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Abstract. This review paper deals with the operation of human joints which, from amechanica point of view, can be regarded as
bearings. The main problem in the studies of biobearings is separate consideration of the matter in different disciplines or areas of
research. However, being a highly interdisciplinary field, biomechanics has to collect and apply knowledge from many branches
of science. In this paper, the recent advances in tribology, organic chemistry, and tissue biology are reviewed and summarized to
give a comprehensive vision of the state of the art in the performance of synovial joints. The emphasisis on the latest findingsin

lubrication mechanisms and their possible interactions.
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1. INTRODUCTION

The synovid joint is a perfect tribological creation of
the nature with low friction and high wear resistance
acting without any reparation during service. Thus, the
application of tribology in medicine and biology is a
growing and rapidly expanding field [1-12]. Biotribology
can be defined as the study of friction, lubrication, and
wear in biologica systems, specificaly articular joints.
The control of friction and wear is a key to many bio-
logical functions. Examples are wide ranging. A well
known one is the friction and wear in hip and kneejaints,
where tribology clearly has a mgor impact on the
reliability and durability, and is a strong function of the
tissues cooperation. However, until now there is no
comprehensive vision of the mechanisms of the remark-
able joint performance. This is why interest has grown
over the last decade in identification and characterization
of not only the mechanical mechanisms of joint working
but also of chemica reactions and biological processes
taking place during the life time of the joint. And this is
why writing this review was undertaken.

The human joint is a self-acting and dynamic load-
bearing structure, which uses a porous and elastic bio-
material (i.e. articular cartilage) as well as a highly non-
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Newtonian lubricant (i.e. synovial fluid) for its function-
ing. A simplified scheme of a human hip joint is
presented in Fig. 1. The bones are fixed by ligaments
and the entire joint is enclosed in a fibrous tissue
capsule, the inner surface of which is lined with the
synoviad membrane that secretes a fluid known as
synovia one. Articulating surfaces of the bones at the
joint are covered by a hyaline cartilage. The thickness of
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Fig. 1. Schematic view of a hip joint, which may be regarded
as abiobearing.
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the cartilage varies with each joint, and may sometimes
be uneven. The primary function of the cartilage layer is
to minimize contact stresses generated during joint
loading and to contribute to lubrication mechanisms in
the joints[9,10]; cartilage serves as a kind of damper
under dynamic loads.

A heslthy joint can withstand aloading up to 24 times
the body weight during jumping [11]. Joint diseases are
characterized by changes in cartilage and bone, which
lead to degradation of joint materias, which, in turn,
results in deformation, increase in friction and, findly,
wear of cartilage and causes impaired joint motion, pain,
and disability. The goa of many studies in biotribology
over decades has been to describe joint operation from
the tribological point of view to establish the relationships
between processes in joints responsible for the functional
degradation of materias, their structure and properties,
including friction, wear, and lubrication. Below some
recent advances in this area of research are reviewed and
summarized. The focus is on the mechanics and
chemistry of lubrication because in spite of sustained
efforts to develop a comprehensive understanding of joint
performance there is a large amount of separate data that
need generalization.

2. STRUCTURE, PROPERTIES, AND
FRICTION OF ARTICULAR CARTILAGE

Cartilage is a highly differentiated porous materia filled
with synovid fluid. Articular cartilage represents a multi-
layered composite (Fig. 2) and is a metabolically active
biomaterial. A thin superficia tangential layer provides a
smooth surface for two bones to dide against each other.
Of al the layers, this thin layer has the highest con-
centration of collagen (collagen has a great tendle
strength), making it very resistant to shear stresses. Below
it is an intermediate layer, which is mechanically
designed to absorb shocks and distribute the load
efficiently. In the middle zone, the collagen fibres are
more loosely packed and are randomly orientated. The
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Fig. 2. Schematic representation of the structure of articular
cartilage (SZ — superficia tangential zone, MZ —middle zone,
DZ — deep zone).

deepest layer is highly calcified, and fixes the articular
cartilage to the bone. In the deep zone, the collagen
fibres anatomize forming larger bundles prior to
insertion into the calcified zone across the tidemark.

