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Abstract: The extremely low friction and minimal wear in natural synovial joints appear to be established by
effective lubrication mechanisms based on appropriate combination of articular cartilage and synovial fluid.
The complex structure of cartilage composed of collagen and proteoglycan with high water content contributes
to high load-carrying capacity as biphasic materials and the various constituents of synovial fluid play important
roles in various lubrication mechanisms. However, the detailed differences in functions of the intact and damaged
cartilage tissues, and the interaction or synergistic action of synovia constituents with articular cartilage have
not yet been clarified. In this study, to examine the roles of synovia constituents and the importance of cartilage
surface conditions, the changes in friction were observed in the reciprocating tests of intact and damaged
articular cartilage specimens against glass plate lubricated with lubricants containing phospholipid, protein
and/or hyaluronic acid as main constituents in synovial fluid. The effectiveness of lubricant constituents and
the influence of cartilage surface conditions on friction are discussed. In addition, the protectiveness by synovia

constituents for intact articular cartilage surfaces is evaluated.
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1 Introduction

In various biotribological systems, it is widely known
that the healthy synovial joints maintain superior
load-carrying capacity and lubricating properties with
extremely low friction and minimal wear even in
heavily loaded hip, knee and ankle joints. The synovial
joints are prominent natural bearings different in
geometric congruity depending on joint positions/
movements and are in general covered with soft layers
of biphasic articular cartilage lubricated with synovial
fluid containing appropriate lubricating constituents.
The superior tribological properties of synovial joints
appear to be established by a well-suited combination
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of articular cartilage and synovial fluid. However,
the detailed cooperative and/or interactive behaviors
between articular cartilage and synovial fluid under
various rubbing conditions have not yet been clarified.
In this paper, we will focus on the influence of main
synovia constituents such as phospholipid, protein and
hyaluronic acid on tribological behaviors of articular
cartilage different in surface conditions particularly
as related to lubrication mechanism.

The operating conditions in human synovial joints
change under variable loading and motions including
sliding and rolling depending on joint types in various
daily activities. Therefore, the superior lubricating
performance of natural synovial joints is likely to be
actualized not by a single lubrication mode but by
the synergistic combination of various modes from
fluid film lubrication to boundary lubrication [1, 2].
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Other specific lubrication mechanisms such as weeping
lubrication [3], boosted lubrication [4], biphasic
lubrication [5], micro-elastohydrodynamic lubrication
(micro-EHL) [6] and so on have been proposed. The
ingenious lubrication mechanism as the synergistic
combination of various modes depending on the
severity of operating conditions was called the adaptive
multimode lubrication mechanism [7, 8]. For example,
during normal walking, fluid film lubrication mech-
anisms such as soft-EHL and/or micro-EHL play
major roles to maintain low friction and minimize
wear. In contrast, in thin film conditions such as at
slow motion or at movement after standing for a long
time, it is expected that adsorbed films [9-12], surface
gel films [13], hydration lubrication [14] and polymeric
brush-like layers [15, 16] contribute to keep friction
low and protect rubbing surfaces.

Another new development in lubrication theory is

the elucidation of the biphasic lubrication mechanism.

Since an experimental finding [17] and a proposal of
boundary friction model based on biphasic lubrication
by Ateshian [18], the important phenomena on the
effectiveness of biphasic lubrication with interstitial
fluid pressurization have been demonstrated on the
basis of the biphasic finite element (FE) analyses
and experimental observations [19, 20]. The articular
cartilage has high water content from 70% to 80% in
tissue as porous media composed of type II collagen,
proteoglycan and chondrocytes, and thus exhibits a
time-dependent biphasic behavior due to the simul-
taneous coexistence of solid and liquid phases [21].
When articular cartilage as biphasic material with
low permeability is applied by compressive load, the
fluid content in the tissue is trapped within contact
area and the collagen matrix network resists interstitial
fluid pressure in aggregate solid matrix. Thus, the
interstitial fluid pressure supports significant pro-
portion of total load in contact area and this situation
consequently causes the reduction of contact force
of solid phase for a considerable time. The time-
dependent change in load support by interstitial fluid
pressure in biphasic cartilage depends on the extent
of exudation from cartilage tissue and rehydration of
cartilage. If the fluid load support is maintained at
high level for a long time, the low friction is maintained
because of low level for solid-to-solid contact [20].

