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FIGURE 2. (A) Cross-sectional TEM images and (B) PMPC-graft layer thickness of PMPC-grafted CLPE obtained with various UV-irradiation inten-
sities. Open symbol indicates untreated CLPE. Data are expressed as mean * standard deviation. ** indicates p< 0.01.

interface of the PMPC layer and CLPE substrate when a
thick polymer layer was formed.

The UV-irradiation intensity affected the hydration and
friction Kinetics of the PMPC graft layer. The static water
contact angle of the untreated CLPE was ~90°, and
decreased noticeably with an increase in the UV-irradiation
intensity [Fig. 3(A)]. The lowest contact angle observed 30°,
which was measured on the samples that was treated at 5.0
mW/cm?. The angle then increased slightly at higher irradi-
ation intensity. The dynamic coefficients of friction of PMPC-
grafted CLPE decreased markedly with an increase in the
UV-irradiation intensity, with the surface produced at 3.5-
7.5 mW/cm?® exhibiting an ~85% reduction compared with
the untreated CLPE surface [Fig. 3(B}]. However, above 10
mW/cm?, the values increased slightly. As shown in Figure
4, the dynamic coefficients of friction of the PMPC-grafted
CLPE samples obtained using UV-irradiation intensities of
1.5 and 5.0 mW/cm? did not differ greatly between load-
ings, regardless of whether they were gamma-ray sterilized
or not. Interestingly, for the nonsterilized PMPC-grafted
CLPE obtained with a UV-irradiation intensity of 15 mW/
cm?, the dynamic coefficient of friction in the case of 9.8 N
loading was twice as high as that in the case of 0.98 N load-
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ing; however, there was no significant difference for the
gamma-ray sterilized sample (p > 0.05).

Some physical and mechanical properties of PMPC-
grafted CLPE as a function of the UV-irradiation intensity
are summarized in Figures 5-7. The swelling ratio was
almost constant up to an intensity of 10 mW/cm?, and then
decreased slightly above this value [Fig. 5(A)]. The trend in
cross-link density also underwent a change at 10 mW/cm?,
gradually increasing up to 0.87 mol % at this point, and
then decreasing sharply [Fig. 5(B)]. The ultimate tensile
strength and elongation of the untreated CLPE sample dif-
fered slightly to the values obtained for the PMPC-grafted
CLPE obtained using UV-irradiation intensities of 5.0 and 15
mW/cm? [Fig. 6(A,B)]. In contrast, the hardness and impact
strength remained almost the same (p > 0.05), and appeared
to be independent of the UV-irradiation intensity [Fig.
6(C,D]]. The tensile, hardness, and impact resistance proper-
ties of all untreated CLPE and PMPC-grafted CLPE samples
met the requirements of ASTM F648. The small punch peak
strength and work to failure of PMPC-grafted CLPE gradu-
ally decreased slightly with UV-irradiation intensity (Fig. 7).

The characteristics of the PMPC-grafted surface affected
the durability of the CLPE liners. During the hip simulator
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FIGURE 3. (A) Static water contact angle and (B) dynamic coefficient of friction of PMPC-grafted CLPE as a function of the UV-irradiation inten-
sity. Open symbols indicate untreated CLPE. Data are expressed as mean * standard deviation. ** indicates p< 0.01.
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FIGURE 4. Dynamic coefficients of friction of PMPC-grafted CLPE in the ball-on-plate friction test with (A) 0.98 N and (B) 9.8 N loads. Data are
expressed as mean * standard deviation. (*) and (¥*): +Test, significant differences (p< 0.05 and p < 0.01, respectively) as a comparison between
non-sterilized and gamma-ray sterilized groups, and **: one-factor ANOVA and post-hoc test, significant difference {p< 0.01) as comparison

between the three groups of the PMPC-grafted CLPE.

wear test, the PMPC-grafted CLPE liner was observed to
undergo significantly less gravimetric wear than the
untreated CLPE liners [Fig. 8(A)]. Furthermore, there was a
slight and gradual increase in weight of the untreated and
PMPC-grafted CLPE liners during the testing period, which
was partially attributed to greater fluid (e.g, water, proteins,
and lipids) absorption by the tested liners than was allowed
for by the load-soak controls. As noted earlier, correction
using the load-soak control is not perfect because only the
tested liners were continuously moved and loaded. Remark-
ably, extremely small and barely observable wear particles
were produced by the PMPC-grafted CLPE liners after 5.0 X
10° cycles (4.5-5.0 X 10° cycles) of the hip simulator test
[Fig. 8(B}]. The wear particles of the untreated CLPE liners,
and the small quantity produced by the PMPC-grafted CLPE,
consisted of only sub-micrometer-sized granules. The PMPC
grafting did not affect the morphologies of the CLPE wear
particles. 3D coordinate measurements of the PMPC-grafted
CLPE liners revealed barely detectable volumetric wear, in
contrast to the substantial wear detected for the untreated
CLPE liners [Fig. 9(A)]. The volumetric wear images in
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Figure 9(A) are in agreement with the gravimetric wear
data shown in Figure 8(A). In the confocal laser scanning
microscope images in Figure 9(B), the surface of the
untreated CLPE liner against the Co-Cr-Mo alloy femoral
head appears smooth. In contrast, the PMPC-grafted CLPE
liners exhibit a different morphology; with the machining
marks still evident in the bearing surface. There were no
differences among the surface morphologies of the three
groups of the PMPC-grafted CLPE produced using different
UV-irradiation intensities.

DISCUSSION

In this study, we investigated the effects of varying the UV-
irradiation intensity on graft polymerization of MPC. The
results provide preliminary evidence that the UV-irradiation
intensity affected the extent of PMPC grafting and the
underlying CLPE substrate. They also demonstrate that the
hydrophilic layer increased lubrication to levels that match
articular cartilage, and when grafted onto the acetabular
liner surface of a THA prosthesis, caused high wear
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FIGURE 5. (A) Swelling ratio and (B) cross-link density of PMPC-grafted CLPE as a function of UV-irradiation intensity. Open symbols indicate
untreated CLPE. Data are expressed as mean = standard deviation. * indicates p - 0.05.
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FIGURE 6. Mechanical properties of PMPC-grafted CLPE as a function of UV-irradiation intensity. {A) Ultimate tensile strength; (*) and (**): one-
factor ANOVA and post-hoc test, significant difference (p < 0.05 and p< 0.01, respectively) as compared with the ultimate tensile strength of 1.0

. mm thick test specimens, and **: significant difference (p <0.01) of 2.0 mm thick test specimens. (B) Elongation; (¥¥): one-factor ANOVA and
post-hoc test, significant difference (p«<0.01) as compared to the elongation of 1.0 mm thick test specimens. (C) Hardness and (D) impact
strength. Open symbols indicate untreated CLPE. Data are expressed as mean * standard deviation. Broken lines indicate lower limits of ASTM
requirements.

resistance. This suggests the grafting of PMPC may be a to a clinical success. However, we conducted multicenter
promising approach for extending the longevity of THA. clinical trials of PMPC-grafted CLPE liners between 2007

Despite these promising results, our study has a number  and 2009 in Japan.?? Based on other related evidence and
of limitations. First, in vitro findings do not always translate  these clinical trials, the Japanese government (Ministry of
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FIGURE 7. Small punch test properties of PMPC-grafted CLPE as a function of UV-irradiation intensity. (A) Small punch peak strength; **: one-
factor ANOVA and post-hoc test, significant difference (p<0.01) as compared with the peak strength in four groups of untreated and PMPC-
grafted CLPE. (B) Work to failure; * and **: one-factor ANOVA and post-hoc test, significant difference (p<0.05 and p<0.01, respectively) as
compared with the work to failure in four groups of untreated and PMPC-grafted CLPE. Open symbols indicate untreated CLPE. Data are
expressed as mean = standard deviation.
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FIGURE 8. A: Time course of the gravimetric wear of the PMPC-grafted CLPE liners obtained using various UV-irradiation intensities. Data are
expressed as mean * standard deviation. **: one-factor ANOVA and post-hoc test, significant difference (p<0.01) as compared with the gravi-

metric wear after the test in four groups of untreated and PMPC-grafted
lated from lubricants of the hip simulator wear test.