Approximately 65% to 85% of the weight of the
whole tissue is water. The remainder is composed
primarily of proteoglycans (PG) and collagen. Proteo-
glycans consist of a protein core to which glycosamino-
glycans (chondroitin sulphate and keratan sulphate) are
attached to form a bottlebrush-like structure. These PG
can bind or aggregate to a backbone of hyaluronic acid
to form a huge macromolecule. In an aqueous environ-
ment, the PG are poly-anionic; the molecule has
negetively charged sites that arise from its sulphate and
carboxyl groups[11]. In solution, the mutual repulsion
of these negative charges causes an aggregated PG
molecule to spread out and occupy a large volume
(Fig. 3). In the cartilage matrix, the volume occupied by
PG is limited by the entangling collagen framework.
The swelling of the aggregated PG molecule against the
collagen framework is an essential element in the
mechanical response of the cartilage.

The concentration of PG and water content vary
through the depth of the tissue as shown in Fig. 2. Near
the articular surface, the PG concentration is relatively
low, while the water content is the highest in the tissue.
In the middle regions of the cartilage, the PG concentra-
tion is greatest, and the water content is the lowest near
the subchondral bone.

The negative charge of PG is neutralized by positive
ions in the surrounding fluid. The higher concentration
of ions in the tissue compared to outside the tissue leads
to swelling pressures. The exclusion of water raises the
density of fixed charge, which in turn raises the swelling
pressure and charge—charge repulsion. Thus, the
compaction of the PG affects a swelling pressure as well
as fluid motion under compression.
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Fig. 3. Structure of the proteoglycan macromolecule:
chondroitin sulphate and keratan sulphate aggregated to
hyaluronic acid forming a bottlebrush-like structure with
negatively charged sites.
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The collagen network resists the swelling of the
articular cartilage. Collagen accounts for approximately
50% of the dry weight of the tissue. If the collagen
network is degraded, as in the case of osteoarthritis, the
amount of water in the cartilage will increase because
more negative ions are exposed to draw in fluid. The
increase in fluid can significantly alter the mechanical
behaviour of the cartilage. Collagen fibres provide
tensile strength.

In addition, with a pressure gradient or compression,
fluid is sgqueezed out of the cartilage. When the fluid is
being squeezed out, there are drag forces between the
fluid and the solid matrix, which increase with increasing
compression and make it more difficult to exude water.
This behaviour increases the stiffness of the cartilage as
the rate of loading is increased. Mechanical properties of
the cartilage depend on the fluid content.

There are three major factors that contribute to the
mechanical behaviour of articular cartilage. First, it is
the elastic behaviour of the solid matrix itself. Second, it
is the swelling pressure due to the ionic effects in the
tissue. And the third one is the fluid—solid interaction in
the cartilage under compressive load.

The mechanical behaviour of the solid matrix is
determined by the amount, crimp, and orientation of
collagen in the matrix. Thus, this matrix follows the
classic nonlinear stress-strain curve for soft tissues
[10,12] as shown in Fig. 4. The response of cartilage
can be vastly different for compressive, tensile, and
shearing stresses due to the specialized composition and
structural organization of the cartilage layer [10,13].
Furthermore, the response of the tissue to an applied
load varies with time, exhibiting viscoel astic behaviours
such as creep and stress relaxation. There are two
distinct dissipative mechanisms in response to loading:
the frictional drag force of interstitial fluid flow through
the porous-permeable solid matrix (i.e., the flow-
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Fig. 4. Characteristic stress-strain relationship of articular
cartilage (adapted from [14]).

dependent mechanism); and the time-dependent
deformations of the solid macromolecules (i.e., the
flow-independent mechanism). Because of the charged
nature of articular cartilage and the electrolytes dis-
solved in the interstitial water, articular cartilage also
exhibits complex electrochemical phenomena in addi-
tion to its mechanical response, including streaming and
diffusion potential and charge-dependent osmotic swel-
ling pressures (i.e., the Donnan osmotic pressure).
Features of mechanical and mechano-electrochemical
behaviour of articular cartilage and modern testing
techniques are described in detail in the excellent review
paper by Mow and Guo [10].

Time-dependent properties of articular cartilage
are related to the interstitial fluid flow and exudation.
Fluid movement is governed by the hydraulic per-
mesbility of the solid matrix. In turn, the coefficient of
permeability is related to the extracellular matrix
pore structure, apparent size, and connectivity. Because
of the quite low permeability of cartilage (in the
range (1.2-6.2) x 10™° m*Ns for all types of cartilage
materials) [11], large intertitial fluid pressures and
dissipations occur in the tissue during loading. Thus,
pressurization and high energy dissipation give a
possibility of shielding the collagen—-PG complex from
high stresses and strains associated with joint loading
because the pressurized fluid component provides for
the mgjor load-bearing function.