For reciprocating sliding under constant load,
Pawaskar et al. [22] introduced sliding motion into
their FE model and indicated the importance of
migrating contact area for the sustainability of the
biphasic lubrication in their biphasic FE analysis.
Sufficient stroke for rehydration of cartilage tissue in
reciprocating motion maintained the high level of
load support by interstitial fluid pressure. Sakai et al.
[23] examined the compressive response of the articular
cartilage by high precision testing machine with a
feedback-controlled servomotor and estimated material
properties in physiological condition for the biphasic
FE model, which included (1) the depth-dependence
of apparent Young’s modulus of solid phase, (2) strain-
dependent permeability as compaction effect, and
(3) collagen reinforcement in tensile strain. These
properties (parameters) were estimated by the curve
fitting between the experimental time-dependent
compressive behavior and simulation in indentation
tests for cartilage specimens with cylindrical rigid
indenter of 5 mm radius. In the reciprocating test, the
load of 0.5 N/mm was applied at the center of the
cylindrical indenter in 1 s and then the reciprocating
motion was introduced with the speed of 4 mm/s over
a stroke length of 8 mm. FE analyses using commercial
package ABAQUS (6.8-4) showed that the tensile
reinforcement by spring elements representing the
collagen network and the depth-dependent elastic
properties improved the proportion of the fluid load
support especially in the sliding condition. The
compaction effect on permeability of solid phase was
functional in a condition without the migrating contact
area, whereas under sliding condition the compaction
effect showed a little effect in terms of the proportion
of the fluid load support.

In the next stage, the influence of operating con-
ditions on the effectiveness of biphasic lubrication in
reciprocating sliding was examined. The differences
in frictional behaviors between the reciprocation with
migration of contact zone, i.e., at on-off loading on
articular cartilage (model A) as described above, and
without migration of contact zone, i.e., at continuous
loading on cartilage (model B), shown in Fig. 1 were
compared in FE analysis [24]. In this simulation of
reciprocating test with similar method to the previous
study [23], the load of 0.5 N/mm was applied by
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Fig.1 Time-dependent frictional behaviors estimated by biphasic
theory for cartilage.

the rigid cylindrical indenter against flat cartilage
specimen or by the rigid flat plate against cylindrical
cartilage specimen with a ramp time of 1s and then
the load was held constant during reciprocation. The
reciprocation of rigid cylinder or flat plate at 4 mm/s
was started immediately after loading and continued
for 508 s, 127 cycles at period of 4 s. The initial fluid
load support percentages are very high as 90% and
91% for models A and B, respectively. After 127 cycles,
it is noticed that the high percentage of fluid load
support (83%) was maintained even after 508 s in
model A, but the percentage of fluid load support
was remarkably decreased to 27% in the model B.
The time-depending changes in friction coefficient
Legs Were estimated for sq as coefficient of friction for
solid-to-solid contact using the following formula by
Ateshian et al. [20, 25].

Hef = Heq (1= (1= ) Wp /W) 1)

where W is the total load support, Wp the load sup-
port by fluid pressure and ¥ the fraction of contact
area of solid phase.

In Fig.1, the time-dependent changes in friction
estimated from total traction force in biphasic FE
analysis for assumption of zq = 0.2 [24] are shown.
It is worth noting that the lower friction level is
maintained due to the sustainability of interstitial fluid
pressure in the reciprocating sliding for model A. In
contrast, significant gradual increase to high level in
friction is observed in reciprocation for model B. It is
supposed that the tribological problems are more
likely to occur for model B with high friction level
and thus the method to suppress friction increase is
required.

In this study, the combination of cartilage-on-glass
was used to simplify the frictional condition, although
articular cartilage is rubbed against cartilage or
meniscus in natural synovial joints. The glass plate
has very smooth, hard and non-porous/impermeable
surface compared with articular cartilage but hydro-
philic surface with negatively charged property
similar to proteoglycan on superficial cartilage layer
in wet condition [12]. The adsorption of synovia
constituents on glass plate appears to be considerably
similar to boundary film formation on intact cartilage
as shown by in situ observation for fluorescent images
of adsorbed molecules during reciprocating rubbing
process [26], while the interaction to the smooth,
hard and non-porous/impermeable glass surface may
induce certain different behaviors. Smooth glass surface
minimizes ploughing resistance, but may enhance
the adhesive resistance by interaction with adsorbed
protein molecules at intimate contacts in very thin
film condition. However, the intrinsic tribological
properties of compliant and biphasic articular cartilage
are expected to be reflected appropriately in the
effectiveness of lubricant constituents even in sliding
pair of articular cartilage and glass plate. As a matter
of course, the difference in tribological behaviors
between for cartilage-cartilage and cartilage-glass
combinations should be explored. The influence of
glass plate on frictional behaviors is discussed in
Section 4. Thus, the frictional behaviors in a sliding
pair of ellipsoidal articular cartilage specimens and
reciprocating glass plate were examined in the sliding
condition for model B without migration of contact
zone for cartilage.

