Polymers for Artificial Joints 875

25.3 FIXATION MATERIALS FOR JOINT REPLACEMENTS

25.3.1  Pory(MeTHYL METHACRYLATE) BONE CEMENT

Bone cements based on poly(methyl methacrylate) (PMMA) are important polymer materials in
Joint replacement surgery: PMMA bone cements are primarily used for the fixation of joint replace-
ment. In the fixation of joint replacement, the self-curing bone cement fills the free space between
the joint replacement and bone and constitutes a very important interface.

The PMMA bone cements are two-component systems, comprising a polymer powder and a
liquid methyl methacrylate (MMA) monomer. The polymer powder component is composed of
PMMA and/or methacrylate copolymer. The polymer powder contains benzoyl peroxide (BPO),
which acts as an initiator for radical polymerization. The polymer powder also contains an X-ray
contrast agent. In the liquid monomer, MMA is the main constituent; however, at times, other meth-
acrylates—such as butyl methacrylate—are used. In order for the MMA to be used in bone cements,
it must be polymerizable, i.e., it must contain a carbon double bond that can be broken. Furthermore,
the liquid monomer contains an aromatic amine, such as N, N-dimethyl-p-toluidine (DMT), as an
activator of radical formation. Additionally, it contains an inhibitor (e.g., hydroquinone) to avoid
premature polymerization in storage aging.

PMMA bone cements are polymeric materials produced by the radical polymerization of MMA
(Figure 25.24). The polymerization process starts when the polymer powder and liquid monomer
are mixed, resulting in a reaction between the BPO initiator and DMT activator, forming radicals.
Consequently, the DMT causes a breakdown of the BPO in the reaction process by electron
transfer, resulting in the formation of benzoyl radicals. The C=C of the MMA monomer has a pair
of electrons that is attacked by the free radical to form a new chemical bond between the initiator
fragment and one of the C=C bond of the monomer molecule. The other electron of the C=C bond
stays on the C atom that is not bonded to the initiator fragment, creating a new free radical. This
unpaired electron is capable of attacking the C=C bond of a new monomer unit. This process, with
the breakdown of the initiator molecule to form radicals, is called the “initiation reaction” of the
radicals’ polymerization. The new radical reacts with another MMA molecule in the same way as
the initiator fragment reaction. Another radical is always formed when this reaction takes place,
over and over again. This process of the growing polymer chain is called a “propagation reaction.”
As the polymerization continues, the rate of termination (termination reaction) is decreased,
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FIGURE 25.24  Schematic illustration of formation of radical polymerization chains in PMMA bone cement.
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because the diffusion of chain growth and the combination of chain ends is reduced. The system
becomes depleted of free radicals by recombination of the two radical chains and the polymeriza-
tion ceases.

25.3.2 Bone Cement History

In 1936, Heraeus Kulzer GmbH & Co. KG (Wehrheim, Germany) found that dough material could
be produced by mixing PMMA powder and a liquid MMA monomer, which was cured when BPO
was added and the blend was heated to 100°C [102]. In 1958, Charnley et al. successfully fixed a
femoral stem prosthesis by using PMMA as bone cement [103]. Since the introduction of PMMA
bone cement by Charnley et al., many people have had their lives dramatically and remarkably
improved by this innovation. At the beginning of the 1970s, in an effort to alleviate periprosthetic
infection—the most feared complication after joint replacement—Buchholz et al. advocated the
addition of antibiotics to bone cement [104]. Their idea was to add antibiotics to the bone cement in
order to reduce the incidence of infection. The PMMA bone cement with a gentamicin powder was
demonstrated to be stable and offered suitable antibiotic activity.