It is well known that human synovia joints function
with an extremely low friction coefficient. Degradation
of either part of the synovia fluid—articular cartilage
system leads to increased friction, wear, and reduction
of mobility; degeneration of cartilage is characterized
by softening and fibrillation that may lead to joint
disease.

The biphasic boundary friction model proposed
in [14-16] quantifies the load sharing between the solid
and fluid phases of the porous-permeable cartilage at the
contact interface. The fluid load support Wp/\N is
defined as the fraction of the total applied normal load
W that is supported by the interstitial fluid when it
pressurizes. The fluid load support is not measured
directly, but its time-dependent behaviour can be
inferred from the measured load response W(t) and
axial displacement u(t), based on the formulation of
biphasic theory [16]:

WP _H,,+4, 1_%_ W ~Wo || u-uy
W H,,-A4, w w Ugy — o

=g [0 (W, u).
In this expression, H,, is the tensile aggregate
modulus, A, is the off-diagonal modulus, W, =

W(t=0) is the tare load magnitude, W, =W(t - )
is the equilibrium normal load, u,=u(0) is the dis-
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placement under the tare load, and U, =u(t - ) is
the equilibrium displacement. The function

1_% _ Weq _WO u- u0
w w Ugy — Uy
is completely determined from experimental measure-

ments; however, without further characterization of the
mechanical properties of each sample, the ratio

f(W,U)=[

H+A+A2
H+A_A2

a =

isapriori unknown.

The biphasic friction model [15] formulated the
following dependence between the transient friction
coefficient and interstitial fluid load support:

y7 wre
S =1-1-¢)—.
U ( ¢)W

eq

The equation predicts a linear relationship between
Ut [He and  f(W,u). From a linear regression
performed on this response, the slope (1-¢@)a can be
determined. As a first approximation, (1-¢) may be
taken as the water content of cartilage at the articular
surface; @ can then be estimated from the slope of the
linear regression, along with Wp/VV from the equation.
A representative plot of the transient variation of the
coefficient of friction (CoF) and the corresponding fluid
load support and a plot for the CoF against the fluid
load support is given in Fig. 5. Results strongly suggest
that interdtitial fluid pressurization is a primary
mechanism in the regulation of the friction response of
articular cartilage. By supporting the majority of the
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Fig. 5. Effective coefficient of friction and interstitial fluid
support vs. time. Inset: effective coefficient of friction vs.
interstitial fluid load support, WP/W.

load transmitted across the contact interface, the
interstitial fluid pressurization reduces the load sup-
ported by the contacting collagen—PG matrixes, con-
siderably reducing the frictional force relative to the
total contact force. As long as the interstitial pressure
remains elevated, the effective CoF is small. As the
fluid pressure reduces to zero the contact force will
increasingly shift to the solid matrix, conseguently
increasing the CoF.

3. LUBRICATION IN SYNOVIAL JOINTS

Interstitial fluid pressurization seems to be a primary
mechanism in the regulation of the frictional response of
articular cartilage. However, synovia joints are not
continuously separated by a thick fluid layer. It means
that boundary lubrication plays an important role in the
friction of synovia joints. Boundary lubricants may
supplement the key role of interstitial fluid pressuriza-
tion to help further reduce the CoF of cartilage.

There are numerous studies that compare the fric-
tional response of articular cartilage using synovia fluid
versus saline or other lubricants[5,6,14,17-20]. Lower
minimum CoFs have been generally demonstrated with
the presence of synovia fluid. The findings are consistent
with the prevailing hypothesis that the boundary lubricant
is present in significant amounts in synovia fluid (in
addition to its potential presence in the superficia zone of
cartilage).

Experimental testing of soft and highly hydrated
biological tissues such as cartilage under conditions
approaching those found in vivo poses significant
difficulties and technical challenges. Numerical model-
ling techniques such as finite element analysis have
therefore emerged as a useful research tool for investi-
gating such materials. A comprehensive study by
Wilson and co-authors[21] gives an overview of
different material models developed for articular
cartilage and of what they can be used for. One of the
advanced tasks to understand and correct the modelling
of low-frictional joint behaviour is to consider the
amorphous layer on the surface of the sliding cartilages.
The existence of such a surface amorphous layer was
revealed with the help of a cryo-scanning electron
microscope [22].

