the 
chondrocytes residing in the avascular cartilage. Thus the 
synovial fluid, articular cartilage, and the supporting bone form 
a closed bearing system which provides the near frictionless 
bearing system of the body. 

The human hip or knee joint may sustain loads up to 10 times 
body weight during daily activities such as walking [8]. In the 
hip these forces may yield compressive stresses as high as 18 
MPa between a metallic endoprosthesis and the acetabulum 
during such mild activities as rising from a chair [9]. Even 
during standing, loads several times body weight are 
commonly found in the knee and hip. These high loads, and 
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Human Knee Joint 
Fig. 1 (a) Diagram of sagittal cross section of a human knee 
showing structures within the joint including articular cartilage, 
Joint cape meniscus and bone 

 
 

Load Bearing Region 
Fig.1(b) Close-up view of the joint cavity within the load-bearing region 
showing the joint cavity and synovial fluid along with the articular cartilage 
and subchondral bone 

therefore high contact stresses, stem from the mechanical 
disadvantage of the human joints, and can occur even in upper 
extremity joints, e.g., shoulder. These performance charac-
teristics demand efficient lubrication processes to minimize 
friction and wear of cartilage in the joint. 

Many techniques have been devised to measure the frictional 
coefficients of joints and wear properties of cartilage [10-18]. 
A variety of fluid-film lubrication theories, i.e., hydrodynamic 
theory [4], elastohydrodynamic theory [5, 19] and biphasic 
squeeze-film lubrication [20], have been used to describe the 
lubrication process and the extraordinarily low wear properties 
of diarthrodial joints [10, 13, 15]. Boundary lubrication [6, 7] 
between the two rubbing surfaces [12], each with an adsorbed 
monolayer of a lubrication glycoprotein (a component of syn-
ovial fluid) [21], and adsorbed layer of “structured-water” [17] 
have also been proposed to explain the low coefficient of 
friction. At present, however, no comprehensive or consistent 
theory exists for diarthrodial joint lubrication under all 
operating conditions. Considering the complex material 
behaviors of cartilage and synovial fluid, and the complex 
loading conditions, it is unlikely that one single lubrication 
mode exists in diarthrodial joints. However, with increased 
knowledge of the many components of diarthrodial joints, i.e., 
articular cartilage [1], and synovial fluid [22], and advances 
made in quantitative anatomy of the articulating surfaces [23, 
24] and the kinematics and load bearing characteristics of these 
joints [8, 9], the field is now poised to make major advances in 
understanding joint lubrication, load support within cartilage 
and the etiology associated with failures of animal bearings. 
Further, these advances are likely to be accomplished 
specifically on a joint by 

 
Fig. 2 Illustration of ploughing effect between a hard smooth 
surface (top) and a soft layered medium supported by a rigid 
foundation [1] 

joint basis, i.e., hip, knee, shoulder, wrist, etc. [24-26]. 
Coefficient of Friction. Jones (1936) was one of the first 

to report on the coefficient of friction in animal joints (l l). 
Since then many studies on friction and wear have been 
performed and reported in the literature [12-17]. For all 
joints tested, the coefficient of friction was very low, ranging 
from 0.002 to 0.35. The latter number was an exception to 
all reported data and was obtained when the cartilage fluid 
content was allowed to be greatly diminished [13]. In general, 
fully hydrated cartilage loaded under dynamic (oscillatory) 
conditions, and articular surfaces lubricated with synovial 
fluid, had a coefficient of friction less than 0.01. Clearly, 
animal joints enjoy a very low coefficient of friction when 
compared to common engineering bearings. Paradoxically, 
diarthrodial joints seem to demonstrate a higher kinetic 
coefficient of friction than static coefficient of friction [14]. 
This is a significant tribological fact for the function of joints 
which are always loaded in a cyclical manner. These 
remarkable frictional characteristics have been a major 
motivational factor behind the efforts to study cartilage and 
diarthrodial joint biomechanics over the past twenty years. 

Mechanism for Ploughing Friction. Joint cartilage is a 
soft tissue with a compressive modulus of less than 1.5 MPa, 
a shear modulus of less than 0.5 MPa and a Poisson's ratio 
which ranges from 0 to 0.42 [27, 28]. While it is a highly 
hydrated tissue with a water content ranging from 60 to 
85percent, this water occupies molecular-size “pores" with a 
diameter estimated to range from 30 to 60 Å [13, 29, 30]. 
Most of these pores are "open" and "connected" allowing 
fluid seepage. When cartilage is deformed the water in the 
tissue will flow. This fluid flow is resisted by a high drag 
force because the normal permeability is extremely low, i.e., 
0(10⁻¹⁵Sm4/Ns). When a joint moves, ploughing of cartilage 
occurs (Fig. 2). This ploughing deformation causes 
interstitial fluid flow, and thus internal dissipation and fluid 
pressurization. This internal dissipation is the mechanism 
that gives rise to ploughing friction, and the pressurization 
gives rise to load support. 

 
Lubrication Theories for Animal Joints. Many frictional 

experiments have been performed attempting to determine 
the role of synovial fluid or its components in joint 
lubrication [12-17]. This has been difficult to do since the 
deformation and flow properties of cartilage and synovial 
fluid differ sig‐nificantly with loading conditions, and the 
anatomic form of joints. Further, the study of flow of the 
non-Newtonian synovial fluid [22] in a thin-film gap 
between two porous-permeable hydrated soft tissues has 
many formidable theoretical difficulties[1]. These unresolved 
difficulties have led to speculations, and incomplete and 
sometime wrong theories on how fluid-film lubrication may 
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be formed in diarthrodial joints, e.g., hydrodynamic [4, 10], 
weeping—interstitial fluid flow 

 
Fig. 3(a) A scanning electron micrograph at X3000 of a 
osteoarthritic human cartilage removed at surgery showing a 
micro-crack, (From Mow, V. C., and Soslowsky, L J., Basic 
Orthopaedic Biomechanics, V. C. Mow, and W. C. Hayes, eds., 
Raven Press, New York, 1991, Chapter 6.) 