Health, Labor, and Welfare, Japan) approved the clinical use
of PMPC-grafted CLPE acetabular liners (Aquala® liner; KYO-
CERA Medical Corp.) in artificial hip joints in April 2011.
We observed neither osteolysis nor a need for revision sur-
gery up to 6 years of follow-up. Second, we used a confined
period for the hip simulator wear test. Although experienc-
ing 5.0 X 10° cycles in the hip simulator is comparable to 5
years of physical walking, the duration may not be suffi-
ciently long for young active patients. We are now running
the hip simulator for longer, and thus far, have confirmed
almost no wear on the PMPC-grafted CLPE liners after 1.5
X 107 cycles.?® Third, we did not entirely capture the range
of loading and motion conditions of the in vivo environment
in terms of the variety of positions, the magnitude of load-
ing, or the daily routine; however, in accordance with I1SO
14242-3, we believe that these results can provide a good

CLPE. B: SEM images of wear particles from PMPC-grafted CLPE iso-

indication of wear performance. Fourth, the procedure for
the isolation of wear particles in this study was not able to
capture the contribution of wear particles with a diameter
of less than 0.1 pm, as previously reported*” Cellular
response to particles is thought to be dependent upon fac-
tors such as particle number, size, shape, surface area, and
material chemistry. If nanometer-scale particles are gener-
ated in vivo, it will be important to determine their biologi-
cal activity in relation to that of micrometer-scaled particles.
Fifth, the wear performance we report is only valid for this
specific combination of Co-Cr-Mo alloy femoral head with a
diameter of 26 mm and PMPC-grafted CLPE liner. Although
aseptic loosening is one of the most common reasons for
late revision surgery, dislocation is the biggest short-term
problem.® A large femoral head not only allows for an
increased head/neck ratio, which is directly related to the
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FIGURE 9. (A) 3D coordinate measurement images and (B) confocal laser scanning microscopy images of the PMPC-grafted CLPE liners obtained
using various UV-irradiation intensities after 5.0 x 10° cycles. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 10. Schematic illustration of the PMPC-grafted CLPE surface obtained with various UV-irradiation intensities.

range of motion prior to impingement of the trunnion on
the liner, but also increases the jump distance. Hence, larger
femoral heads have recently come into more frequent use to
improve the stability of the bearing surface. We believe that
this drawback is partially offset by the long duration of sim-
ulation. We are now running the hip simulator test with
larger Co-Cr-Mo alloy and zirconia toughened alumina
ceramic femoral heads and thin acetabular liners.

Effects on extent of PMPC grafting

It is important to be able to control the graft layer on CLPE
surfaces in order to optimize lubrication and resistance to
wear. In Figures 1 and 2, when the MPC concentration and
UV-irradiation time were fixed (0.50 mol/L and 90 min), the
extent of PMPC grafting on the CLPE surface increased with
the UV-irradiation intensity, and then became almost con-
stant at 5.0 atom% over 5.0 mW/cm? It is well known that
the amount of photoinduced radicals depends on the photo-
irradiation intensity®!; therefore, the extent of grafting
appeared to be successfully controlled by varying the quan-
tity of radicals produced during the radical polymerization
process. Figure 10 shows a schematic that illustrates how
the PMPC grafting is suggested to vary with UV-irradiation
intensity during the polymerization.®* The PMPC graft layer
thickness linearly increased with UV-irradiation intensity
above 7.5 mW/cm?, reaching ~380 nm at 15 mW/cm?
However, as shown in Figure 2(A), the sample produced
using 15 mW/cm? UV displayed the formation of a crack at
the interface between the PMPC layer and CLPE substrate.
When the PMPC layer has a semi-brush-like structure (Fig.
10}, the layer thickness may correlate with the molecular
weight of the grafted PMPC. It is generally known that the
reaction rate of radical polymerization is extremely high;
therefore, the length (molecular weight} of the graft chains
can be assumed to be controlled by the monomer concen-
tration. However, the MPC concentration and UV-irradiation
time were fixed in the present study,®”** and the graft poly-
merization reaction with free radicals was photoinduced by
UV irradiation using benzophenone as a radical initiator. A
certain amount of UV irradiation energy can directly pro-
duce free radicals from the methacrylic acid group of the
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MPC unit in the monomer solution. When the UV-irradiation
intensity is high, graft polymerization can occur between
the radicals on the CLPE surface and the MPC monomer, in
addition to homopolymerization of MPC. The free radicals
not only facilitate direct grafting of MPC to CLPE, thereby
forming C-C covalent bonds between the PMPC and the
CLPE substrate, but also induce homopolymerization of
MPC, forming free polymer in solution. Moreover, the diffu-
sion of the monomer might be disrupted in a solution with
high homopolymer concentration because of high viscosity.
When the monomer and initiator initially attached to the
CLPE surface were subjected to UV irradiation, radicals
would have freely formed on the CLPE surface in the early
stage but not in the late stage of polymerization, probably
because the increased polymer radicals and/or free homo-
polymer chains blocked the diffusion of the radicals to the
CLPE surface. Therefore, it is supposed that areas of
unmodified CLPE would remain below the PMPC gel (free
polymer) layer, which would leave a gap (or crack) at the
interface between PMPC and CLPE substrate. In summary, it
is assumed that when the UV-irradiation intensity is low
(<7.5 mW/cm?), the rate of MPC graft polymerization is
higher than that of MPC homopolymerization. In contrast,
when the UV-irradiation intensity is high (>10 mW/cm?),
the rate of homopolymerization might be higher than that
of graft polymerization. Moreover, while the rate of MPC
graft polymerization increases with the UV-irradiation inten-
sity, the entire polymerization system begins to show gela-
tion, with the formation of PMPC gel layer (on the PMPC
graft layer) at UV-irradiation intensities above 10 mW/cm?,
decreasing the grafting efficiency. Therefore, in order to
obtain a stable PMPC grafted layer without gelation of
PMPC, the UV-irradiation intensity should be carefully
controlled.

The water wettabilities of the PMPC-grafted CLPE surfa-
ces were found to be considerably greater than that of the
untreated CLPE surfaces [Fig. 3(A)]. This is because of the
presence of a nanometer-scale PMPC graft layer resulting
from the polymerization of the highly hydrophilic MPC
monomer. It can be observed in Figure 3(B} that the
dynamic coefficients of friction of the PMPC-grafted CLPE

EFFECT OF UV INTENSITY ON GRAFT POLYMERIZATION



surfaces were significantly lower than those of the
untreated CLPE surface. This was attributed to the signifi-
cant increase in hydrophilicity evident from the reduction in
the static water contact angles of the PMPC-grafted surfaces.
The fabrication of the PMPC gel layer clearly influenced the
friction response, with the dynamic coefficient of friction for
the PMPC-grafted CLPE obtained at 15 mW/cm?® being less
than half of the value for the untreated material at 0.98 N
loading. In contrast, at 9.8 N loading, the dynamic coefficient
of friction for the 15 mW/cm” sample was significantly
higher than for those treated at 1.5 and 5.0 mW/cm® (Fig.
4). 1t was previously reported that the dynamic coefficients
of friction of MPC polymer coated CLPE prepared by physical
adsorption or weak chemical bonding, increased to the level
of the untreated CLPE at loads above 1.96 N.** It was there-
fore assumed that these particular surface modification
layers became dislodged from the surface at high loading,
and were therefore ineffective. In the present study, it is sug-
gested that the PMPC gel layer on the PMPC-grafted CLPE
obtained with a UV-irradiation intensity of 15 mW/cm?* was
removed from the bearing surface, resulting in an increase in
friction. On the other hand, interestingly, this same sample,
but gamma-ray sterilized, expressed high lubricity regardless
of loading. In our previous study, we reported that the higher
energy radiation used for gamma-ray sterilization induced
cross-links not only within the PMPC graft layer, but also
between the PMPC graft layer and the CLPE substrate.* It
was similarly reported that when a high energy beam was
irradiated onto a polymer with a grafted layer, strong bonds
were formed between the grafted layer and polymer sub-
strate”® Moreover, Lewis et al. reported that the force
required to remove a coating with cross-linking was greater
than that without.’® Generally, when a high energy gamma-
ray beam is irradiated on a polymer, free radicals are formed
by the scission of molecular chains.®” This is followed by the
re-termination and cross-linking of the molecules. Hence, it
was speculated that in the present study, a higher degree of
cross-linking, and perhaps adhesion of PMPC graft and gel
layers to the substrate, was induced by the gamma-ray irra-
diation in comparison to the non-sterilized PMPC-grafted
CLPE. This would result in a much stronger and stable PMPC
graft layer on the bearing surface.