It was shown[21] that a thin, soft, biphasic surface
amorphous layer with lower elastic modulus dramatically
alters the load sharing between the solid and liquid phases
of articular cartilage, particularly in the near-surface
regions of the underlying bulk cartilage and within the
surface amorphous layer itself where the fluid load
support exceeds 85%. By transferring the load from the
solid phase to the fluid phase, the biphasic surface layer
improves lubrication and reduces friction, also protecting
the underlying cartilage surface by ‘shielding’ the solid
phase from elevated stresses. Therefore, the surface
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amorphous layer, which is of utmost importance from a
[ubrication point of view, provides further insights into
the boundary lubricating function of ‘gels such as
glycosylated surface lubricating proteins and glyco-
saminoglycans. The increase in lubrication effectiveness
has been shown to be greatest during loading scenarios of
short duration, such as shock loads.

Such a surface layer may not only play an important
role in lubrication but also in protecting articular cartilage
in the joint, particularly during shock loading and other
transent loading events. The authors are of the opinion
that because of its importance in human joint func-
tionality, this surface layer is worth being depicted in
cross-sections of articular cartilage as a specia zone
covering a superficia surface (Fig. 6). Although the exact
composition of the amorphous layer is not known, it can
be supposed that synovial gel consists of surface active
phospholipids (SAPLs), hyduronic acid (HA), and
albumin. For many years, HA was believed to be the
[ubricant in the joint because it is a major component of
synovia fluid and its solutions are very dippery to the
touch. However, it is not the boundary lubricant.
Basicaly, it possesses no load-bearing capability unless a
SAPL isincorporated [17-24]. Because of that, in the last
decade there has been a revived interest in the role of
boundary Iubricants such as phospholipids, Iubricin, and
related glycoproteins like superficia zone proteins and
PG. The lipid content of cartilage is from 0.3% to 4% or
from 1.2% to 10% on a dry-weight basis[23], which was
amost totaly ignored until quite recently. It was
suggested that lipidic molecules could play arolein joint
[ubrication in the same way that oils and greases are used
in engineering. It was found that by rinsing the articular
surfaces with a lipid solvent friction increases by
150% [24]. Incubation with a lipase used to digest fat has
agmilar effect.

synovial fluid (SF)
amorphous layer
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Fig. 6. Schematic representation of cartilage with an
additional amorphous layer on its surface and a possible
structure of the biphasic surface amorphous layer. Right: fric-
tional pair of biobearings: two cartilage surfaces covered with
an amorphous boundary layer are separated by a biolubricant
(edapted from [26]). SZ —superficia tangential zone, MZ —
middle zone, DZ — deep zone.

Lipids are represented by three basic components:
cholesterol, triglycerides, and phospholipids. The first
two predominate in most sites in which fat is located in
the body. However, in a normal joint the major compo-
nent (61%) is phospholipid. The major sub-fraction
of phospholipid is dipalmitoyl phosphatidylcholine
(DPPC) [23].

One of the features of joint phospholipids is that
they are largely saturated and surface active. Surface
activity is essentially derived from a different nature of
the two ends of the molecule, one polar that seeks water
being hydrophilic and the other non-polar that seeks air
or neutral lipids being hydrophobic. The SAPLs form a
so-called lipid bilayer, which is composed of two layers
of lipids arranged so that their hydrocarbon tails face
one another to form an oily core held together by Van
der Waals interactions, while their charged heads face
the aqueous solutions on both sides of the membrane.
The lipid bilayer is a self-assemblying structure with
temperature-dependent properties.

An additional feature of the lipid bilayer is that it has
a highly positively charged quaternary ammonium (QA)
ion as its terminal group. Thisis an ideal condition for
binding these small molecules to the negatively charged
PG molecules of cartilage. Thus, with strong adsorption
of SAPL molecules and strong cohesion of this
adsorbed lining, SAPL satisfies the two fundamental
criteria for a high-load-bearing boundary lubricant. The
whole system may include not only a single lipidic layer
but a stack of several bilayers. Once absorbed, phospho-
lipids create a strong laterally bonded network, thus
altering the viscoelastic properties of the interface.