 
Fig.3(b) A scanning electron micrograph at X1000 for a 
osteoarthritic human hip joint cartilage showing delaminatlon of 
the superficial tangential zone of the tissue (From Mow, V. C., and 
Soslowsky, L. J., Basic Orthopaedic Biomechanics, V. C. Mow, 
and W. C. Hayes, eds., Raven Press, New York, 1991, Chapter 6.) 
 

out of cartilage [13], boosted—filtration flow into cartilage[15], 
squeeze-film—no flow in cartilage [16] , elasto- and 
microelastohydrodynamic—no flow in cartilage [19]. One 
problem has been solved by two groups utilizing an identical 
squeeze-film formulation of a thin viscous fluid layer between 
an impermeable rigid spherical indenter and a biphasic layer of 
cartilage [31, 32], though somewhat surprisingly different 
conclusions were reached. To date, no problems addressing 
fluid-film lubrication in a configuration modelling diarthrodial 
joints with two layers of articular cartilage with different 
biphasic properties, non-Newtonian synovial fluid properties, 
precise anatomic forms, and physiologic loading conditions 
have been solved. Even after the significant progress made 
over the past 20 years, these problems remain major challenges 
in biomechanics and biomedical research. 

Boundary lubrication experiments were undertaken to 
examine the molecular aspects of synovial fluid lubrication 
[21]. In these studies, synovial fluid was treated with various 
degradative enzymes to digest the proteins and hyaluronate 
chains and/or passed through fine-pore filters with various pore 
sizes to eliminate these macromolecules from the fluid. The 
components from the separation procedure were subsequently 
tested for their ability to reduce friction. From these studies, a 

glycoprotein was found which acts as an effective boundary 
lubricant. Also, it was found that the lubrication properties of 
synovial fluid treated with hyaluronidase differed from 
untreated synovial fluid. These two results suggest that a mixed 
lubrication process might occur within joints where the non- 
Newtonian fluid plays a role in fluid-film lubrication and the 
lubricating glycoprotein plays a role in boundary lubrication. 
Since our joints operate at high loads and slow speeds, it is 
unlikely that a sufficiently thick fluid film can be generated by 
any of the classical fluid-film lubrication mechanisms (e.g., 
hydrodynamic or elasto-hydrodynamic modes) to permit 
appreciable load carrying capacity. The literature does argue 
that the extremely low coefficient of friction prohibits ruling 
out fluid-film lubrication. How fluid-film lubrication can be 
achieved in a diarthrodial joint is still an issue that needs to be 
resolved. 

Wear of Articular Cartilage. It is estimated that a human 
knee or hip joint may experience one million cycles of loading 
per year. These high cyclical stresses and strains may cause 
fatigue micro-cracks on the articular surface or within the bulk 
material, and these may grow and accumulate into micro- 
scopically observable damages to the articular surface. Figure 
3(a) is a scanning electron micrograph (SEM) showing a micro- 
crack on the surface of human cartilage removed during surgery. 
Collagen fibers spanning the crack tips are clearly visible, It is 
likely that the collagen fibers at the articular surface serve as 
crack arresters. Micro-cracks can be formed within cartilage 
These micro-cracks can coalesce, eventually causing delami-
nation of the surface membrane from cartilage. Figure 3(b) is a 
SEM showing a surface layer being removed from the surface 
of a human hip joint cartilage. In time, if the rate of damage 
exceeds the rate at which the cells can repair the tissue, an 
accumulation of such damages could lead to tissue failure [1, 
2]. Thus the fundamental difference between wear of a 
biological material such as cartilage in vivo and wear of an 
engineering bearing is that in the biological system, there is a 
balance of mechanical attrition and biological repair. 

Wear from cartilage rubbing against cartilage is not the 
result of adhesive wear since cartilage surfaces do not weld 
together as do metal surfaces when their micro-asperities come 
into contact [6, 7, 18]. In some clinical situations, cartilage 
must articulate against a metal endoprosthesis when one side of 
a damaged joint is replaced. A study of wear of dead cartilage 
rubbing against a smooth metal surface has been reported [181. 
Loss of collagen from the tissue was used as the indicator of 
wear rate. It was found that even at moderately high pressures, 
the wear rates were generally very low (<0.5 µg/hr at 4.62 
MPa). This low wear rate may be due to the tenacious 
lubricating glycoprotein serving as the boundary lubricant. 
However, the mechanisms of this wear process which cause 
tissue loss are obscure (e.g., delamination?). Finally, as with 
engineering bearings, chemical events (e.g., corrosion) may be 
very important. In joints, enzymes such as collagenase and 
metalloproteinase may cause degradation of cartilage. These 
enzymatic activities are critical once inflammation sets in and, 
as with corrosive effects on metallic bearings, they act to 
accelerate the wear and tear processes in cartilage. 

Joint Mechanics: Contact Areas and Cartilage Stresses 
While the discussions above have focused on bio-tribology, 

other aspects of joint biomechanics are equally important. 
Clearly, loading of joints leads to high contact stresses in the 
supporting joint structures such as cartilage, bone, tendons, 
and ligaments. High stresses in these tissues, or alterations in 
the stress patterns resulting from injury or repetitive loading, 
are believed to be responsible for cumulative tissue damage 
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and OA [2]. Consequently, another major endeavor of the last 
two decades has focused on determining contact areas and 
stresses in joints, using experimental methods. Most of these 
studies dealt with lower-extremity joints, particularly the 
knee, hip and ankle, although interest in upper-extremity 
joints (wrist, elbow, and shoulder) is evident in the recent 
literature. A  number of techniques are summarized below, 
with a particular emphasis on studies of the knee and hip. 

 
Radiographic and Sectioning Techniques. The earliest 

studies of diarthrodial joint contact were performed 
radiographically, where "points" of contact were determined. 
In his 1955 book, Steindler [33] reported on the early 
radiographic studies dating back to Zuppinger (1904)[34] on 
the tibiofemoral Radiographic techniques have also been 
employed in conjunction with radio-opaque solutions injected 
into the joint, Kettelkamp and Jacobs, 1972 [35]; Maquet et al., 
1975 [36]). Sectioning techniques have been used to determine 
joint contact areas. Wiberg (1941) sectioned frozen knee joints 
to analyze contact in the patellofemoral joint [37]. While this 
technique can be used for only one joint position, the results 
reported by Wiberg were in agreement with subsequent studies 
using other methods. 

Dye Staining Techniques. Greenwald and O'Connor (1971) 
determined contact areas in the hip joint using a dye staining 
method (38). In this method, the cartilage surfaces are first 
allowed to absorb a chemical agent prior to applying a load on 
the joint. While the joint is loaded, it is exposed to a second 
liquid chemical agent which reacts with the first agent in 
cartilage to produce a colored stain in all those regions of the 
articular surfaces not in contact. Subsequently, the joint is 
washed with normal saline and the surface is removed to allow 
viewing of the staining. A similar approach was employed by 
Goodfellow et al. (1976) [39] for studies of the knee joint and 
Moran et al. (1985) for studies of the finger joints [40]. 
Matthews et al. (1977) applied methylene blue on the 
retropatellar surface prior to loading the joint, and then 
assessed the size and location of the imprint of the patella on 
the opposing trochlear surface [41]. 