Effects on CLPE substrate

The tested physical and mechanical properties of CLPE
were altered slightly by the PMPC grafting, as shown in
Figures 5-7. Most previous studies have assumed that photo-
induced polymerization is a surface restricted phenom-
enon.*>*® However, in reality, the changes (ie., cross-linking
and chain scission} of the polymer structure under UV radia-
tion can result in changes to the bulk physical and mechani-
cal properties {swelling ratio, cross-link density, and tensile-
and small punch-tests properties) of thin test specimens,
such as those with a thickness of 0.5-2.0 mm that were used
in this study. In the case of the photoinduced cross-linking
and scission of the CLPE substrate, one aspect that has been
evaluated is the relationship between initiation and the depth
of UV penetration. Shyichuk et al. reported that the photoin-
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duced cross-linking and scission of (low-density) PE was
observed in the surface region of PE in the range 0-1.5 mm,
after UV-irradiation with an intensity of 0.2 mW/em? for
over 3 weeks.”® Hence, it was thought that the observed
changes in physical and mechanical properties would be the
result of a complex combination of cross-linking and scission
effects in a surface restricted region. In particular it is
assumed that when the UV-irradiation intensity is low (<7.5
mW/cm?*), the rate of cross-linking is higher than that of
chain scission. In contrast, when the UV-irradiation intensity
is high (>10 mW/cm?), the rate of scission might be higher
than that of cross-linking. However, it should be noted that
these phenomena would also be combined with the effects of
other polymerization conditions, such as temperature, dis-
solved oxygen concentration of monomer solution, and pho-
toinitiator concentration. The retention of the bulk properties
of the substrates is extremely important in clinical applica-
tions because the biomaterials used as implants act not only
as surface-functional materials, but also as structural materi-
als in vivo. As mentioned above, dislocation is the biggest
short-term problem associated with THA® A thin acetabular
liner against a large femoral head not only allows for an
increased head/neck ratio, which is directly related to the
range of motion prior to impingement of the trunnion on the
liner, but also increases the jump distance. Hence, the use of
implants with such dimensions is becoming more common in
order to improve the stability of the bearing surface. Mechan-
ical fracture attributed to scission of the PE molecular back-
bone in thin acetabular liners of PMPC-grafted CLPE by the
possible impingements must therefore be monitored. From
the data gathered to date, we have observed neither mechan-
ical fracture nor complications in the clinical use of the
PMPC-grafted CLPE liner for a minimum of 4 years and a
maximum of 6 years of follow-up.

The production of wear particles in THA is recognized
as the main factor behind the initiation of periprosthetic
osteolysis and aseptic loosening.*” The inflammatory cellu-
lar response to particles is thought to be dependent upon
factors such as particle number, size, shape, surface area,
and material chemistry. If nanometer-scale particles are
produced in vivo, it would be important to determine their
biological activity relative to that of the micrometer-scale
particles. In the wear particle analysis carried out in this
study, the collected wear particles from the PMPC-grafted
CLPE liners were on the scale of sub-micrometers, regard-
less of the PMPC grafting and its UV-irradiation intensity.
Considering the results of the wear particle analysis, we
expect the biological response of the PMPC-grafted CLPE
liners in vivo to be comparable with those of other con-
ventional untreated CLPE.®® However, attention must be
paid to the abnormal wear particles (sub-micrometer-size
and number) in the PMPC-grafted CLPE liner, formed by
possible scission reactions of the CLPE substrate. The
remarkably fewer wear particles isolated from the lubri-
cants used for the PMPC-grafted CLPE liners compared
with those from the lubricants used for the untreated lin-
ers may help predict whether the abnormal wear will
occur.
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High wear resistance of PMPC-grafted CLPE liners

In the hip simulator wear test of the present study, the
observed significant improvements in the water wettabilities
and frictional properties of the PMPC-grafted CLPE liners
resulted in substantial improvements in their wear resistan-
ces. The high friction of untreated CLPE surfaces is one of
their main disadvantages because it results in greater wear,
and possible seizure of bearing couples. The higher fric-
tional properties of untreated CLPE surfaces were found to
affect the wear properties, as determined by the hip simula-
tor wear test. In contrast, as noted earlier, the water wett-
abilities of the PMPC-grafted CLPE surfaces were
considerably greater. Fluid film lubrication (or hydration
lubrication) of the PMPC-grafted surface was therefore pro-
vided by the hydrated layer. The fluid film-forming ability of
a 10 nm thick PMPC layer would be equivalent to that of a
micrometer-order-thick PMPC layer because the outermost
layer is responsible for this property. The hip simulator
wear test confirmed that the wear resistance was almost
same in each of the three groups of PMPC-grafted CLPE
with different PMPC graft layer thicknesses, with the 90 nm
thick PMPC graft layer formed at a UV-irradiation intensity
of 1.5 mW/cm? providing similar wear resistance to the
380 nm thick PMPC graft layer at a UV-irradiation intensity
of 15 mW/cm® In our previous study, it was found that
even a 10 nm thick PMPC graft layer exhibited improved
wear resistance?” It was therefore speculated that the
improved wear resistance was independent of PMPC graft
layer thickness. Additionally, the retention of the improved
wear resistance of the cross-linked PMPC gel layer com-
bined with PMPC graft layer and/or the substrate (PMPC-
grafted CLPE obtained with a UV-irradiation intensity of 15
mW/cm?) is very interesting. As mentioned above, the
cross-links produced by the extra energy of the gamma-rays
was effective even for multidirectional high-loading of the
hip simulator.

The obtained results confirm that orthopedic bearings
using PMPC are able to mimic the natural articular cartilage
that protects the joint interface from mechanical wear and
facilitates smooth movement of the joints during daily activ-
ity.* The PMPC structure attracts water in a similar way to
the extracellular matrix molecules present in cartilage, pro-
viding a lubricating layer on the surface that they are
attached to0.'® This study therefore demonstrates the advan-
tages that can be gained from investigating and subse-
quently mimicking natural structures and systems.

CONCLUSIONS

In this study, we confirmed that the UV-irradiation intensity
affected the extent of PMPC grafting, along with cross-
linking and scission reactions of the CLPE substrate. The
extent of PMPC grafting on the surface of the CLPE gradu-
ally increased with increasing UV-irradiation intensity up to
7.5 mW/cm?, and then remained constant above this value.
It was found that in order to cobtain a stable PMPC grafted
layer without gelation of PMPC, the UV-irradiation intensity
needed to be carefully controlled. When the CLPE surface
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under the grafted polymer was exposed to UV-irradiation,
some of the physical and mechanical properties of the CLPE
were altered slightly due to cross-linking and scission
effects in the surface region. The hydrophilic PMPC layer
grafted onto the CLPE surface significantly increased lubri-
cation to levels that match articular cartilage. By mimicking
the properties of the extracellular matrix of cartilage, the
high wear resistance of the native tissue could be replicated
by the use of an artificial polymer.
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Superior lubricity in articular cartilage
and artificial hydrogel cartilage
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Abstract

In healthy natural synovial joints, the extremely low friction and minimum wear are maintained by their superior load-
carrying capacity and lubricating ability. This superior lubricating performance appears to be actualized not by single
lubrication mode but by synergistic combination of multimode mechanisms such as fluid film, biphasic, hydration, gel film
and/or boundary lubrication. On the contrary, in most artificial joints composed of ultra-high molecular weight poly-
ethylene against metal or ceramic-mating material, boundary and/or mixed lubrication modes prevail and thus local direct
contact brings down high friction and high-wear problems. To extend the durability of artificial joint, the reduction in
friction and wear by improvement in lubrication mechanism is required as an effective design solution. In this paper, at the
start, the mechanism of superior lubricity for articular cartilage is examined from the viewpoints of biphasic and
boundary lubrication mechanism. Subsequently, the proposal of biomimetic artificial hydroge! cartilage is put forward
to improve the lubricating modes in artificial joints. The tribological behaviours in two kinds of poly(vinyl alcohol)
hydrogels are compared with that of natural cartilage. The importance in lubrication mechanism in artificial hydrogel

cartilage is discussed.
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Introduction