2 Materials and methods

The reciprocating test for the sliding pair of the upper
stationary ellipsoidal articular cartilage specimen
and the lower reciprocating flat glass plate was
conducted in the reciprocating tester shown in Fig. 2.
The continuous loading condition without migration
of contact zone for articular cartilage corresponds to
the severe operating condition for cartilage (model
B) as described above in related to the biphasic FE
analysis.
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Fig. 2 Reciprocating apparatus.

2.1 Materials

An upper intact cartilage specimen with subchondral
layer was prepared from a femoral condyle in a
porcine knee joint (6 to 7 months old). The damaged
cartilage specimen was prepared by wiping 15 times
with a wiping tissue (Kimwipe), where the partial
removal of surface gel layer was confirmed by obser-
vation with atomic force microscopy (AFM). AFM
images in tapping mode (in Dimension Icon, Bruker
Corpration, USA) in saline solution for intact and
damaged specimens are shown in Fig.3. On the
damaged cartilage surface, the partial removal of
surface gel-like layer is recognized with some exposed
collagen fibers. The glass plate as a lower specimen is
a slide glass.

The lubricants are saline solution containing 0.15 M
NaCl (Otsuka Pharmaceutical Factory Inc., Japan),
saline solution of 0.5 wt% sodium hyaluronate (HA,
molecular weight: 9.2 x 10°), HA solutions containing
0.7 wt% or 1.4 wt% bovine serum albumin (Wako
Pure Chemical Industries Ltd., Japan) and/or 0.7 wt%
human serum y-globulin (Wako Pure Chemical
Industries Ltd., Japan) and/or 0.01 wt% Lo-dipalmitoyl
phosphatidylcholine (Lo-DPPC) as an phospholipid
liposome. In order to prevent bacterial growth in
protein solutions as lubricant, 0.3 wt% sodium azide

(a) (b)

800 nm 800 nm

- 10 nm
2 um

Fig.3 AFM images of articular cartilage surfaces in saline
solution: (a) intact cartilage and (b) damaged cartilage.

was added for protein solutions. The combinations of
lubricant constituents used in reciprocating tests are
shown in Table 1.

Tablel Compositions of lubricants (wt%) as saline solutions.
Eyﬁii?gg:tr; DPPC Albumin y-globulin

1 0 0 0 0

2 0 0 0.7 0

3 0 0 0.7

4 0.5 0 0 0

5 0.5 0 0.7 0

6 0.5 0 0 0.7

7 0.01

8 0 0.01 0.7 0

9 0.01 0 0.7

10 0.5 0.01

11 0.5 0.01 0.7 0

12 0.5 0.01 0 0.7

13 0.5 0.01 1.4 0.7

2.2 Experimental methods

The reciprocating test was conducted at a sliding
speed of 20 mm/s for rectangular reciprocating mode
and at a stroke of 35 mm at a constant load of 9.8 N.
The glass plate was cleaned ultrasonically in a solution
of 0.5 vol% Triton X-100, distilled water and ethanol,
and then dried. The lubricants were supplied in liquid
bath. At room temperature, the reciprocating sliding
was started immediately after loading, and interrupted
after 514 cycles at sliding distance of 36 m for running
time of 30 min, and then the unloading state was
maintained for 5 min. Subsequently, the reciprocating
test was restarted immediately after reloading and
continued for a further sliding distance 36 m. The
restarting processes after unloading were repeated
three times. The changes in friction force were con-
tinuously monitored to compare the differences in
time-dependent frictional behaviors. The number of
tests under the same condition was three.

3 Results

Time-dependent frictional behaviors for intact cartilage
lubricated with saline, saline solutions of albumin,
y-globulin, HA and DPPC are shown in Fig. 4. It is
noted that the initial friction is very low between 0.01
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Fig. 4 Influence of lubricant constituents on frictional behaviors

for intact articular cartilage.

and 0.02 as coefficient of friction for all lubricants, as
typical for intact natural articular cartilage. However,
the friction gradually increases with sliding distance
until the sliding stops at 36 m. The final values are
different as the order of y-globulin > saline > albumin >
HA > DPPC. The addition of a single constituent into
saline usually reduced the friction level at the final
stage except y-globulin. For y-globulin, initial friction is
lower than saline but the friction gradually increases
to a higher level with thinning of lubricating film. At
reloading-restarting after 5 min unloading at 36 m
sliding, the restarting friction is remarkably reduced
from the previous high level at interruption, but it is
slightly higher than the initial friction, as reported by
Murakami et al. [26, 27]. This friction reduction was
considered to be brought by the recovery of both the
hydration and some deformation of articular cartilage,
in which the hydration lubrication and biphasic
lubrication becomes partly effective accompanied with
adsorbed film formation although initial adsorbed
film may have been partly removed. In the second
reciprocating sliding process, the friction again
gradually increases with sliding distance. In the second
to fourth processes where the cartilage surface was
partly injured, albumin showed higher friction than
the saline (Fig. 4).