The lipid bilayer may be considered as a two-
dimensional fluid of high viscosity allowing some
structural  mobility within the bilayer. The flow
behaviour of lipid bilayer membranes is characterized
by surface viscosity for in-plane shear deformations,
and an intermonolayer friction coefficient for dlip
between the two leaflets of the bilayer. Mobility of lipid
molecules results in an easy deformability of the layer
and a low modulus of elasticity as well as a very low
shear modulus exhibiting only viscous resistance to
shear. The CoF of two bilayers dliding over each other
in a water solution was theoretically estimated to be
very low [24]. Thus, an understanding of the mechanical
properties of adsorbed lipid layersis vital in avariety of
branches of research starting from biology, chemistry,
and materials engineering.

Recent research by Gae et a.[25] amed at
analysing the SAPLs found on the surface of retrieved
artificial implants showed that unsaturated phospho-
lipids may contribute also to CoF reduction. Therefore,
a combination of SAPLs rather than a single SAPL
contributes to the boundary lubrication of the joints.

Outstanding experiments presented in[26] showed
that the CoF between two hydrogel surfaces imitating
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cartilage in the presence of lipid bilayers separated by a
physiological salt solution (Fig. 6) but with no HA or
albumin is as low as 0.0015. Visualization of the rub-
bing surfaces revealed that the lipidic surfaces remain
amost intact. Low friction could be attributed to the
shift of the dlip plane from between bilayers to the
solution layer. A similar observation of a very low CoF
was made by Briscoe et a.[27] when the CoF was
tested between two polymer surfaces covered with a
surfactant layer in water. The low friction could be due
to the fluid hydration layers surrounding the polar head
groups attached to the substrate. Lubrication at the
surfactant—substrate interfaces may be mediated by the
fluid hydration sheaths surrounding the surfactant polar
head groups at the substrate. In living systems, lubrica-
tion may also be mediated by hydration shells. The
hydration layer located between two lipidic bilayersin a
synovia joint could probably be thick enough to result
in an extremely low CoF.

Moreover, hydrophilic polar groups or phospholipid
heads can form either favourable electrostatic inter-
actions or hydrogen bonds with water molecules. This
principle was recently used by chemists for obtaining
very low friction between bearing surfaces in the
presence of specially designed lubricants[27-29]. In
particular, it was shown[27] that neutral polymer
‘brushes may lead to a great reduction in dliding
friction between the surfaces to which they are attached,
whereas hydrated ions can act as extremely efficient
[ubricants between dliding charged surfaces. Effective
CoF with polyelectrolyte brushes in water are lower
than 0.001 even at low diding velocities and at
pressures of up to several atmospheres (typical of those
in living systems). A similar mechanism may act in the
living body and an extremely low CoF may be
attributed to the exceptional resistance to the inter-
penetration of two compressed leaflets of the bilayer
together with the fluidity of the hydration layers sur-
rounding the faced water polar head groups of bilayers.
In [28] it was shown that the surface attached hydration
layers keep the compressed surfaces apart as a result of
strongly repulsive hydration forces. Removal of water
molecules from the ions to which they are attached is
quite an unfavourable process leading to an increase in
the energy of the system. Much lower energy may be
associated with the diffusion of water molecule within
the outer layer. Consequently, the hydrated layer
between two bilayers is capable of supporting a large
normal load because a rapid exchange of molecules
ensures that the surface bond hydration layer remains
very fluid. No doubt, fluidity of the bonded water at salt
concentrations and pressures typical of those in bio-
logical systems has implications in synovia joint
functioning.

Also, polyelectrolyte molecules such as lubricin are
shown to play a significant role in adhesion on the

lipidic membranes [30], which could modify their tribo-
logical performance. The synovial joint is a complicated
‘living device', and attributing all of its perfect tribo-
properties to only a particular mechanism or substance
would undoubtedly be a mistake. However, despite their
possible influence on the joint performance, interactions
between synovial fluid constituents are dealt with in a
few studies [26,29-32]. For example, in [31] it is shown
that unusua flow characteristics of synovia fluid may
be aresult of protein aggregation followed by enhanced
stress support by entanglement of this tenuous protein
network with the long-chain polysaccharide sodium
hyaluronate under physiological conditions. Neutron
scattering measurements on  abumin  solutions [31]
demonstrated protein aggregation and all measurements
were consistent with a weak dipolar attraction energy
(about 3KT) that is most likely augmented by hydro-
phobic interactions and/or disulphide bond formation
between proteins. The findings strongly suggest the
formation of a network between HA and phospholipid
molecules, which is likely to be present in the synovia
fluid and might contribute to determining the unique
properties of such a system and its physiological per-
formance, strongly influencing the viscoelastic character
of synovia fluid.