In human musculoskeletal system with the multi-
modal smooth movements, the extremely low friction
and minimum wear in natural synovial joints appear
to be maintained not by a single lubrication mode but
by the synergistic combination of various modes from
fluid-film lubrication to boundary lubrication.'™ As
important lubrication modes correspond to the sever-
ity in daily activities, micro-elastohydrodynamic
lubrication,* biphasic,™® hydration,”® boundary,®"!
gel-film lubrication'? and others are expected to
become adaptively effective. Therefore, this lubrica-
tion mechanism is called adaptive multimode lubrica-
tion.>">'* In natural synovial joints, the synergistic
mechanism of articular cartilage and synovial fluid
brings about effective superior lubrication. The
authors focus in particular the importance of
adsorbed film formation on cartilage surface and
biphasic lubrication. To clarify the influence of
boundary lubrication by adsorbed film, they selected
severer reciprocating condition with gradual increase
in friction for articular cartilage under continuous
loading. In reciprocating test of ellipsoidal articular
cartilage against flat glass plate including restarting

test after interruption and unloading, Murakami
et al.'> showed the effectiveness of coexistence of
v-globulin and hyaluronic acid (HA) in lowering fric-
tion through adsorbed film formation compared with
HA solution. In contrast, the coexistence of albumin
and HA increased to higher friction level than HA
solution due to the interaction of albumin and HA.
Even under rubbing lubricated with HA solution
containing vy-globulin, however, the friction after
each 36-m sliding attained to still high level of 0.1 as
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coefficient of friction. In a subsequent study,'® it was
shown that the HA solution containing phospholipid,
albumin and y-globulin as appropriate concentrations
similar to synovial fluid could maintain superior low-
friction level of 0.01 as coeflicient of friction and min-
imum wear in reciprocating test of articular cartilage.
This result clarified the importance of adsorbed film
formation with superior lubricity in thin-film
lubrication.

On the biphasic lubrication mechanism for recipro-
cating cylindrical indenter on flat articular cartilage,
Sakai et al.'” estimated time-dependent changes in
interstitial fluid pressure and von Mises stress in car-
tilage based on the biphasic finite element (FE) ana-
lysis, in which model properties for depth-dependent
compressive modulus,'® addition of spring element"’
corresponding to collagen reinforcement in tensile
strain and strain-dependent permeability'® were
included. The material properties in FE model were
estimated in cylindrical indentation test under wide
condition including physiologically high speed. They
pointed out that higher proportion of fluid load sup-
port can be sustained by biphasic lubrication mech-
anism in cartilage under migrating contact condition
even at low-sliding speed such as 4 mm/s where hydro-
dynamic effect lapses. Furthermore, the improvement
of fluid load support by fibre reinforcement in sliding
condition was indicated. In this paper, particularly the
effectiveness of biphasic lubrication in natural syn-
ovial joints is described in relation to boundary
lubrication.

On the contrary, in artificial joints composed
of ultra-high molecular weight polyethylene
(UHMWPE) and metal or ceramic material, the
mixed or boundary lubrication mode functions pre-
dominantly in daily activities, some direct contacts
between rubbing surfaces occur and thus increase fric-
tion and induce considerable wear. Although the dur-
ability of over 15 years becomes established for most
cases in clinical application of joint replacements for
hip and knee joints, the joint loosening caused by
wear debris-induced osteolysis®>*! has required con-
siderable patients to wundergo revision surgery.
Additionally, it is noteworthy that high friction on
rubbing surfaces accelerates the surface failure and
the joint loosening. Therefore, the prevention of
wear and the reduction of friction are strongly
required to improve the longevity of joint prostheses
in clinical application. Although several methods such
as crosslinking,? addition of vitamin E** and surface
treatment by phospholipid polymer** to UHMWPE
have considerably reduced wear and extended the life
of joint prostheses, there are still unsolved problems
on wear. For hard-on-hard hip prostheses such as
metal-on-metal and ceramic-on-ceramic, the upgrad-
ing in material properties with high-wear resistance,
better surface finish and good design improved clin-
ical performances accompanied with beneficial fluid-
film lubrication, but in certain cases, severe problems

occurred as stripe wear under edge loading and/or
malposition, release of metallic ions, pseudotumor,
breakage of ceramic components, squeaking and so
on. Besides, the lowering of friction is not always sat-
isfactory. Therefore, alternate method to establish
minimum wear and low friction in artificial joints is
required.

In order to fundamentally improve the lubrication
modes in artificial joints, the applications of various
compliant artificial cartilage materials as cartilage
replacement have been developed. The application
of appropriate compliant artificial cartilage materials
with properties similar to articular cartilage is
expected to duplicate the superior load-carrying cap-
acity and lubricating ability of natural synovial joints.
The lowering of elastic modulus as 1-30 MPa or so as
rubbing compliant materials from 800 MPa or so of
UHMWPE not only can reduce the contact stress
level but also can enhance the fluid-film formation
due to the significant elastic deformation effect.
Dowson® indicated the importance of compliant
material properties with proposal as cushion bearing
or cushion form bearing. Unsworth et al.® showed
clear difference in frictional behaviours between
UHMWPE and polyurethane acetabular surfaces in
hip-joint replacements in experimental simulator tests.
For hip prostheses lined with polyurethane of appro-
priate compliance and thickness, the fluid-film lubri-
cation could be achieved even with low-viscosity
lubricants from 0.002 to 0.071Pas. In the authors’
previous study®’ on walking simulator tests of knee
prostheses to evaluate the fluid-film formation
between metallic femoral and conductive tibial com-
ponents with electric resistance method, the significant
fluid-film formation except slight drops at flexion
stroke ends during stance phase was confirmed for
silicone rubber tibial layer with elastic modulus
of 9.1 MPa lubricated with silicone oil of 0.1 Pas. In
contrast, intimate contact occurred during full walk-
ing phase for anatomical knee prosthesis with
UHMWPE tibial component lubricated even with
high-viscosity silicone oils of 10Pas. This fact indi-
cates the superiority in fluid-film formation due to
soft-EHL effect with compliant silicone rubber. With
decreasing of lubricant viscosity to 0.01 Pa s, however,
local intimate direct contact occurred in knee prosthe-
sis with silicone rubber tibial component. It is
generally pointed out that porous hydrogels as
water-swollen crosslinked hydrophilic polymers give
lower friction than non-porous silicone rubber and
polyurethane at start-up or after breakdown of the
fluid film. The articular cartilage in natural synovial
joints is considered as one of natural hydrogel con-
taining high-water content. The application of hydro-
gel as cartilage replacement is expected to mimic the
lubricious articular cartilage.

In 1988, Sasada® reported that the hip prosthesis
with poly(vinyl alcohol) (PVA) hydrogel layer
prepared by repeated freeze-thawing method with
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85-90 wt% water content showed quite similar low-
frictional behaviour to natural synovial joint, but did
not attain the sufficient durability for clinical applica-~
tion. In contrast, Oka et al.?® had better wear resist-
ance in uni-directional pin-on-disc (alumina) test by
applying the PVA hydrogel prepared through other
synthetic process with lower water content, but wear
increased in reciprocating test including thin-film con-
ditions at stroke ends. In a subsequent study,* the
treatment such as cross-linking by y-radiation or
high-pressure injection moulding, the mechanical
properties were improved, but the combination of
PVA hydrogel with low-water content against itself
showed high friction. Therefore, this hydrogel was
applicable as a mating material in hemiarthroplasty
and artificial meniscus because of its low-friction
property against articular cartilage.