25.3.3 ProsLems witH PMMA BonNe CEMENT

Since the introduction of PMMA bone cement in the orthopedic field, bone cement is considered
to have become one of the effective polymer materials for fixation in joint replacement. However,
aseptic loosening remains a serious issue on a multifactorial basis as follows. Aseptic loosening
is suggested to be a result of monomer-mediated bone damage; during end-polymerization, there
is volumetric shrinkage of the cement, potentially compromising the bone—cement interface.
Using a fluid displacement model, Charnley observed that the volume of cement increases to a
maximum during polymerization, before shrinking slightly, although not to its initial volume.
This may be a largely theoretical concern, but there is a conflict between the stiffness of cement
and the adjacent bone. The Young’s modulus is 0.5-1.0GPa for cancellous bone; 15-20GPa,
for cortical bone; 2 GPa, for bone cement; 1 GPa, for titanium alloy; and 220 GPa, for cobalt—
chromium~-molybdenum alloy. The bone cement may provide a shock-absorbing layer between
elastic bone and a stiff implant. The conflict between degrees of stiffness is therefore much
greater for cementless implants, and in some instances, the cement mantle and its interfaces may
be the weak link in the construct. The bone—cement interface is the key to the survival of a THR.
The combination of matte-surfaced collared femoral stems and poor cementing technique are
intrinsic to the failure of some implants. Polished collarless tapered stems generally give better
fixation, while cement particles were once considered a biological cause of aseptic loosening.
However, wear particles of polyethylene are now seen as primary initiators of the biological reac-
tions in aseptic osteolysis.

25.3.4 SoOLUTIONS FOR THE PrROBLEMS OF PMMA BonNE CEMENT

25.3.4.1 Antibiotic-Loaded Acrylic Cement

In 1969, Buchholz et al. incorporated gentamicin in PMMA bone cement for the treatment of
infection in prosthetic joints [104]. Initially, the antibiotic was added during the operation, and
subsequently during manufacture, making antibiotic-loaded PMMA bone cement widely available
as part of antimicrobial prophylaxis in primary arthroplasty. There is valid evidence to support
the prophylactic use of antibiotic-loaded PMMA bone cement, which remains a standard practice
in Europe, and is in transition in the United States. In 2003, the Food and Drug Administration
accepted the use of three commercial antibiotic-loaded PMMA bone cements in the second stage
of revision surgery for prosthetic joint infection. Their use in primary THA has not been autho-
rized. The use of antibiotic-loaded PMMA bone cement in joint replacement provides short- to
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medium-term protection against prosthetic infection. It aims to overlap with, and then replace, the
prophylaxis provided by perioperative intravenous antibiotics. To achieve this, the antibiotic must
be released from cement in adequately high concentrations that exceed the minimum inhibitory
concentration of potential colonizing bacteria. Gentamicin is the most common additive because
it has, among other features, a good spectrum of concentration-dependent bactericidal activity,
thermal stability, and high water solubility. In 1980, Wahlig et al. gave robust evidence of gen-
tamicin release from PMMA bone cement for up to 5.5 years in patients who had undergone
hip joint replacement [105]. Others have also confirmed the reliable release of gentamicin from
PMMA bone cement. However, concerns regarding antibiotics in cement still persist, including
concerns regarding the induction of antibiotic resistance. In 1989, Hope et al. found that 90% of
Staphylococcal strains isolated from infected hip joint replacements were resistant to gentamicin,
but if plain cement had been used at the initial operation, the resistance rate was only 16% [106].
Other studies have confirmed that antibiotic-leaded PMMA bone cement reduces infection in
total joint replacement at the price of increasing bacterial resistance. These problems have not
been demonstrated clinically, although they have been postulated. Despite the aim of achieving
early and total release, all in vitro studies show that only 5%—-8% of the added antibiotic is ever
freed. Clinical studies have shown a low concentration of the release of gentamicin in failing
hip joint replacements up to 25 years after the primary operation, a potent stimulus for antibi-
otic resistance. In summary, we need to design guidelines regarding the use of antibiotic-loaded
PMMA bone cement and advise its use only in cases where the patient has significant risk factors
for infection.