Casting Techniques. In this method, a casting material is 
injected into the joint while still a liquid, either prior or 
subsequent to load application. In the former case, the casting 
material is squeezed out of the regions of contact, thereby 
creating holes or translucent regions in the hardened cast. In 
the latter case, the cast will only contain holes, which 
correspond to regions where the material could not penetrate. 
The most common casting materials used are 
methylmethacrylate and silicone rubber. Probably the earliest 
casting study was performed by Walker and Hajeck (1972) on 
the tibiofemoral joint [42]. Recently, Yao and Seedhom (1991) 
introduced the "3S technique," where a silicone oil-carbon 
black powder suspension is squeezed out from the regions of 
contact between the joint surfaces following loading [43]. 

Surface Proximity Techniques. Scherrer et al. (1979) 
introduced a joint contact determination method based on the 
calculation of the relative proximity of the articular surfaces 
at various joint positions [44]. In this method, mathematical 
models of the articular surfaces are created from 3-D surface 
measurements [45], and the relative positions of these sur-
faces at various joint angles are measured with a kinematic 
linkage. Using the kinematic data, the mathematical surfaces 
are realigned to assume their relative in situ positions, and the 
distances between the surfaces calculated. All those regions of 
the opposing surfaces which fall within a prescribed distance 

from each other are defined as contact areas. A similar 
analysis was performed by Soslowsky et al. (1992) [26] using 
close-range stereophotogrammetry (SPG) for surface 
topography [23-25], and kinematic measurements. Most 
recently, Kwak a et al. (1993) reported on the contact areas 
and cartilage thickness distribution in greyhound patellae, 
distal femurs and tibial plateaus using SPG [46]. Figure 4(a) 
demonstrates the relative position of the patella and distal 
femoral articular surfaces at femoral articular surfaces at 

 
 
 
 
 
 
 
 
 

Fig.4(a) Typical configuration of the relative position of the 
greyhound patella and distal femoral articular surfaces at 60 and 
120 degrees of flexion, as obtained with stereophotogrammetry 

 

 

 
Fig. 4(b) Patella contact areas as proximity maps, at 30, 60, and 90 
degrees of flexion 

60 and 120 degrees of flexion, while Fig. 4(b) displays the 
contact areas on the patella at 30, 60, and 90 degrees. 

Pressure Measurement Techniques. In addition to 
measuring contact areas, investigators have also been 
interested in measuring contact stresses or pressures. Ferguson 
et al. (1979) measured contact stresses in the patellofemoral 
joint using miniature piezoresistive contact pressure 
transducers implanted at various locations on the retropatellar 
cartilage [47]. This type of transducer can be used for 
measuring transient stress responses at discrete locations in the 
joint, providing a history of the time-dependent response of 
cartilage which is known to behave in a viscoelastic manner. 
Piezoresistive transducers were also used by Brown and Shaw 
(1983) to look at contact stresses in the hip [481 and on the 
femoral condyles [49]. 

 
Fukubayasi and Kurosawa [50] used pressure sensitive 

film (by Fuji Film Co., Ltd., Tokyo) to measure contact 
pressures in the joint directly, by inserting the film between the 
contacting articular surfaces. This pressure sensitive film 
consists of two polyester sheets which, when pressed against 
each other, will produce a red stain whose intensity depends 
on the applied pressure. As the film is sensitive to humidity, it 
is generally sandwiched between polyethylene sheets; under 
such a configuration, the film is approximately 0.2 to 0.3 
millimeters thick. To assess the actual pressure from the 
intensity of the red stain, a calibration procedure is necessary 
[e.g., 51]. Because of its simplicity, the Fuji pressure-sensitive 
film has been used extensively; unfortunately not all of it could 
be referenced here. To mention a few, however, in the area of 
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knee research for example, Huberti and Hayes (1984) used 
pressure sensitive film to analyze the influence of Q-angle and 
tendofemoral contact [52] as well as the effects of capsular 
reconstructive procedures [53] on patellofemoral contact 
pressures. Similarly, Brown et al., studied contact stress 
aberrations in the presence of osteochondral defects (1991) 
[54]; Haut measured patellofemoral contact pressures during 
impact loading of the knee [55]. A similar technique was 
employed by Ahmed (1983) who studied pressure 
distributions on the tibia [56]and the retropatellar surface [57]. 
Recently, a comparison study of four of the above techniques 
has been completed (dye staining, silicone rubber casting, Fuji 
pressure-sensitive film, and SPG) (1993) [58]. It was found 
that dye staining could over-estimate contact areas while 
silicone rubber casting tended to underestimate contact areas, 
particularly in highly congruent articulations; Fuji film and 
SPG provided very consistent results. 

In vivo measurements of contact areas or pressures in 
normal human joints have not yet been reported, although one 
study has employed an instrumented metallic hip 
endoprosthesis to measure the contact pressures [9]. To date, 
there appears to be only one study which has reported on 
measuring compressive strains in hip joint cartilage in situ [59]. 
It was found that for normal hip joints, compressive strains do 
not exceed 15 percent. 

Theoretical Analyses of Joint Mechanics. In contrast to 
experimental studies, few theoretical models of joint contact 
exist in the literature. Hirsch (1944) proposed to use the Hertz 
contact theory for contacting elastic spheres to model cartilage 
indentation [60]. Askew and Mow (1978) analyzed the problem 
of a stationary parabolically-distributed normal surface trac- 
tion acting on a layered transversely isotropic elastic medium to 
assess the function of the stiff surface layer of cartilage [61]. 
More recently, Eberhardt et al. (1990, 1991) [62, 63] developed 
a solution for the contact problem of normal and tangential 
loading of elastic spheres, with either one or two isotropic elastic 
layers to model cartilage. Using the biphasic model for cartilage 
[64], Mow and Lai (1980) calculated stresses in a cartilage 
layer subjected to a moving, parabolically-distributed normal 
surface traction [65]. The load partition factor between the solid 
and fluid at the articular surface was used in their parametric 
analysis. Armstrong (1986) studied the contact problem between 
a cylinder and an elastic layer resting on a rigid foundation, 
using a thin layer asymptotic analysis for a compressible 
(equilibrium response) and incompressible (initial response) 
material [66]. Most recently, Ateshian et al. (1992, 1993) 
performed an asymptotic analysis of the contact of two spherical 
isotropic biphasic layers subjected to a step normal load 
subsequent to the depletion of the thin lubricant film between 
the surfaces [67, 68]. The results from this analysis were in 
agreement with the solution of a squeeze-film problem 
addressing the initial approach of the surfaces [20]. The results 
from the studies listed above have demonstrated that consid- 
erable differences may be found in cartilage stress predictions 
depending on the particular cartilage constitutive model being 
employed, e.g., linear elasticity theory versus linear biphasic 
theory. Other studies have made use of joint mathematical 
models which incorporate realistic geometric data, to predict 
contact areas and stresses in joints; the reader is referred to 
the studies by Wismans et al. (1980) [70], Blankevoort et al. (1991) 
[71], and Hirokawa (1991) [72].  
 