The results mentioned above indicate the limitation
of effectiveness of single additive for improvement of
steady or final friction at each 36 m sliding. Therefore,
it is required to examine the possibility in which the

combination of different synovia constituents should
be effective. As reported by our previous study [26],
on the reduction of final friction at each 36 m sliding,
the synergistic effect of y-globulin and HA was
confirmed, but the coexistence of albumin and HA
showed the adverse interaction for intact and damaged
cartilage. It was considered that the combination of
HA and y-globulin form adsorbed film cooperatively,
and furthermore HA as a viscosity improver is likely
to alleviate the friction resistance by its viscous
property to improve the fluid film formation in a
mixed lubrication regime. It was pointed out for the
combination of albumin and HA that the repulsive
properties of negatively charged molecules prevented
the lubricating adsorbed film formation. In this study,
the lubricity in the combination of DPPC and albumin
or y-globulin was examined for intact and damaged
cartilage specimens. As shown in Fig.5 for intact
articular cartilage, the coexistence of DPPC and
albumin or y-globulin reduced friction compared with
DPPC alone in saline. In contrast, some interaction
between DPPC and proteins brought increase in
friction for damaged roughened cartilage surfaces with
partially removed gel-like layer as shown in Fig. 6.
Next, the effectiveness of DPPC to HA solutions with
and without proteins is evaluated. Figure 7 shows
frictional behaviors for intact cartilage. It is noteworthy
that even the addition of 0.01 wt% DPPC alone to
HA solution exhibited a remarkable reduction in
friction. Furthermore, the addition of 0.01 wt% DPPC
accompanied with 1.4 wt% albumin, 0.7 wt% y-globulin

0 DPPC 0.01 wt%
0.25 — © DPPC 0.01 wt% + albumin 0.7 wt%

A DPPC 0.01 wt% + y-globulin 0.7 wt%
£ 020} * Saline
w 015 F =4 7 o
*E’ #
2
=
3
S
O
40 60 80 100 120 140
Sliding distance (m)
Fig. 5 Influence of DPPC and proteins on frictional behaviors

for intact articular cartilage.
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Fig. 6 Influence of DPPC and proteins on frictional behaviors

for damaged articular cartilage.
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Fig. 7 Influence of DPPC, proteins and HA on frictional behaviors
for intact articular cartilage.

in HA solution demonstrated the lowest frictional
behaviors as about 0.01 without gradual increase
until each 36 m sliding. In this lubricant composition,
it is confirmed that the friction does not increase but
maintains a very low steady level. On the contrary, the
addition of DPPC with albumin alone or y-globulin
alone in HA solution shows higher friction than
DPPC alone in HA solution but lower than saline
solution. In Fig. 8 the frictional behaviors of these
combinations for damaged cartilage are shown.
Compared with intact cartilage, the friction levels are
generally increased and the order of friction level is
partly changed, i.e, HA solution containing DPPC

O HA 0.5 wt% + DPPC 0.01 wt%

<© HA 0.5 wt% + DPPC 0.01 wi% + albumin 0.7 wt%

A HA 0.5 wi% + DPPC 0.01 wt% + y-globulin 0.7 wt%

HA 0.5 wt% + DPPC 0.01 w1% + albumin 1.4 wi%
+y-globulin 0.7 w1%

0.25 d+ Saline
:-F;’ _'.""": . id
‘59: 0.20 : it '—4" -.n-' ”;:v
s 015 V.4
= 3
)
2 010
o
'Q\ . T
~ 0 0.05 e
0 ll. g
0 20 40 60 80 100 120 140
Sliding distance (m)
Fig. 8 Influence of DPPC, proteins and HA on frictional behaviors

for damaged articular cartilage.

becomes higher than HA solution containing DPPC
and y-globulin. HA solution with 0.01 wt% DPPC,
1.4 wt% albumin and 0.7 wt% y-globulin maintains
minimum friction but friction gradually increases until
the level of 0.05 as coefficient of friction at each 36 m
sliding for damaged cartilage.