Murakami et al.>' showed in simulator test that
the knee prosthesis model with PVA hydrogel layer
prepared by repeated freeze-thawing method with
high-water content of 79 wt% and Young’s modulus
of 1.1 MPa exhibited superior lower friction in walk-
ing condition lubricated with hyaluronate (HA) solu-
tion containing serum protein than for the model with
polyurethane layer with elastic modulus of 40 MPa.
The minimum fluid-film thickness considering elastic
deformation effect for PVA hydrogel is estimated as
0.75 um during walking, while that for the polyureth-
ane layer exhibits thinner film than 0.2 pm. Maximum
coefficient of friction for PVA hydrogel during stance
phase was less than about 0.01, but that for polyur-
ethane became higher than 0.2. The superiority of
PVA hydrogel should be considered from the view-
points of surface and biphasic properties in addition
to difference in fluid-film thickness.

In reciprocating tests under thin-film condition,
even PVA hydrogel of high-water content showed sig-
nificant wear in HA solutions. In reciprocating tests for
PVA hydrogel against itself,* the addition of single pro-
tein in HA solutions increased wear of PVA with
increasing concentration. However, at appropriate con-
centration ratio and concentration of albumin and y-
globulin in lubricants, the wear was remarkably mini-
mized, where the layered adsorbed film was formed as
shown by fluorescent images of adsorbed films after
testing.’®> At high-wear condition, heterogeneous
adsorbed films were formed. Subsequently, the time-
dependent adsorbed film formation during reciproca-
tion was confirmed by in situ visualization.>* In the
observation by using total internal reflection fluores-
cence microscopy, it was shown that the bottom layer
composed of y-globulin plays an important role in sta-
bility of mixed protein adsorbed films under rubbing
condition. Furthermore, the coexistence of y-globulin
with HA enhanced the adsorption of HA on PVA and
glass surfaces. The formation of adsorbed films with
optimum structure is an important factor to establish
longer durability of hydrogel. The improvement in
strength of hydrogel is still required.

32,33

To enhance the strength of hydrogels, the chemical
crosslinking treatments have been applied. Various
semi-interpenetrating network (SIPN) hydrogel
materials were synthesized by polymerizing a mixture
of lightly crosslinked, vinyl monomers around a rein-
forcing polymer. Corkhill et al.’®> developed SIPN
hydrogels of N-vinylpyrrolidone (NVP) and methyl
methacrylate (MMA) as candidate materials with
similar strength to natural articular cartilage. The fric-
tion and wear properties were evaluated in simulator
and reciprocating tests*? for flat specimens of different
reinforcing polymers of polyurethane (pellethane) and
cellulose acetate (CA), i.e. NVP-MMA-—pellethane
(Young’s modulus: E=21MPa, water content:
40wt%) and NVP-MMA-CA (E=23MPa, water
content: 50 wt%). SIPN hydrogel showed higher fric-
tion and higher wear than those for freeze-thawing
PVA hydrogel with high-water content. These results
suggest the existence of optimum conditions of elastic
modulus and water content for low friction and min-
imum wear. Furthermore, the importance of surface
lubricity should be noticed.

Double network (DN) hydrogel composed of two
kinds of hydrophilic polymers is another candidate
material with higher strength but high-water content.
DN hydrogel consists of the combination of stiff and
brittle first network and soft and ductile second net-
work. The hydrogel materials have elastic modulus of
04 to 0.9MPa and exhibit the compressive fracture
strength as high as a few to several tens of MPa,
in spite of high-water content (90%). The application for
hemiarthroplasty is developed as possible application.

Although various kinds of hydrogel as cartilage
replacement have been developed, clinical application
has not yet been completed. To extend the longevity
of joint prostheses with artificial hydrogel cartilage,
the improvement of tribological properties of artificial
cartilage materials is required under various operating
conditions in daily activities.

In this study, the mechanisms with superior lubri-
city in both natural and artificial cartilage materials
containing high-water content are explored particu-
larly from the viewpoints of biphasic and boundary
lubrication. The tribological behaviours in two kinds
of PVA hydrogel materials prepared by repeated
freeze—thawing method and cast-drying method were
compared with natural cartilage.

Materials and methods
Materials

As stationary ellipsoidal specimens against a reciprocat-
ing flat glass plate (a slide glass) in reciprocating test, the
natural articular cartilage and two kinds of artificial
hydrogel cartilage specimens were prepared as follows:

Articular cartilage. The intact ellipsoidal articular cartil-
age specimens with subchondral layer were prepared
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from the femoral condyle of porcine knee joints (6 to
7 months old) (Figure 1(a)). Before testing, cartilage
specimen surfaces were washed with a saline solution
in order to remove any eventual residue of synovial
joint fluid.

Artificial cartilage. In this study, two kinds of PVA
hydrogel materials prepared by repeated freeze-
thawing method and cast-drying method were used
as described below.

1. PVA hydrogel by repeated freeze-thawing method
(Figure 1(b)). 3337
PVA (Kishida Chemical Co. Ltd., Japan) used in
this method has the polymerization degree of 2000
and an average degree of saponification of
98.4-99.8 mol%. PVA powder at 20 wt% was dis-
solved in pure water and heated at 120°C for
30 min in autoclave and cast in a mould in air to
control the specimen thickness and then gelled by
repeated freeze-thawing (for 10h at —20°C to for
20 h at 4°C) method. Number of freezing-thawing
cycles was five times as optimum condition to
establish maximum tensile strength and stiffness.’’
The elastic modulus of PVA hydrogel is 1.2 MPa,
and equivalent water content is 79%.

2. PVA hydrogel by cast-drying method (Figure
1(c)).38%
PVA (Kuraray Co. Ltd., Japan) used in this method
has the polymerization degree of 1700 and average
degree of saponification of 98-99 mol%. An aqueous
PVA solution was obtained by dissolving 15.0 wt%
of the PVA powder into deionized and distilled water
at 90°C for more than 2h. The PVA solution was
poured into a plastic dish of polyethylene and left
in air at room temperature (ca. 25°C). The solution
became very viscous within several days and solidi-
fied within a week or more. The sample was usually
prepared by the process of repeated water exchange
with drying.

Reciprocating tests of articular cartilage and
artificial cartilage

The reciprocating tests of stationary articular cartil-
age and artificial hydrogel cartilage specimens were
conducted against reciprocating flat glass plate.

1. Articular cartilage specimens composed of ellips-
oidal condyle with subchondral bone.

2. Artificial cartilage specimens composed of a 2-mm
thick soft layer of PVA hydrogel adhered on
acrylic ellipsoid (40 mm x 25 mm, in diameter).

In the reciprocating apparatus,'™'® the sliding
speed and stroke length were 20mm/s and 35mm,
respectively. Applied load was 2.94N or 9.8N.
Sliding distance for continuous test was 36m or
140 m. In repeated test in interval of 36 m, the reci-
procating sliding was started immediately after load-
ing and interrupted after 514 cycles at sliding distance
of 36 m, and then the unloading state was maintained
for Smin. Subsequently, the reciprocating test was
restarted immediately after reloading and continued
for a further sliding distance of 36 m. The restarting
processes were repeated three times. The lubricants
are saline or saline solutions containing L-o-dipalmi-
toyl phosphatidyl-choline (DPPC) as liposomes,
serum protein (albumin and y-globulin) and/or HA
(molecular weight: 9.2 x 10°).'¢

Biphasic FE analyses for articular cartilage and
artificial cartilage

By applying the method of biphasic FE analysis for
articular cartilage in reciprocating rubbing by Sakai
et al.,'” two-dimensional FE analysis for cylindrical
articular cartilage or PVA hydrogel cartilage was con-
ducted under continuous loading by impermeable
rigid plate in reciprocating motion as shown in
Figure 2.'* The thickness of soft layer is 1.5mm and

(a) Articular
cartilage

(b) Freeze-thawing
PVA hydrogel

(c) Cast-drying
PVA hydrogel

Figure I. Articular cartilage (indicated by the arrow in (a)) and two kinds of PVA hydrogels as artificial cartilage. PVA: poly(vinyl

alcohol).
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its outer radius is Smm. A commercial package
ABAQUS (6.8-4) was used in this study. The biphasic
tissue was modelled by CPE4RP (four-node bilinear
displacement and pore pressure, reduced integration
with hour glass control) elements, and a mesh was
chosen as 0.1-mm thick with 0.1 mm on surface. The
bottom of the model was fixed and impermeable. The
other surfaces were not fixed and basically permeable
except for the contact region. The load of 0.5 N/mm
(for articular cartilage) or 0.2 N/mm (for PVA) was
applied at the centre of the cylindrical cartilage or
PVA hydrogel surface with a ramp time of 1s, and
then the load was held constant for further 508 s (for
cartilage) or 292s (for PVA) during reciprocation
motion. For stroke of 8 mm at period of 4s, the slid-
ing speed is 4 mm/s, where the hydrodynamic action
diminishes. The changes in interstitial fluid pressure
and stress in solid phase during reciprocating motion
were examined by similar method to that in the pre-
vious paper for reciprocating rigid cylindrical indenter
on flat cartilage plate.'” The friction coefficient for
solid-to-solid contact ps.;q between the geometrical
rigid plate and the solid phase was set to 0.01 or 0.2.