Finite Element Modeling of Joints 
 Joint biomechanics problems are characterized by moving 

contacts between two topographically complex soft tissue 
layers separated by a thin layer of non-Newtonian synovial 
fluid. Examples of this type of problem include the sliding 

contact between the humeral head and the glenoid in the 
shoulder or the patella over the femoral groove in the knee, 
and the multibody contact problem between the tibia, femur 
and menisci. The complexity of such problems requires 
implementation of sophisticated numerical methods for 
solutions. The finite element method is ideally suited for 
obtaining solutions to joint contact problems. Thus far, much 
of the finite element analysis has been applied to the study of 
hard tissue structures, often as it relates to prosthetic devices. 
The focus of our discussion of computational mechanics in 
this review is on diarthrodial joint analysis. 

Joint Contact Analysis. As a consequence of the relative 
dearth of precise geometric data and material properties, as 
well as the complexity of a properly formulated joint 
mechanics problem, few such computational models have 
been reported. Two-dimensional studies of the tibial-femoral 
contact problem in the knee [73], and in the hip [74, 75] have 
been repotted Heegaard (1993) presented a 3-D contact 
analysis of the knee assuming perfectly lubricated interaction 
between tissue layer and allowing for large relative motions 
of the layers [76]. In each of these studies, the soft tissue 
layers are treated as single phase elastic materials. 

 
Analysis of the Meniscus. The meniscus of the human 

knee has been studied via finite elements. Initially, 
axisymmetric toroidal models of the meniscus were 
developed assuming frictionless contact between the 
meniscus and deformable femur and tibia and single phase 
elastic materials [77, 78] or transversely isotropic materials 
[79]. Aspden (1985) used nonlinear tensile properties in the 
circumferential direction and linear compressive properties in 
the cross section (chosen to match the cartilage layer 
properties) in an axisymmetric model resting on a rigid 
frictionless tibial surface with loads applied to the femoral 
surface [80]. Three-dimensional models of the meniscus 
including contact and single phase material representations 
allowing for different properties in the circumferential 
direction have also been reported [81]. An axisymmetric 
transversely isotropic biphasic model of the meniscus, 
supported by a frictionless tibial surface and loaded through 
the femoral surface, has been developed by Spilker et al. [82]. 
Important insights into meniscal behavior have been obtained 
from these models. However, significant effort remains to 
incorporate the meniscal analyses into a more complete 
mechanics representation of the three-body contact problem 
of the knee. 

Future Directions in Finite Element Joint Analysis. To 
tackle the problem of joint analysis, fundamental studies will 
be needed in the following areas: l) 3-D finite element 
analysis of moving contact problems utilizing nonlinear finite 
deformation biphasic laws for cartilage and non-Newtonian 
laws for synovial fluid; 2) automated-adaptive methods for 
the generation and control of 3-D computational models 
using error estimates and controls which account of the 
nonlinearities, singularities and boundary layer effects; 3) 
integration of digital SPG anatomic data with the automated 
adaptive 3-D mesh generation, and numerical methods for 
processing the material and geometric data required for the 
contact analysis; and 4) parallel solution algorithms for the 
nonlinear time-dependent problems utilizing high-
performance computer architectures. 

It is widely accepted that the time-dependent response of 
cartilage can be accurately represented by the biphasic theory 
derived by Mow et al. (1980) [64]. Under isotonic conditions, 
this biphasic theory of incompressible solid and fluid phases is 
appropriate for most applications involving cartilage mod- 

eling for infinitesimal or finite deformations. The mathemat- 
ical problems associated with these studies are therefore posed 
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in terms of partial differential equations (continuity equation 
for the mixture, momentum equations and diffusive 
momentum exchange for each phase, and nonlinear 
constitutive relations), initial and boundary conditions, and 
interface conditions. These interface conditions now exist for 
a biphasic surface in contact with a fluid [69], or against an 
impermeable or permeable solid [20], or against another 
biphasic surface [67, 68]. Numerical methods are required to 
solve these nonlinear problems, even for relatively simple 
geometries. To be useful, these solutions will ultimately be 
needed in real time. 

Finite element formulations corresponding to the nonlinear 
biphasic mixture theory have been developed using alternate 
approaches which include 2-D applications to both soft tissues 
and soils, for example, (Prevost (1982), [83]; Suh et al. (1991), 
[84]; Wayne et al. (1991), [851; Spilker and Almeida (1992), 
[86]). Simon and Gaballa (1988), [87] have developed 
nonlinear finite element formulations for hydrated tissues 
based on the poroelastic consolidation theory of Biot (1941), 
[88]. For cartilage, where inertial effects have been neglected, 
these finite element formulations yield a system of coupled 
first order differential equations with nonlinear coefficient 
matrices, whose solution is obtained through incremental and 
iterative methods. Solution of these equations provides a 
detailed description of fluid flow, strain, stress and pressure 
fields within the layer of tissue. Linear 3-D elements [89] and 
nonlinear 3-D formulations [90] have been presented recently 
for the biphasic theory. However, full nonlinear 3-D analysis 
for joints of realistic geometry remains a computationally 
challenging problem. 

The moving contact problem between two layers of biphasic 
tissues will require that contact conditions be incorporated into 
a finite element formulation. This problem is intrinsically 
nonlinear since the extent of the contact surface at a given level 
of load or prescribed joint displacement is not known a priori. 
For elasticity problems, the concept of a contact element, 
whose degrees of freedom correspond to contact traction, has 
been successful and has been used recently by Heegaard 
(1993), [76] in a 3-D elastic contact analysis of the 
patellofemoral articu lation. An analogous approach is being 
developed by Donzelli and Spilker (1993) for biphasic 
materials [91]. 