The comparison of friction at restart and at steady
state for both intact and damaged cartilage is
summarized in Fig.9. It is noteworthy for intact
articular cartilage that the lubricant of HA solution
with 0.01 wt% DPPC, 0.14 wt% albumin and 0.7 wt%
y-globulin showed the minimum coefficient of
friction 0.003 and 0.01 at restart and at steady state,
respectively. For damaged cartilage, these values
showed 0.004 and 0.05, respectively. It was confirmed
that the optimum combination of DPPC, albumin
and y-globulin with HA for minimum friction is
common (No. 13 in Table 1) for intact and damaged
cartilage specimens.

To sustain superior tribological properties of
articular cartilage, not only low friction but minimum
wear are required in various daily activities. Therefore,
wear on cartilage surfaces was evaluated. The articular
cartilage contains plenty of water, therefore, it is
difficult to measure actual changes due to wear in
weight. In this study, the changes in surface photo-
graphs were compared with a surface before testing.
Representative photographs are shown in Fig. 10. Intact
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damaged cartilage (error bars indicate standard deviation): (a) friction
at restart and (b) friction at steady state.

Before test -

articular cartilage has smooth surface with some
irregularity (left picture). Tests lubricated with No. 10
lubricant (HA solution containing 0.01 wt% DPPC)
and No. 12 (HA solution containing 0.01 wt% DPPC
and 0.7 wt% y-globulin) exhibited the low friction
and mild wear with scratches on surfaces. On the
contrary, minimum friction as 0.01 and little wear
were confirmed for lubricant No. 13 (HA solution
containing 0.01 wt% DPPC, 1.4 wt% albumin and 0.7
wt% y-globulin), where superficial gel-like layer may
have been slightly removed without scratching during
rubbing.

4 Discussion

For natural synovial joint systems, the synergistic
action between articular cartilage and synovial fluid
appears to play an important role in minimizing friction
and wear. In this study, the repeated reciprocating tests
including interrupting-unloading periods for 5 min
for ellipsoidal cartilage specimen against flat glass plate
were conducted, where the contact zone of articular
cartilage was not migrated and thus the effect of the
interstitial fluid pressurization in articular cartilage
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Fig. 10 Average friction levels at steady state and cartilage surface photographs for intact cartilage (error bars indicate standard

deviation).
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was gradually diminished. Under such severe rubbing
conditions as model B in Fig. 1, the effectiveness of
lubricant constituents and the influence of cartilage
surface conditions on tribological behaviors were
evaluated.

The common features in frictional behaviors of
articular cartilage in the reciprocating tests are as
follows.

(1) Initial low friction is established by biphasic/
hydration and/or mixed lubrication for cartilage
surface with sufficient adsorbed films.

(2) Time-dependent gradual increase in friction
during rubbing process is controlled by biphasic
property of cartilage, interaction of adsorbed molecules
and/or slight removal of cartilage surfaces.

(3) Reduction in restarting friction is brought by
the recovery of hydration and biphasic property with
recovery of deformation accompanied with adsorbed
film formation after unloading for 5 min.

As indicated by the Eq. (1) in FE analysis, we can
estimate the frictional behaviors of various cartilage
surfaces different in adsorbed film formation, i.e.,
coefficient of friction for solid-to-solid contact g In
Fig. 11, the changes in friction estimated from total
traction force in biphasic FE analyses during rubbing
process under constant load are shown for s, = 0.01
and 0.2. Most cases of frictional behaviors in this study
except for addition of a single protein seem to be
located between the upper (high friction) and lower
(low friction) curves in Fig. 11, although FE analysis
was conducted for two dimensional model.

0.15
T
R
B 000 e o
= pff e
2
= 0.050 Hf-----mmm oo s
2
R B feg = 00T
0 100 200 300 400 500
Time (s)
Fig. 11 Influence of s, on time-depending frictional behaviors

estimated by biphasic theory for cartilage.

In cases of addition of a single constituent into saline
solution (Fig. 4), the frictional features as described
above are observed, but the friction levels change
depending on the properties of lubricant constituents.
The addition of protein, i.e., albumin or y-globulin
into saline solution improved the restarting friction
but increased the final friction at each 36 m sliding.
Particularly, the addition of y-globulin brought a
remarkable lowering in restarting friction but higher
final friction than albumin. The reason why two kinds
of proteins show different friction levels was con-
sidered that y-globulin has stronger adsorption ability
on cartilage than albumin as indicated by fluorescent
images [27], and thus y-globulin showed lower
restarting friction with appropriate adsorbed film for-
mation in mild condition immediately after reloading,
but exhibited higher friction due to molecular
interaction as a bonding effect in very thin film
condition after each 36 m sliding.