Articular cartilage model. The biphasic FE analysis for
articular cartilage was conducted by using inhomo-
geneous depth-dependent apparent Young’s modulus
of solid phase,'® strain-dependent permeability (com-
paction effect)'®* and collagen reinforcement in ten-
“sile strain.'® Material properties were specified
by curve fitting comparing FE calculation with
experimental time-dependent reaction force of the
cylindrical indenter. The variables derived from the
curve fitting on FE calculation were described in
the previous paper.'

The horizontal and vertical fibrils were represented
by spring element SPRINGA (axial spring between
two nodes, whose line of action is the line joining
the two nodes) of the software, in which the spring
elements were configured to generate reaction force

0.5 N/mm or
0.2 Nlmm
Geometrical
rigid plate
(impevqeabie) <

=5mm

15 mm W "
BC: impermeable fully constraint

Figure 2. Two-dimensional model for biphasic FE analyses.
FE: finite element.

only in the tensile direction. The stiffness K of the
spring elements was simplified to the uniform value
over the tissue and both in horizontal and vertical
direction.

Artificial hydrogel cartilage model. The material properties
of PVA hydrogels were estimated from the stress-
relaxation tests of cuboid (10 mm x 6 mm x 4 mm)
under uni-axial.compression at definite deformation
after average stress of 0.1 MPa had been attained as
indicated by Yamaguchi et al.*' The compressive
stress during stress relaxation f{¢) is shown as given
below.

3G82()

= 1+ G/3K(1 — exp(“t/trel)) (1)

o

where G is the shear modulus of rigidity, K the bulk
modulus of elasticity, ¢,o the compressive strain and
trel the relaxation time. G, K and 7, are estimated by
fitting with this formula to stress-relaxation curve.
The permeability k is estimated from the following
formula

W2

k =
CK trel

2

where W is the shorter width of specimen and C the
constant.

C=3/16 for K<« G (3)
C=1/n* forK>G 4)
Results

Experimental results on frictional behaviours for
articular cartilage on reciprocating glass plate

As mentioned in the previous papers'*™'® on biphasic

lubrication for articular cartilage in reciprocating
tests, low friction is sustained for reciprocation with
migrating contact area on cartilage surface such as the
reciprocation of rigid indenter on articular cartilage
plate. On the other hand, the friction was low at start
but gradually increased to higher level for articular
cartilage under continuous loading on the reciprocat-
ing rigid plate. This time-dependent frictional behav-
iour is observed for friction of intact articular
cartilage on the reciprocating glass plate in saline as
shown in Figure 3. However, the level of final friction
at 36-m sliding changes depending on the lubricant
constituents.'® If a simulated synovial fluid such as
0.5wt% HA solution containing 0.01 wt% DPPC,
1.4wt% albumin and 0.7wt% y-globulin was sup-
plied as lubricant, very low friction was maintained
until 36-m sliding (Figure 3), for which minimum
wear of cartilage was observed. This lubricant con-
tains main important constituents in natural
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synovial fluid. Thus, this result exhibits the superior
lubricity in articular cartilage combined with synovial
fluid as boundary lubricant. In this paper, the rela-
tionship between biphasic lubrication and boundary
lubrication was examined on the basis of biphasic FE
analysis in the following section.

Biphasic FE analysis on frictional behaviours for
articular cartilage on reciprocating glass plate

The time-dependent changes in interstitial fluid pres-
sure and von Mises stress of solid phase in simulated
reciprocating tests for articular cartilage with
Msolia = 0.2 were explained based on biphasic FE ana-
lysis in the previous paper.'* In this paper, therefore,
time-dependent behaviour of articular cartilage for
Usolia =0.01 was examined as shown in Figure 4.
It is worth noting that at start immediately after

+ Saline
0.25 — - 0.15
* HAQ.5Wt%+DPPC0.01wt% 5 ‘
S +albumin1.4wt%+y-globulin0.7wt% 85 b
g 020 ° Fluid load support: 27.0%
< 045 7 M = 0.10 - 44sota - Coefficient of friction for |
= e e} solid-to-solid contact
8 010 b Articular [
g T en-n -g 0.05H-- Fluid load support: --------<---cx---
S 0.05 [y 2 90.5% 1.69%
o N e Ligquid S S T TS S e e M |,
| b Q Q0 4% fsona = 0,01 B._f
0 R s oA e A Vs e o e 2 S I O O Y i " L P
¢ 5 10 15 20 25 30 35 4 0 100 200 300 400 500
Sliding distance m Time s

loading, the interstitial fluid pressure is significantly
high and von Mises stress is low, particularly the
stress on the surface is extremely low. With further
rubbing, the fluid pressure significantly subsides
accompanied with further deformation at 508s run
under continuous loading. However, the stress level
for psoiig =0.01 (corresponding to simulated synovial
fluid) is not so much high compared with the stress for
tsonia = 0.2 (corresponding to saline).'* The black area
for fluid pressure at 508 s in Figure 4(a) corresponds
to negative pressure, which facilitates the flowing in
but may not contribute to the fluid load support.
Time-dependent frictional behaviours are esti-
mated from biphasic FE analysis for two conditions
for pgoig as 0.01 and 0.2, as shown in Figure 5, in
which the changes in partitioning of fluid load sup-
port are shown at start and at 507s. For g9 =0.2,
the fluid load support is changed from 90.5% to 27%.

Figure 3. Influence of lubricants on changes in friction of
intact articular cartilage against glass plate in reciprocating tests
at 9.8N.

Figure 5. Influence of coefficient of friction for solid-to-solid
contact on changes in friction of articular cartilage against glass
plate (biphasic FE analysis). FE: finite element.

(a) Interstitial fluid pressure
(Black area : negative pressure)

Hsoiia = 0,01
at start

Fluid pressure, von

Mises stress MPa
e +3,000e-01
+2.750e-01
o +2,500e-01

+1.500e-01
« 41,250e-01
4+1.000a-01
+7.500&-02
+5.000e-02
+2.500e-02
+0,000e+00

at 508s
(127cycles)

(b) von Mises stress of solid phase

Figure 4. Changes in interstitial fluid pressure and von Mises stress in articular cartilage in reciprocating motion at low-friction
condition (biphasic FE analysis). FE: finite element.
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For pgog=0.01, it is changed from 90.5% to 1.69%,
but the coefficient of friction is sustained as about
0.01. This low friction for peuq=0.01 indicates the
importance of surface lubricity for low friction with
boundary lubrication under continuous load, which
corresponds to result for a simulated synovial fluid
in Figure 3.