In[32] the interactions between HA and phospho-
lipid molecules of DPPC type are studied in vitro and
development of membrane-like structures on the
substrate and 12-nm thick tubes of HA surrounded by
DPPC in a fluid (Fig. 7) are shown. There are good
reasons to believe that similar structures may be created
in vivo within the joint cavity. Moreover, it was proven
that such structures are formed only in the presence of
high molecular weight HA while low molecular weight
HA induces fragmentation of liposomes.

It is well known that in osteoarthritis affected joints,
HA has a reduced molecular weight. Whether this is a
result or a cause of osteoarthritis is uncertain; however,
it is clear that limited capability of DPPC based layer
formation influences the efficiency of boundary lubrica-
tion to sustain high loads resulting in increased friction
and, as a consequence, wear of cartilage.
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Fig. 7. Possible structure resulting from the interaction of
hyaluronic acid and phospholipids.
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Fig. 8. Sketch of the frictional par model in biobearing
(adapted from [26]).

In addition, the formation of an extended three-
dimensional network by intra- and inter-chain bridges
contributes to the hydrodynamic and viscoelastic prop-
erties of synovia. Some C—H groups of HA are aligned
to form regions of hydrophilic character. These hydro-
phobic zones are repeated along the HA chain and are
considered to participate in intra-chain interactions and
binding to phospholipids. In this concept the tribological
device — synovial joint — may be schematically sketched
as shown in Fig. 8. In[26] a similar ex vivo model was
used for multiscale analysis of the tribological role of
the molecular assemblies of synovia fluid. It was
concluded that the presence of lipidic bilayers in the
contact area leads to a very low CoF and interaction
between biomolecules is of key importance for the
tribological performance of thejoint.

4. CONCLUDING REMARKS

Within the past decade significant advances have been
made in experimental and theoretical studies of the
basic sciences related to (human) synovia joint
functionality, durability, and diseases. The knowledge
obtained from a broad range of researches in mechanical
engineering, chemistry, biology, and physics provides
enrichment and in-depth understanding of the many
processes in the living body and the relationships
between any changes in the inner environment and
tissue functionality and/or vice versa. Despite the
achievements, there are dtill numerous unanswered
questions waiting to be solved. A particular challenge
will be readlization and investigation of the interactions
of the structure—architecture—processes—performance—
metabolism: how and why the biomolecules and electro-
Iytes control the interfacial interaction of two (or more)
biological surfaces and hence the joint performance and
durability; and how these processes can be mimicked
using al the attributes of the exceptionaly relevant
mechanism in tribology — the synovia joint — for the
development of new techniques in joint disease treat-
ment and new frictionless mechanical devices and bio-

bearings. Now it is fully understood that highly inter-
disciplinary integrated forces are needed for the studies
of the tribology of synovia joints. A further challengeis
to quantitatively understand and control the bio-
molecular ‘association’ reactions in self-assembly pro-
cesses and to suitably catalyse these reactions.
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Biolaagrid mehaanika ja bioloogia puutepunktis
Irina Hussainova ja Hossein Ghaemi

Ulevaates on kasitletud inimese liigeseid, mis mehaanika vaatevinklist on laagrid. Koormatud looduslikud bio-
materjalid on seotud véga laiade omavaheliste seoste ja protsessidega, mida on vaja uurida mehaanikute, futsikute,
keemikute ning bioloogide Uhiste pingutustega. Biolaagriuuringute pohiliseks takistuseks ongi eri teadusharude
erinev |dhenemine probleemile. Artiklis on késitletud liigeste triboloogia, orgaanilise keemia ja kudede bioloogia
uudset, siinergestilist arusaama. Uhtlasi on piiiitud esitada uusi maérdemehhanisme ja nendevahelisi seoseid.