In the in situ observation of the rubbing pair of
poly(vinyl-alcohol) (PVA) hydrogel and glass plate
by Yarimitsu et al. [28], the fluorescent images for
proteins adsorbed on glass plate, protein aggregates
between rubbing surfaces and proteins on PVA
hydrogel surface were discriminately observed in
reciprocating tests for boundary lubrication regime at
low sliding speed of 0.2 mm/s and the average contact
pressure of 0.104 MPa. This reciprocating apparatus
was constructed on the stage of the inverted fluorescent
microscope. In saline solution of albumin, the easy
peeling of albumin was observed, but in saline solution
of y-globulin, quick adsorption and uniform adsorbed
film formation were observed. These phenomena
indicate the differences in adsorption abilities for both
proteins. In binary protein solutions with coexistence
of albumin and y-globulin, the relative ratio and
concentration of proteins had an intense influence
on adsorbed film formation [29]. Furthermore, the
observation of adsorbed molecules in the evanescent
field within about 200 nm from surface by using the
total internal reflection fluorescence (TIRF) microscopy
indicated in binary protein solutions that the bottom
layer of stable protein adsorbed film is mainly
composed of y-globulin and the friction-induced
enhancement of forming protein adsorbed film occurs
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in lubricant with appropriate protein composition
[30,31]. The competitive adsorption of albumin
and y-globulin appears to affect these behaviors as
indicated in study of adsorption and desorption of
both proteins with TIRF spectroscopy by Tremsina et
al. [32]. Furthermore, the differences in adsorption
behaviors of serum proteins depend on the changes
in conformation, molecular weight, charge condition,
hydrophobic/hydrophilic properties of proteins and
solid surfaces, pH of lubricant, and so on. Particularly
under rubbing, denatured proteins change their
conformations and adsorption properties, and thus
affect the tribological behaviors [33-35]. Therefore,
overall viewpoints are required to elucidate the actual
adsorption behaviors of serum proteins.

The addition of HA with viscous property in
lubricants was expected to improve the fluid film
thickness, and subsequently improved friction level
compared with saline [26]. The addition of DPPC
alone is the most effective in reduction of friction but
the final coefficient of friction is not so low (about 0.1)
in Fig. 4.

Therefore, the effect of combination of different
constituents was evaluated. The influences of
coexistence of protein with HA on friction were
examined in our previous study [26]. The coexistence
of y-globulin and HA showed the lowering of both
the restarting and final or steady friction compared
with HA solution. However, albumin exhibited higher
final friction than HA solution although it showed a
little lower restarting friction than HA solution.
These facts suggest the synergistic effect of y-globulin
and HA, but indicate the adverse interaction of
albumin and HA for intact cartilage. It is reported
that albumin and HA show repulsive interaction [36]
and the HA-protein complexes in natural synovial
fluid contain globulin but almost no albumin at pH
7-8 [37]. These frictional trends for both proteins are
similar for damaged cartilage with partially removed
surface proteoglycan gel layer. The suppressive action
between negatively charged albumin and negatively
charged HA molecules was observed in fluorescent
images of sparsely distributed adsorbed films, com-
pared with intimate adsorbed films for y-globulin
and HA [26].

In this study, the effect of addition of neutral

phospholipid DPPC with and without protein was
examined. It should be noted that the coexistence
of DPPC with protein is effective for intact cartilage
(Fig. 5), but increases friction for damaged cartilage
(Fig. 6). This difference appears to be brought about
by changes in adsorbed film formation on damaged
cartilage surface. For reciprocating tests of PVA
hydrogel and glass plate lubricated with saline
solution of DPPC alone, the Janus-faced property for
high or low friction was affirmed in accord to either
irregular adsorbed film or uniform DPPC adsorbed
film formation in AFM images [38]. It is pointed out by
Hills [10] that even only the oligolamellar phospholipid
plays an effective lubricating role in natural synovial
joints. By in situ fluorescent observation of forming
adsorbed films for sliding pair of PVA hydrogel and
glass plate in coexistence of DPPC and albumin [38],
it was clarified that the formation of albumin-DPPC
sheet-like composite film was found and therefore the
friction was reduced. It is pointed out that DPPC with
a neutral charge is likely to bind to albumin [39].