In order to apply these computational methods to joint 
mechanics problems, precisely measured anatomic data, e.g., 
from the SPG method, should be used to construct a 3-D solid 
model from which an appropriate finite mesh can be 
constructed and analysis performed. A procedure for using 
SPG data as the anatomic input for a 3-D finite element 
biphasic model is under  development in our laboratories 
(Spilker et al. (1993), [92]); a representative example currently 
under study will help to illustrate the process and level of 
complexity. The SPG data for a human humeral head consist 
of the coordinates defining the collection of bilinear patches 
making up the upper and lower surfaces of the tissue [26]. The 
Finite Octree mesh generator [93], using newly developed 
operators to interface with the SPG data, is used to subdivide 
the domain into 10-node tetrahedral elements, and attributes 
(boundary conditions) are assigned to the model faces (or 
portions of those faces). This 3-D biphasic finite element 
analysis has been performed using a 3-D biphasic mixed-
penalty element [89]. For the humeral head problem a 
relatively coarse mesh (1303 elements, 2463 nodes, 6 
unknowns per node) has been constructed with increased 
refinement in the vicinity of a centrally located, circular 
shaped, parabolically distributed load on the upper surface. 
This preliminary study helped to illustrate the magnitude of 
effort and the essential elements required to develop a 3-D 
finite element analysis of a diarthrodial joint using the biphasic 
theory. 

In a contact problem, refined meshes are needed in the 
vicinity of the contact zone. For biphasic materials, mesh 
refinement is often required in the vicinity of loading. Thus the 
mesh generator must have the intelligence to place elements 
optimally, i.e., using more elements where needed and fewer 
elements away from critical locations. This process may also 
be time dependent as the contact zone and/or load change with 
time. Mesh adaptivity relies on a measure of the error which 
can be used to identify regions where refinements or 
coarsenings are needed. Rigorous error measures or reliable 
error indicators must be defined and proven for the finite 
element formulation of the nonlinear biphasic equations. 
Using an error measure based on the distribution of total stress 
in a biphasic material, Donzelli et al. (1992) have examined 
several linear 2-D axisymmetric biphasic problems [94]. 
Figure 5 shows four meshes generated for an axisymmetric 
representation of the meniscus resting on a lubricated tibial 
surface and loaded 
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Fig. 5 Four meshes generated for an axisymmetric representation 
of the meniscus. The mesh refines in a region of high stress 
gradients and coarsens where stress gradients are less severe [82] 
 

on the full femoral surface by a parabolically-distributed 
load, and using a transversely isotropic solid phase in the 
biphasic model. The mesh is automatically refined in a 
region of high stress gradients and coarsened where stress 
gradients are less severe [82]. 

Conclusion 
This brief review of research in diarthrodial joint biome- 

chanics is a testimony to the exciting progress that has taken 
place in this field over the last few decades, while at the same 
time it provides a sobering perspective of the complexities 
of the various mechanisms responsible for the proper 
functioning of diarthrodial joints. Each of the three areas 
selected in this review, namely biotribology, joint contact 
mechanics and finite element modelling of diarthrodial joints 
present major challenges that need to be addressed in future 
research. 

 
Acknowledgment 

This work was sponsored by a Bristol-Myers 
Squibbs/Zimmer Center of Excellence Award for 
Orthopaedic Research (Columbia University: VCM), a 
Whitaker Foundation grant (Columbia University: GAA), 
and a Surdna Foundation grant (Rensselaer: RLS). 



Journal of Biomechanical Engineering                                                                                      NOVEMBR 1993,Vol．115/467 

References 
 

１． Mow, V. C., Ratcliffe, A.. and Poole, A. R.. "Cartilage and 
Diarthrodial  Joints as Paradigms for Hierarchical Materials and 
Structures," Biomaterials. vol. 13, 1992, pp. 67-97. 

2. Howell, D. S.. Treadwell. B. V.. and Trippel, S. B., 
"Etiopathogenesis of Osteoarthritis," Osteoarthritis: Diagnosis and 
Medical/Surgical Management, R. W. Moskowitz, et al.. eds., 
Saunders, Philadelphia, Chap. 9, 1992. 

3．Mow, V. C.. Ratcliffe, A., and Woo. S. L-Y., Biomechanics of 
Diarthrodial Joints, Springer-Verlag, New York, Vol. 1 & 2, 1990. 
４ ．Reynolds, O., "On the Theory of Lubrication and its 

Application to Mr. Beauchamp Tower's Experiment, Including an 
Experimental Determination of the Viscosity of Olive Oil," Phil. 
Trans. Roy. Soc., Vol. 177, 1886, pp. 157—234 

5. Dowson, D.. and Higginson, G. R.. Elastohydrodynamic 
Lubrication, Pergamon Press, Oxford, UK, 1977. 

6. Bowden, F. P.. and Tabor, D., The Friction and Lubrication of 
Solids, Clarendon Press, Oxford, UK, 1964. 

7. Peterson, M. B., and Winer, W. B., Wear Control Handbook, American 
Society of Mechanical Engineers, New York, 1980. 

8. Paul, J. P., "Force Actions Transmitted by Joints in the Human 
Body," Proc. Roy. soc., vol. 192B, 1976, pp. 163-172. 

9.  Hodge, W. A., Carlson, K. L., Fijan. R. S., Burgess, R. G., Riley, 
P. O., Harris, W. H., and Mann, R. W., "Contact Pressures from an 
Instrumented Hip Endoprosthesis," J. Bone Joint Surg., Vol. 7l-A, 
1989, pp. 1378-1386. 

10. MacConaill. M. A., “The Function of Intra-articular 
Fibrocartilages, with Special References to the Knee and Inferior 
Radio-ulnar Joints." J. Anat., Vol.66. 1932, pp. 210-227. 

11. Jones, E. S., "Joint Lubrication." Lancet. Vol. 230, 1936,1043-
1044. 

12. Charnley, J.. "The Lubrication of Animal Joints in Relation to 
Surgical Reconstruction by Arthroplasty," Ann. Rheum. Dis., Vol. 19, 
1960. pp.10-19. 

13. McCutchen. C. W., ' 'The Frictional Properties of Animal Joints," 
Wear, Vol5, 1962, pp. 1-17 

14. Linn, F. C., "Lubrication of Animal Joints: II. The Mechanism," 
J. Biomechanics Vol. l. 1968, pp. 193－205. 

15. Walker. P. S., Dowson, D., Longfield, M. and Wright. V., 
"Boosted Lubrication in Synovial Joints by Fluid Entrapment and 
Enrichment," Ann. Rheum. Dis., vol. 27, 1968, pp. 512-520. 

16. Unsworth. A., Dowson. D., and Wright, V., "The Frictional 
Behavior of Human Synovial Joints: I. Natural Joints," ASME Journal 
of Lubrication Technology, vol. 97, 1975, pp. 360-376. 