Experimental results on frictional behaviours for
artificial cartilage on reciprocating glass plate

In reciprocating tests until 140-m sliding for articular
cartilage and PVA hydrogel specimens against flat
glass plate at continuous loading of 2.94 N, these spe-
cimens different in structures and properties revealed
similar or different frictional behaviours in lubrication
with saline as shown in Figure 6. The articular car-
tilage and freeze-thawing PVA hydrogel exhibited
low-initial friction and gradual increase, where
freeze-thawing PVA showed higher friction than
that for cartilage. In contrast, cast-drying PVA exhib-
ited very low friction with a slower increase. These
differences are considered to be related to the differ-
ence in biphasic lubrication as mentioned later.
Next, to improve frictional behaviours in freeze-
thawing PVA, the effect of lubricant constituents
was examined. As shown in Figure 7, first, the influ-
ence of addition of single constituents in lubricant was
evaluated in repeated reciprocating tests including
Smin unloading of 9.8N after 36-m sliding and
restart, where the effect of recovering of hydration,
adsorbed film formation and deformation can be
compared.' It is confirmed that the addition of pro-
tein affects friction adversely but the addition of HA
and DPPC contributes to remarkable reduction in
friction. Figure 8 shows the effect of HA solutions
containing DPPC with and without proteins on fric-
tion. The combination of HA and DPPC with and
without proteins can maintain low-friction level as
clearly shown in Figure 9. Subsequently, the wear-

0.30 at2.94 N
P Artificial cartilage (Freeze-thawing gel)
2 025 , 28 g onts
= (.20 ﬁg L4 X
ks ‘f: ol % &
§ 0.15 143 Articular cartilage
e -3
g 010 ‘
@ Artificiat cartilage (Cast-drying_gel}
8 0.05}¢

0 20 40 60 80 100 120 140
Sliding distance m

Figure 6. Changes in friction of intact articular and artificial
cartilage specimens against glass plate in saline.

resistance properties were examined. It is noticed
that 0.5wt% HA solution containing 0.01 wt%
DPPC, 1.4wt% albumin and 0.7wt% v-globulin
showed minimum wear (Figure 9) similarly to articu-
lar cartilage. Thus, the reduction in both friction and
wear for freeze-thawing PVA hydrogel is possible with
the aid of synovia in human joint environment.
However, changes in synovia constituent can happen
in the diseased human body, and in such case, other
lubrication mechanism becomes important as a robust
system. Therefore, the role of biphasic lubrication is
discussed in the next section.

Biphasic analysis on frictional behaviours for
artificial cartilage on reciprocating glass plate

The mechanical properties of two PVA hydrogel spe-
cimens were estimated by the stress-relaxation test
mentioned above as shown in Table 1.*' It is note-
worthy that the cast-drying hydrogel has lower per-
meability as two-order than freeze-thawing hydrogel.

& HAC.5wt%
o pepPco.Otwist |9 Unloading
¢ albumin0.7wt% for Smin
& y-globulinQ.7wt% @

+ Saline g

0.25 |-
0.20
0.15 [#F—
0.10

at9.8 N

0.30 --v-globulin

-t~ Albumin

Coefficient of friction
=
&

Q BAT Vi
0 20 40 60 80 100 120 140
Sliding distance m

Figure 7. Influence of each synovia constituent on changes in
friction of freeze-thawing PVA hydrogel against glass plate. PVA:
poly(vinyl alcohol).

©HAQ 5ut%+ DPPCO.0 W%
¢ HAQ, Swi%+DPPCO.0 1w +albumind. 7wi%
4 HAQ5wi%+DPPCO.0TwI%+y-globuling. 7wt
0.25 rlx HAD 5wi%+DPPCO.01WW+albumint 4wt%  [1at 9.8 N
+y-globulind.7wt%
0.20 H* Saline a
T T i — @Unioacfmg
T L for Smin

0.15 e o
A Fsaline
0.10 1 - = :
¢ i ¥ +
+ 4

Coefficient of friction

0.0 *+

[} o g o ipis STHERE ;t_
0 20 40 80 80 100 120 140
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Figure 8. Influence of combination of synovia constituents on
changes in friction of freeze-thawing PVA hydrogel against glass
plate. PVA: poly(vinyl alcohol).
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Figure 9. Influence of lubricants on average coefficient of friction after each 36 m sliding and worn surfaces of freeze-thawing PVA

hydrogel in reciprocating tests at 9.8 N. PVA: poly(vinyl alcohol).

Table 1. Properties of PVA hydrogels.

Permeability Young's Poisson’s
Preparation method for PVA hydrogel (m*/Ns) modulus (kPa) ratio
Freeze-thawing 20x 107" 110 0
Cast-drying 24x 107" 190 041

PVA: poly(vinyl alcohol).

The permeability of cast-drying hydrogel has similar
level to that of natural articular cartilage.

The interstitial fluid pressure after 292s for two
kinds of solid-to-solid friction conditions as 0.01
and 0.2 in reciprocating test is shown in Figure 10.
The cast-drying PVA hydrogel maintains significant
pressure even after 292 s, but in freeze-thawing PVA,
the fluid pressure was remarkably reduced. For both
PVA hydrogels, high friction of solid-to-solid sus-
tained the fluid pressure levels to higher with larger
deformation than those for low isjq. Therefore, cau-
tion is demanded because contrary to expectation, the
lower surface friction accelerates an increase in solid-
to-solid contact. The changes in load supports by fluid
and solid phases are exhibited in Figure 11.

The estimated frictional behaviours for PVA
hydrogels in reciprocating tests are shown in
Figure 12. It is noticed that low-friction property of
surfaces (solid-to-solid) maintains the sliding friction
under significantly low level. Even for high jtsoig, cast-
drying PVA can bring the gradual decreasing in

friction, probably due to rising of fluid load support
from 74% to 80% in biphasic analysis (Figure 11).

Discussion

In this paper, as one example of superior lubricity of
articular cartilage, it was described that the addition
of lubricant containing important lubricating con-
stituents in synovial fluid can reduce friction
(Figure 3) and minimize wear'® for cartilage even
under severe rubbing condition at continuous loading.
Under this reciprocating condition, the role of fluid
load support diminishes with rubbing (Figures 4 and
5), which means the loss of biphasic lubrication mech-
anism as indicated above. In natural synovial joints, it
is expected that the other lubrication mechanism will
alternate as an active one after weakening of biphasic
lubrication effect, as suggested by the adaptive multi-
mode lubrication mechanism.*'*'* The boundary
lubrication based on appropriate adsorbed film
formation on cartilage surface appears to become
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Figure 10. Interstitial fluid pressure in PVA hydrogels at 292's in reciprocating tests (biphasic FE analysis). FE: finite element; PVA:

poly(vinyl alcohol).
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Figure I1. Changes in load support in PVA hydrogels
(biphasic FE analysis). FE: finite element; PVA: poly(vinyl
alcohol).

effective by supplying of important lubricating con-
stituents of appropriate concentration and ratio
(0.5wt% HA, 0.01wt% DPPC, 1.4wt% albumin
and 0.7 wt% y-globulin) into lubricant, which corres-
ponds to low value of pseq. In this paper, the possi-
bility in which similar mechanism is expected to be
applicable for artificial hydrogel cartilage is discussed
as below.

As artificial hydrogel cartilage containing high-
water content, two kinds of hydrogel showed quite
different time-dependent frictional behaviours in reci-
procating tests in saline (Figure 6). In the measure-
ment of time-dependent changes of contact area in
static loading test,*? freeze-thawing PVA hydrogel
showed initial abrupt deformation and subsequent

Coefficient of friction

0.05f =
Freeze-thawing,
.- ““p“.sa&z-‘-‘o;u';"f‘\: ...................
0 o ‘
0 100 200 300
Time s

Figure 12. Changes in friction of PVA hydrogels (biphasic FE
analyses). FE: finite element; PVA: poly(vinyl alcohol).

steady state. Cast-drying PVA showed similarly initial
abrupt deformation and maintained steady state but
its compressive deformation was lower than freeze-
thawing PVA. In contrast, natural articular cartilage
showed gradual increase in deformation, as suggested
by usual biphasic model. These phenomena are likely
to depend on the permeability and elastic modulus of
hydrogel. Detailed analysis for difference in deform-
ation behaviours between PVA hydrogels and articu-
lar cartilage should be examined in further study.
The high friction and constant compressive deform-
ation of freeze-thawing PVA hydrogel is considered
to be due to biphasic properties with high perme-
ability (Table 1). The interstitial fluid pressure in

Downloaded from pij.sagepub.com at University of Tokyo on May 24, 2015



10

Proc IMechE Part J: | Engineering Tribology 0(0)

freeze-thawing PVA remarkably diminished after 292s
running as shown in Figure 10, and therefore the fluid
load support became small (Figure 11). The friction in
saline is expected to increase gradually as indicated by
the curve for pigoq = 0.2 (Figure 12). Even in case of low
fluid load support, it was demonstrated in experiment
that another lubrication mechanism as boundary lubri-
cation with important synovia constituents enables to
reduce [riction remarkably (Figures 7 to 9) and minim-
ize wear (Figure 9). The comparison of experimental
results (Figures 6 to 8) with biphasic FE analysis
(Figure 12) clearly demonstrates the acceptable corres-
pondence of both cases for high or low friction by con-
sidering appropriate selection of 0.2 or 0.01 as pgeig-
Therefore, it is indicated that the usage of freeze-thaw-
ing PVA lubricated with a simulated synovial fluid is a
possible solution for clinical application.