Next, the influence of addition of DPPC in HA
solution with and without proteins was examined.
The addition of DPPC alone in HA solution was
considerably effective in reduction of friction for intact
cartilage compared with coexistence of DPPC and
either albumin or y-globulin in HA solution (Fig. 7).
This fact may suggest the formation of lubricating
complex materials as membrane-like and roller
structures composed of DPPC and HA [40]. Mirea
et al. [41] indicated that HA has high affinity to
phospholipid bilayer in the force-distance curve in
AFM study. The detailed structure of HA-DPPC
complex has not yet been clarified but the coexistence
of DPPC and HA is likely to act synergistically as
lamellar lubrication or related mechanism. Furthermore,
for coexistence of DPPC and HA, HA-DPPC com-
posite boundary film was visually confirmed [38]
and friction was remarkably lowered, where the
lubricating ability by HA-DPPC complex as gel-like
film is supposed to become effective with high water
retention ability of HA. However, HA solution
containing DPPC showed an effective but limited
protective property with local scratching as shown in
Fig. 10.

On the contrary, albumin-DPPC composite was not
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found in coexistence of three constituents, i.e., DPPC,
HA and albumin [38], probably due to repulsive
interaction between albumin and HA. This fact
corresponds to the phenomenon in which the friction
for HA solution with DPPC and albumin (Fig. 7) is
higher than saline solution with DPPC and albumin
(Fig. 5).

However, the supply of both albumin and y-globulin
as definite ratio into HA solution containing DPPC
(lubricant No. 13) could remarkably improve the
friction at very low level of 0.01 as final coefficient of
friction (Fig. 7) and high wear resistance (Fig. 10). For
damaged cartilage, the friction level increased in
general but No.13 lubricant showed the minimum
friction (Fig. 8).

In natural synovial joints, various lubricating
constituents such as HA, proteins, glycoproteins and
phospholipds different in molecular properties and
sizes play different roles. Therefore, the interaction
and/or synergistic action between phospholipids and
other constituents seem to control the adsorbed film
formation and tribological behavior. The influences
of lubricants as HA solutions containing DPPC with
or without proteins on the friction at restart and at
steady state are summarized in Fig. 9 for intact and
damaged cartilage specimens. The effectiveness of
adsorbed film on reduction in restarting friction and
steady friction is clearly demonstrated compared
with saline solution. Particularly, it is noticed that the
lubricant No.13 (HA solution with 1.4 wt% albumin,
0.7 wt% y-globulin and 0.01 wt% DPPC) provided very
low restarting friction for both intact and damaged
cartilage specimens (Fig. 9(a)). This lubricant maintained
very low friction until each 36 m sliding for intact
cartilage, but the friction gradually increased until
0.05 as coefficient of friction for damaged cartilage
(Fig. 9(b)). In the study by Nakashima et al. [29],
HA solution with 1.4 wt% albumin and 0.7 wt%
y-globulin (albumin/globulin =A/G ratio of 2:1) or
0.7 wt% albumin and 1.4 wt% y-globulin (A/G ratio
of 1:2) showed very low wear for rubbing of PVA
hydrogel against itself. For low wear condition in
the latter, the layered adsorbed film formation was
observed by the fluorescent method. In these cases, it
is suggested that the y-globulin forms protective
adsorbed layer on cartilage surface and albumin plays

as low shearing layers. On the contrary, HA solution
with 1.4 wt% albumin and 1.4 wt% y-globulin (A/G
ratio of 1:1) formed the heterogeneous adsorbed film
and showed higher wear.

The lubricant No.13 has similar composition to that
in natural synovial fluid as hyaluronate solution
containing lubricating constituents such as 1.25 wt%
albumin, 0.75 wt% globulin (including a-, f-, and
y-globulins) as medium values [42], 1.1 wt% albumin
and 0.7 wt% globulin [36], or 1.9 wt% albumin,
1.1 wt% globulin and 0.01 wt% DPPC [12]. In this
lubricant, the lubricating layered structure in adsorbed
film is expected for low friction and minimal wear,
but the detailed elucidation of this mechanism is
required in the future study. As exhibited in Figs. 7
and 9, lubricant No. 13 showed very low and steady
friction in repeated reciprocating test at 20 mm/s. In
situ fluorescent observation at very slow speed with
this lubricant [38] showed the stable mixed adsorbed
film containing albumin and y-globulin but friction is
not so low probably due to very thin film condition
at 0.2 mm/s condition. Therefore, we plan to observe in
situ the actual adsorbed film formation and frictional
behavior at 20 mm/s or so. In various daily activities,
synovia constituents appear to play their appropriate
roles depending on the severity of operating conditions.
DPPC and albumin are likely to act as low shearing
layer, and y-globulin acts as the protective film as
strongly adsorbed on cartilage surface. HA has ability
to thicken the lubricating fluid film and form some
lubricating gel-like layer. Although some of synergistic
mechanisms between lubricating constituents were
shown in this study, the overall mechanisms are
expected to be clarified from the viewpoint of multis-
cale level in future. On the role of lubricin as another
lubricating constituent, Mirea et al. [41] suggested
that it anchors lipid layers on the cartilage. We
confirmed that the addition of lubricin in HA solution
could reduce friction for intact cartilage in the pre-
liminary test. In future study, we plan to evaluate the
effective roles of all influential synovia constituents.