17. Davis, W. H., Jr., Lee, S. L., and Sokoloff. L., "A Proposed 
Model of Boundary Lubrication by Synovial Fluid: Structuring of 
Boundary Water,” ASME Journal of Biomechanical Engineering, 
Vol.101.1978, pp 185-192.  

18 . Lipshitz, H., and Glimcher, M . J., ''In Vitro Studies of the Wear 
of Articular Cartilage. II. Characteristics of the Wear of Articular 
Cartilage When Worn Against Stainless Steel Plates having 
Characterized Surfaces." Wear, Vol.52, 1979, pp. 297-339. 

19. Dowson. D., Jin, Z. M., "A Full Solution of the Problem of 
Microelastohydrodynamic Lubrication of a Stationary Compliant 
Wavy Layered Surface Firmly Bonded to a Rigid Substrate with 
Particular Reference to Human Synovial Joints. J. Engng. Med., vol. 
206, 1992, pp. 185-193. 

20. Hou, J. S., Mow, V. C., Lai, W. M., and Holmes, M. H., "Squeeze 
Film Lubrication for Articular Cartilage with Synovial Fluid," J. 
Biomechanics, Vol. 25, 1992, pp. 247-259. 

21. Swann. D. A., Silver, F. H., Slayter, H. S., Stafford, W., and 
Showe,  E., "The Molecular Structure and Lubricating Activity of 
Lubricin from Bovine and Human Synovial Fluids," Biochem. J. , Vol. 
225, 1985, pp. 195—201. 

22. Lai, W. M., Kuei, S. C., and Mow, V. C., ."Rheological Equations 
for Synovial Fluids," ASME Journal of Biomechanical Engineering. 
Vol. 100, 1978, pp. 169-186. 

23. Huiskes, R., Kremers, J., Lange. A. de. Woltring. H. J., Selvik, 
G., and Rens, Th.J.G. van, "Analytical Stereophotogrammetric 
Determination of Three Dimensional Knee-Joint Geometry," J. 
Biomechanics, Vol. 18, 1985, pp. 559-570.  

 
 
 
 
 

 
 

 24. Ateshian, G. A., Soslowsky, L. J., and Mow, V. C., "Quantitation of 
Articular Surface Topography and Cartilage Thickness in Knee Joints Using 
Stereophotogrammetry.” J. Biomechanics Vol. 24, 1991, pp. 761—776. 

25. Ateshian, G. A., Rosenwasser, M. P., and. Mow, V. C., "Curvature 
Characteristics and Congruence of the Thumb Carpometacarpal Joint," J. 
Biomechanics. Vol. 25, 1992. pp. 591—608. 

26. Soslowsky. L. J., Ftatow, E. L., Bigliani, L. U., Pawluk. R. J., Ateshian, 
G. A., and Mow, V. C., "Quantitation of In Situ Contact Areas at the Gle-
nohumeral Joint: A Biomechanical Study," J. Orthop. Res., Vol. 10, 1992, pp. 
524-534. 

27. Mow, V. C., Gibbs, M. C., Lai, W. M., Zhu. W., and Athanasiou, K. 
A., "Biphasic Indentation of Articular Cartilage—Il. A Numerical Algorithm 
and an Experimental Study," J. Biomechanics, Vol. 22, 1989, pp. 853—861. 

28. Athanasiou, K. A., Rosenwasser, M. P., Buckwalter, J. A., Malinin, T. 
I., and Mow, V. C., "Interspecies Comparisons of In Situ Intrinsic Mechanical 
Properties of Distal Femoral Cartilage," J. Orthop. Res., Vol. 9, 1991, pp. 
330-340. 

29. Maroudas, A. "Physicochemical Properties of Articular Cartilage," 
Adult Articular Cartilage, M. A. R. Freeman. ed., Pitman Medical Publishing, 
Kent, UK, 1979, pp. 215-290.  

30. Mow, V. C., Holmes, V. C., and Lai, W. M., "Fluid Transport and 
Mechanical Properties of Articular Cartilage," J. Vol. 17, 1984, pp. 377-394. 

31. Hou, J. S., Holmes, M. H.. Lai, W. M., and Mow, V. C., “Squeeze Film 
Lubrication for Articular Cartilage with Synovial Fluid, " Biomechanics of 
Diarthrodial joint, Vol. 2, V. C. Mow et al., eds., Springer-Verlag, New York, 
1990, pp. 347-367. 

32. Jin. Z. M., Dowson, D., and Fisher, J.. "The Effect of Porosity of 
Articular Cartilage on the Lubrication of a Normal Human Hip Joint," J. Eng. 
Med., vol. 206, 1992, pp. 117-124. 

33. Steindler, A., Kinesiology of the Human Body. Charla C. Thomas 
Publisher, Springfield, Illinois. 1955. 

34. Zuppinger, H., "Die Aktive Flexion im unbelasteten Kniegelenk," Md. 
Habil. Schrift Zürich u. Anat. Hefte, 1904 

35. Kettelkamp, D. B., and Jacobs, A. W., "Tibiofemoral Contact Area— 
Determination and Implications," J. Bone Joint Surg., Vol. 54-A, 1972, pp. 
349-356. 

36. Maquet, P. G., Van de Berg, A., Simonet, J., "Femorotibial Weight- 
Bearing Areas," J. Bone Joint Surg., Vol. 57-A, 1975, pp. 766—771. 

37. Wiberg, G., "Roentgenographic and Anatomic Studies on the Femoro- 
patellar Joint," Acta Orthop. Scand., Vol. 12, 1941, pp. 319—410. 

38. Greenwald, A. S., and O'Connor, J. J., "The Transmission of Load 
Through the Human Hip Joint," J. Biomechanics, Vol. 4. 1971, pp. 507-528.     
  39. Goodfellow, J., Hungerford, D. S., and Zindel, M.. "Patello-Femoral 

Joint Mechanics and Pathology," J. Bone Joint Surg., Vol. 58-B, 1976, pp. 
287-290. 

40. Moran. J. M., Hemann, J. H., and Greenwald, A. S., "Finger Joint 
Contact Areas and Pressures," J. Orthop. Res., Vol. 3. 1985, pp. 49—55. 
  41 Matthews, L. S., Sonstegard. D. A., and Henke, J. A., “Load Bearing 
Characteristics of the Patello-Femoral Joint," Acta. Orthop. 
Scand. , Vol. 48 1977. pp. 511-516. 