Next, the friction behaviours of the cast-drying
PVA hydrogel should be considered. As shown in
Figure 6, the low friction of cast-drying PVA hydrogel
during sliding duration in saline for a long time is very
attractive. This property appears to be derived from
low permeability (Table 1) of biphasic material. As
shown in Figure 10, the interstitial fluid pressure sus-
tained even after 292s running for cast-drying PVA.
Its fluid load support increased after 292 s running for
tsotia =0.2 (Figure 11). Therefore, friction can be
reduced after 292 s running for fiso14 = 0.2 in biphasic
analysis (Figure 12). However, the frictional behav-
iour in experiment (Figure 6) is different from the
estimated curves for pgenq=0.2 or 0.01. The appro-
priate selection for pigonq=0.05 or so may bring
favourable correspondence.

Thus, it is worthy of remark that the permeability
regulated by the material properties and structures of
hydrogel will mainly control the biphasic fluid flow
behaviour. The material properties and structures in
both PVA hydrogels appear to depend on the struc-
ture controlled by hydrogen bond. The model for
microstructure in PVA hydrogel was proposed by
Otsuka and Suzuki®® as shown in Figure 13.

The formation of hydrogen bonds and microcrys-
tallites was identified using X-ray diffraction (XRD)
technique, Fourier transform infrared (FTIR) spec-
troscopy and measurements of the swelling ratio
under repeated water exchanges.** In Figure 13, d,
D and L are deduced from the diffraction peaks at
XRD spectra. Small-angle scattering indicates that
the distance between microcrystallites L in freeze-
thawing PVA hydrogel is shorter than in cast-drying
PVA hydrogel. As shown in Figure 1, the transpar-
ency of cast-drying hydrogel indicates its uniform net-
work structure, and the milky white appearance of
freezing-thawing hydrogel suggests the heterogeneous
network structure. In Figure 14, the schematic models
based on personal communication from E Otsuka and
A Suzuki* for these hydrogels are shown accompa-
nied with atomic force microscopy (AFM) surface
images of their swollen states in water. The network

Microcrystallites

d : Distance between PVA main-chains in microcrystal
D : Size of microcrystal
L : Distance between microcrystallites

Figure 13. Network structure of PVA hydrogels crosslinked
by microcrystallites.®®

PVA: poly{vinyl alcohol).

Source: reproduced with permission of John Wiley & Sons, Inc.

is generally composed of microcrystallites and
amorphous zones. It is suggested that the fluid flows
out rapidly from freeze-thawing PVA hydrogel, which
is composed of microcrystallites and considerable
amorphous zones, as indicated by high permeability
(Table 1), and porous texture in AFM image (Figure
14). On the contrary, in cast-drying PVA hydrogel
with low permeability, the fluid retained inside of gel
with slow flows out, and thus the interstitial fluid pres-
sure maintains for longer time under reciprocating
tests.

Friction for biphasic materials under lubricated
conditions is estimated from a combination of the
friction for solid-to-solid contact and the negligibly
low friction for fluid load support, as indicated in
formula for friction by Ateshian et al.,**** where
high partitioning of load support by fluid phase con-
tributes to lowering in friction. Changes in load sup-
port in compliant hydrogels estimated on the basis of
biphasic FE analysis for reciprocating test under con-
tinuous loading are shown in Figure 11, which depend
on not only permeability but also friction level for
solid-to-solid contact. In saline where the friction
for solid-to-solid contact is high, the higher load sup-
port by interstitial fluid pressure maintained with low
permeability for cast-drying gel gives lower friction,
while the limited load support by low-fluid pressure
attributable to faster fluid exudation caused by higher
permeability for repeated freeze-thawing gel gives
high friction, as shown in Figure 12. The lower fric-
tion for cast-drying gel in saline (Figure 6) appears to
be brought about by superior surface lubricity as
Hsolia=0.05 or so as mentioned above. The smooth
surface of cast-drying PVA may contribute to the
reduction of friction in saline by suppressing inter-
action between rubbing surfaces. The rough and
porous surface of freeze-thawing PVA may enhance
interaction between rubbing surfaces in saline and
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Figure 14. AFM images in water and schematic models** for two kinds of hydrogel structures. AFM: atomic force microscopy.

increase friction, but improve the adsorbed film for-
mation under lubricated condition with a simulated
synovial fluid and reduce friction (Figures 8, 9 and
12). Elucidation of the exact lubrication mechanism
for hydrogel should be continued in further studies.

Other improving methods for properties of PVA
hydrogel are to additionally control the nanoscopic
structure, to reinforce the structure with fibrous elem-
ent or other method and thus to enhance biphasic
properties for efficient lubrication and load-carrying
property. The freeze-thawing and cast-drying PVA
hydrogels based on hydrogen-bonding network as
physical bonding prepared without any additives or
irradiative stimulus have superiority in safety in
human body. The possibility of restoration with
hydrogen bonding in case of local fracture is a favour-
able property.

The main purpose of this study was to examine
friction differences between two kinds of hydrogels,
but wear differences become more important in clin-
ical application. In authors’ related research on reci-
procating tests with an alumina ball against flat PVA
hydrogel plates in pure water (Suzuki et al.*®), cast-
drying gel with low permeability showed lower wear
and lower friction than freeze-thawing gel with high
permeability. The superiority of cast-drying gel
appears to be caused by its better biphasic property
in water. However, in this study, freeze-thawing gel
exhibited minimum wear in simulated synovia lubri-
cant as HA solution containing appropriate concen-
tration of albumin, vy-globulin and DPPC in

reciprocating tests under continuous loading. This
indicates the effectiveness of surface protection by
adsorbed film formed on freeze-thawing gel surface.
The wear behaviour of cast-drying gel in various
lubricants should be examined in future studies.

For the clinical application of PVA hydrogel, dur-
ability, synergistic interaction with lubricants, ease of
production, formability, appropriate fixation methods
and other properties are required. In particular, the
establishment of appropriate design in consideration
of a multimode lubrication mechanism is required not
only for low friction but also for zero-wear and high-
fatigue resistance in the human body. To evaluate
predictively the in vivo behaviours of two kinds of
hydrogels, the various tests such as reciprocating
tests and simulator tests should be conducted under
biomechanically simulated environmental conditions.
The desirable in vivo performance of PVA hydrogel
implanted in rabbit knee joint in ongoing tests with
biomedical research group suggests the feasibility of
clinical application. In the next step, the authors plan
to apply a hybrid hydrogel (Suzuki et al.*®) composed
of cast-drying PVA on freeze-thawing PVA as
another candidate material for the artificial cartilage
with superior lubricity.

Conclusion

To explore the superior lubricity of articular cartilage
and artificial hydrogel cartilage, time-dependent fric-
tional behaviours in natural articular cartilage and
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two kinds of PVA hydrogels prepared by repeated
freeze-thawing method and cast-drying method were
examined in reciprocating tests and biphasic FE
analyses.

Articular cartilage showed initial low friction and
gradual increase in saline lubrication where biphasic
fluid load support mechanism subsides with rubbing
as indicated by biphasic FE analysis. However, the
addition of a simulated synovial fluid enabled the
superior lubrication by appropriate adsorbed film for-
mation in boundary lubrication mode.

In artificial cartilage materials in saline, cast-drying
PVA with low permeability clearly showed signifi-
cantly lower friction than freeze-thawing PVA with
high permeability. For freeze-thawing PVA hydrogel
in which biphasic lubrication mechanism diminished
with rubbing, the supply of appropriate synovia con-
stituents improved friction and wear properties in
boundary lubrication mode.

It was shown that the synergistic combination of
biphasic lubrication and boundary lubrication
becomes effective to sustain superior lubricity in
articular cartilage and PVA hydrogels even at slow
movement under continuous loading.
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