For damaged cartilage specimens with partially
removed proteoglycan brush-like layer, the best
composition in lubricant for low friction is the same
lubricant No. 13 which is the best for intact cartilage,
but the second one was changed to the HA solution
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containing DPPC with y-globulin from the HA con-
taining DPPC solution without protein as the second
one for intact cartilage. It is suggested for damaged
cartilage that the protective role of y-globulin with
strong adsorption ability becomes important.

As discussed above, the effectiveness of lubricant
constituents changes depending on rubbing cartilage
properties in reciprocating tests of cartilage-on-glass.
To evaluate rigorously the influence of synovia con-
stituents on tribological behaviors of articular cartilage
in natural synovial joints, the rubbing pair of cartilage-
on-cartilage [8, 43] or cartilage-on-meniscus [44] should
be used, and therefore the influence of glass plate
on tribological behaviors in this study should be
discussed. As mentioned in Section 1, the glass plate
surface possesses hydrophilic characteristics with
negatively charged property similar to proteoglycan
on superficial cartilage layer in wet condition, whilst
it is hard, smooth and nonporous/impermeable
material. The adsorption of synovia constituents on
glass plate is expected to be considerably similar to
boundary film formation on intact cartilage but the
interaction to the smooth, hard and nonporous/
impermeable glass surface may be different. HA and
albumin (at pH>4.7) are negatively charged but
y-globulin is positively charged (at pH <?7.5). These
electrostatic properties of adsorbed molecules have
an influence on adsorption. On the contrary, the
ploughing friction may be minimized for smooth
surface, but adsorbed proteins on very smooth surface
may induce high friction by their intense adhesive
effect as hydrophobic bonding in watery system in
very thin film condition. However, the effectiveness
of lubricant constituents on tribological behaviors of
compliant and biphasic articular cartilage appear to
be reflected appropriately even in sliding pair of
articular cartilage and glass plate. In pendulum friction
tests for cartilage-on-cartilage of porcine shoulder
joints composed of humerus head and glenoid cavity
(cup) [8], the effectiveness in friction reduction by
addition of 0.01 wt% DPPC or 1.0 wt% y-globulin to
HA solution for cartilage treated with detergent had
been confirmed as similar effect to cartilage-on-glass
combination. In contrast, the addition of 1.0 wt% or
3.0 wt% albumin to HA solution did not improve
friction of cartilage-on-cartilage, which corresponds to

adverse interaction of albumin and HA for cartilage-
on-glass [26]. In contrast, the sliding pair of cartilage
and clean glass plate showed higher friction in HA
solution than that of cartilage and glass plate treated
with Langmuir-Blodgett (LB) film as 5 to 10 bilayer of
DPPC alone or mixed LB film of DPPC and y-globulin
[12]. As mentioned above, common features and/or
some differences seem to occur in frictional behavior
for cartilage-glass combination compared with
cartilage-cartilage. In the next stage, therefore, further
studies for -cartilage-on-cartilage or cartilage-on-
hydrogel (artificial cartilage) are required to elucidate
strictly the influence of synovia constituents on
tribological behaviors of articular cartilage in natural
synovial joints. The sustaining of the synergistic
mechanism of various synovia constituents on matched
cartilage surfaces in natural synovial joints is expected
to maintain the healthy condition.

5 Conclusions

In this study, at repeated reciprocating tests including
restarting after interrupting-unloading process, the
changes in friction were observed for intact and
damaged articular cartilage specimens against glass
plate lubricated with lubricants containing phos-
pholipid, protein and hyaluronic acid as synovia
constituents. The optimum composition in lubricants
for low friction and minimum wear of both intact
and damaged cartilage specimens was exhibited to
be similar composition to natural synovial fluid.
Furthermore, it was shown that the effectiveness
of lubricant constituents changes depending on the
surface conditions of articular cartilage.
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