 42 Walker. P. S., and Hajek, J. V.. "The Load-Bearing Area in Joint," J.  
Vol. 5, 1972, pp. 581-589. 

43. Yao, J. Q., and Seedhom, B. B., "A New Technique for Measuring 
Contact Areas in Human Joints—the '3S Technique'," J. Eng. Med., Vol. 205, 
1991. pp. 69-72. 

44. Scherer. P. K., Hillberry, B. M., and Van Sickle, D. C., "Determining 
the In-Vivo Areas of Contact in the Canine Shoulder," ASME Journal of
Biomechanical Engineering. Vol. 101, 1979. pp. 271-278. 

45 Scherrer. P. K., and Hillberry, B. M., "Piecewise Mathematical Report 
sentation of Articular Surfaces." J. Biomehani4 Vol. 12, 1979, pp. 301-311. 

 46 Kwak, S. D., Newton, P. M., Setton. L. A., and Grelsamer, R. p.s 
"Cartilage Thickness and Contact Area Determination in the Canine Knee 
Joint, Trans. Orthop. Res. soc., vol. 18(2), 1993, pp. 351. 

47. Ferguson, A. B., Brown, T. D., Fu. F. H., and Rutkowski, R.,Rebit         
of Patellofemoral Contact Stress by Anterior Displacement of the Tibial Tu- 
bercle," J. Bone Joint Surg.. Vol. 61-A, 1979, pp. 159-166. 

48. Brown, T. D., and Shaw, D. T., "In Vivo Contact Stress Distribution  in 
the Natural Human Hip." J. Biomechanics, Vol. 16, 1983. pp. 373-384,  

49. Brown, T. D., and Shaw, D. T., "In Vitro Contact Stress Distributions 
on the Femoral Condyles," J. Orthop. Res., Vol. 2, 1984, pp. 190-199. 

 
 
 
 



Journal of Biomechanical Engineering                                                                                      NOVEMBR 1993,Vol．115/467 

50. Fukubayashi, T., and Kurosawa, H., "The Contact Area and 
Pressure Distribution Pattern of the Knee," Acta Orthop. Scand., Vol. 
51, 1980, pp. 871-879. 

 51. Singerman, R. J., Pedersen, D. R., and Brown, T. D., 
"Quantitation or Pressure-Sensitive Film Using Digital Image 
Scanning," Exp. Mech., Vol. 27.1987, pp. 99-103. 

52. Huberti, H. H., and Hayes. W. C., "Patellofemoral Contact 
Pressures, J. Bone Joint Surg., Vol. 66-A, 1984, pp. 715—724. 

53. Huberti, H. H., and Hayes. W. C., "Contact Pressures in 
Chondromalacia Patellae and the Effects of Capsular Reconstructive 
Procedures." J. Orthop. Res., vol. 6, 1988, pp. 499-508. 

54. Brown, T. D., Pope, D. F., Hale, J. E., Buckwalter, J. A., and 
Brand,  R. A., "Effects of Osteochondral Defect Size on Cartilage 
Contact Stress," J. Orthop. Res., vol. 9, 1991. pp. 559-567. 

55. Haut, R. C., "Contact Pressures in the Patellofemoral Joint 
During Impact Loading of the Human Flexed Knee," J. Orthop. Res., 
Vol. 7, 1989, pp. 272—280 

56. Ahmed, A. M., and Burke. D. L., "1n-Vitro Measurement of 
Static Pressure Distribution in Synovial Joints Part l: Tibial Surface of 
the Knee," ASME. J. Biomech. Engng., Vol. 105, 1983. pp. 216-225. 

57. Ahmed, A. M., Burke, D. L., and Yu, A., "In-Vitro Measurement 
of Static Pressure Distribution in Synovial Joints-Part II: Retropatellar 
Surface," ASME Journal of Biomechanical Engineering Vol. 105, 1983, 
pp. 226-236.  

58. Ateshian, G. A., Kwak, S. D., Soslowsky, L. J., and Mow, V. 
C., “A Stereophotogrammetric Method for Determining In Situ 
Contact Areas in Diarthrodial Joints: A Comparison Study," J. 
Biomechanics,  in press, 1993. 

59. Armstrong, C. G., Bahrani, A. S., and Gardner, D. L., "In Vitro 
Measurement of Articular Cartilage Compression in the Intact Hip 
Joint Under Load," J. Bone Joint surg., vol. 59-A. 1977, pp. 744-755. 

60. Hirsch, C., “A Contribution to the Pathogenesis of 
Chondromalacia of  the Patella," Acta Chir. Scand. Suppl., Vol. 83. 
1944, pp. 1-106. 

61. Askew, M. J., and Mow, V. C., "The Biomechanical Function        
Collagen Ultrastructure of Articular Cartilage," ASME Journal of   
Biomechanical Engineering, Vol. 100, 1978, pp. 105-115. 

62. Eberhardt, A. W., Keer, L. M., Lewis, J. L., and Vithoontien, 
V., "An  Analytical Model of Joint Contact," ASME Journal of 
Biomechanical Engineering, Vol. 112, 1990, pp. 407-413. 

63. Eberhardt, A. W., Lewis, J. L., and Keer. L. M., "Normal 
Contact of Elastic Spheres with Two Elastic Layers as a Model of 
Joint Articulation," ASME JOURNAL OF BIOMECHANICAL 
ENGINEERING, Vol. 113, 1991, pp. 410-417.  

64. Mow, V. V., Kuei, S. C., Lai, W. M., and Armstrong, C. G., 
"Biphasic Creep and Stress Relaxation of Articular Cartilage: Theory 
and Experiment," ASME JOURNAL OF BIOMECHANICAL 
ENGINEERING. Vol. 102, 1980, pp. 73-84. 

65. Mow, V. C., and Lai, W. M., "Recent Developments in 
Synovial Joint Biomechanics," SIAM Review, vol. 22, 1980, pp. 275-
317. 

66. Armstrong, C. G., "An Analysis of the Stresses in a Thin Layer 
of Articular Cartilage in a Synovial Joint." Eng. Med., Vol. IS, 1986, 
pp. 55—61. 

67. Ateshian, G. A., Lai, W. M., Zhu. W. B., and Mow, V. C.. "A 
Biphasic Model for Contact in Diarthrodial Joints," ASME Adv. 
Bioengng., Vol. 22, 1992, pp. 191-194.  

68. Ateshian, G. A., Lai, W. M., Zhu, W. B., Mow. V. C., "An 
Asymptotic Solution for Two Contacting Biphasic Cartilage Layers," 
J. Biomechanics, in review, 1993. 

69. Hou, J. S., Holmes, M. H., Lai, W. M., and Mow, V. C., 
"Boundary Conditions at the Cartilage-Synovial Fluid Interface for 
Joint Lubrication and Theoretical Verifications." ASME JOURNAL 
OF BIOMECHANICAL ENGINEERING, vol. 111, 1989, pp. 78-87. 

70. Wismans, J.. Veldpaus, F., Janssen, J., Huson, A., and Struben, 
P., "A Three-Dimensional Mathematical Model of the Knee-Joint," J. 
Biomechanics, vol. 13, 1980, pp. 677-685. 

71. Blankevoort, L., Kuiper, J. H., Huiskes, R., and Grootenboer, 
H. J., "Articular Contact in a Three-Dimensional Model of the Knee," 
J. Biomechanics, vol. 24, 1991, pp. 1019-1031. 

72. Hirokawa, S., "Three-Dimensional Mathematical Model 
Analysis of the patellofemoral Joint," J. Biomechanics Vol. 24, pp. 
659-671. 

 
 
 
 
 
 
 

 
 

73 Anderson, D. D., Brown, T. D., and Radin, E. L., "The Influence of Basal 
Cartilage on Dynamic Juxta articular Stress Transmission," Clin. Orthop.. vol. 
286, 1993. pp. 298-307. 

74 Brown. T. D., and DiGioia, A. M., "A Contact-Coupled Finite 
Element Analysis of the Natural Adult Hip." J. Biomechanics, Vol. 17, 
1984, pp. 437—448 

75 Rapperport, D. J., Carter, D. R., and Shurman, D. J., "Contact Finite 
Element Stress Analyses of the Hip Joint," J. Orthop. Res., Vol. 3, 1985. pp. 

435-446 
76. Heegaard, J.-H., Large Slip in Biomechanics: Kinematics and Stress 

Analysis of the Patello-Femoral Joint," Ph.D. Thesis, Ecole Polytechnique 
Federale de Lausanne, Lausanne. 1993. 

77. Sauren, A. A. H. J., Huson, A., and Schouten, R. Y., "An Axisymmetric 
plate Element Analysis of the Mechanical Function of the Meniscus," Int. J. 
sports Med., Vol. S, 1984, pp. 93-95. 

78. Hefzy, M. S., Grood, E. S., and Zoghi, M., “An Axisymmetric Finite 
Element Model of the Meniscus," ASME Adv. Bioeng., New York, 1987, pp. 
51-52. 

79. Schreppers, G. J. M. A., Sauren. A. A. H. J., and Huson. A., "A 
Mechanical Model of the Load Transmission in the Tibio-Femoral Contact 
Area," Eng. Med., vol. 204, 190, pp. 53-59.  

80. Aspden, R. M., "A Model for the Function and Failure of the 
Meniscus," m. Md., vol. 199, 1985, pp. 119-122. 

81. Tissakht, M., and Ahmed, A. M., "Effect of Tibial Axial Rotation on 
Knee Meniscal Stress: A Finite Element Study," Trans. Orthop. Res. Vol.  
15,1990, pp. 243. 

82. Spilker, R. L., Donzelli, P. S., and Mow, V. C., "A Transversely Isotropic 
Biphasic Finite Element Model of the Meniscus," J. Biomechanics. Vol. 25, 
1992, pp, 1027-1045. 

83. Prevost, J. H., "Nonlinear Transient Phenomena in Saturated Porous 
Media," Comp. Meth. Appl. Mech. Engng., Vol. 20, 1982, pp. 3—18. 

84. Suh, J. K., Spilker, R. L., and Holmes, M. H., ''A Penalty Finite 
Element Analysis for Nonlinear Mechanics of Biphasic Hydrated Soft 
Tissue under Large Deformation," Int. J. Num. Meth. in Engng., Vol. 32, 
1991. pp. 1411-1439. 

85. Wayne, J. S., Woo, S. L. Y., and Kwan. M. K., "Application of the up 
Finite Element Method to the Study of Articular Cartilage. ASME 
JOURNAL OF BIOMECHANICAL ENGINEERING, Vol. 113, 1991, pp. 
397-403. 

86. Spilker, R. L., and Almeida, E. S. D., "A Mixed-Penalty Finite 
Element Formulation for the Finite Deformation of a Biphasic Continuum 
with Hyperclastic Solid Phase. " ASME Symposium on Computational 
Mechanics of Porous Materials and Their Thermal Decomposition, N. J. 
Salamon and R. M. Sullivan, eds., New York, 192. pp. 43-54. 

87. Simon, B. R., and Gaballa, M., In: "Poroelastic Finite Element Models 
for the Spinal Motion Segment Including Ionic Swelling, " Computational 
Methods in Bioengineering. R. L. Spilker and B. R. Simon, eds.. ASME. 
1988b. 

88. Biot, M. A., "General Theory of Three-Dimensional Consolidation," 
J. Appl. Physics, vol. 12, 1941, pp. 155-164. 

89. Vermilyea, M. E., and Spilker, R. L., "Hybrid and Mixed-Penalty 
Finite Elements for 3D Analysis of Soft Hydrated Tissue," Int. J. Num. Meth. 
Engng.. to appear, 1993. 

90. Almeida, E. S., and Spilker, R. L., 'Three Dimensional Finite 
Deformation Analysis of Nonlinear Biphasic Materials by the Mixed-
Penalty Finite Element Approach," ASME Adv. Bioengng., to appear, 1993. 

91. Donzelli, P. S., and Spilker, R. L., "A Finite Element Formulation for 
Contact of Biphasic Materials: Evaluation for Plane Problems," ASME Adv. 
Bioengng., to appear, 1993. 

92. Spilker, R. L., Almeida, E. S., Clutz, C., Shephard, M. S., Ateshian, 
G. A., and Donzelli, P. S., "Three Dimensional Automated Biphasic Finite 
Element Analysis of Soft Tissues from Stereophotogrammetric Data," 
ASME Adv. Bioengng., to appear, 1993. 

93. Shephard, M. S., and Georges, M. K., ' 'Automatic Three-Dimensional 
Mesh Generation by the Finite Octree Technique," Int. J. Num. Meth. Engng., 
vol. 32. 1991, pp. 709-739. 

94. Donzelli, P., Spilker, R., Baehmann, P., Niu, Q., and Shephard, M., 
"Automated Adaptive Analysis of the Biphasic Equations for Soft Tissue 
Mechanics using a Posteriori Error Indicators." Int. J. Num. Meth. Engng., 
Vol. 34, 1992, pp. 1015-1033 