25.3.4.2 Bone Bioactive Organic-Inorganic Hybrid Bone Cement

Recently, Ishihara et al. reported that PMMA bone cement containing hydroxyapatite as a bone
bioactive-filler was developed using 4-methacryloyloxyethyl trimellitate anhydride (4-META) to
promote adhesion to both bone and hydroxyapatite [107]. The mechanical properties of this PMMA
cement with 4-META and hydroxyapatite did not decrease significantly with increasing hydroxy-
apatite filler content in the cement. In contrast, the mechanical properties decreased with increasing
hydroxyapatite filler content in the absence of 4-META. The fracture surface of the cement clearly
showed that there are no gaps between hydroxyapatite filler and PMMA matrix resin; this means
that the hydroxyapatite filler adhered to the PMMA matrix resin by addition of 4-META [108]. The
hydroxyapatite filler along the surface increased with increased hydroxyapatite filler content in the
cement. The PMMA cement with 4-META and hydroxyapatite adhered also to bone with a tensile
bond strength of higher than 10 MPa [109-111].

The sol-gel process is popular for the preparation of nanometer-scaled composites of organic—
inorganic components. It has been reported that organically modified silicates can be synthesized
through hydrolysis and polycondensation of tetraethoxysilane and poly(dimethylsiloxane). The
nanometer-scaled organic—inorganic composite has the potential to show the properties of both
organic and inorganic components. Based on the finding that a CaO-Si0, glass is effective in pro-
ducing bone bioactivity, Ohtsuki et al. applied organic modification with Si—~OH and Ca*> to PMMA
bone cement in order to induce the bone bioactivity in the bone cement (Figure 25.25) [112,113].
This bone bioactive PMMA cement has the potential to demonstrate bone-bonding properties in the
bone—cement interface (Figure 25.25d).

25.4 FUTURE PERSPECTIVES

Every year, the number and prevalence of primary and revision hip, knee, and other joint replace-
ments are increasing substantially worldwide. As a result, the quality of all artificial joints is becom-
ing increasingly important. Therefore, we can see that functional, durable, and natural joint-like
artificial joint replacements will be necessary for all artificial joints. We consider that the important
research goal for the future is the creation of the ultimate artificial joint interface that mimics the
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FIGURE 25.25 Schematic illustration of bone bioactive PMMA bone cement: (a) concept of bone bioactive
cement, (b) chemical structure, (c) apatite formation in simulated body soaking fluid by SEM observation, and
(d) pQCT image after 9 weeks implantation, Animal experiment.

natural joint cartilage. Additionally, a functional, durable, and natural surface not only would be of
great service to applications as medical devices such as artificial joints but also would be important
to biomaterial and bioengineering sciences. For example, it is well known that the composition
elements of the articular cartilage surface consist of the collagen network, hyaluronic acid, and
proteoglycan subunits. However, the functions of the articular cartilage surface have not been well
explained. We consider that a bioengineering surface with new polymeric biomaterial would help
in clarifying these phenomena; further, researches in biotribological science can elucidate the func-
tions of articular cartilage surface. We believe that the designs of polymeric biomaterials and bioen-
gineering surfaces will act as key technologies for further evolving biomaterial and bioengineering
sciences, and we hope that this issue will be addressed by future scientists in polymeric biomaterial
and bioengineering sciences.
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Importance of adaptive multimode
lubrication mechanism in natural and
artificial joints

Teruo Murakami'?

Abstract

The healthy natural synovial joints maintain excellent load-carrying capacity and lubricating properties with extremely
low friction and minimum wear even under heavily loaded conditions. The superior lubricating performance appears to
be actualized by not single lubrication mode but the synergistic combination of various modes depending on the severity
of operating conditions. This mechanism is called adaptive multimode lubrication and the application of this good working
lubrication mechanism to artificial joints with soft layer is expected to contribute to remarkable improvement in lon-
gevity of joint prostheses. However, some of detailed mechanisms in natural synovial joints have not yet been clarified. In
this article, the effectiveness of biphasic lubrication in natural synovial joints was examined by biphasic finite element
analysis under both the on—off loading (migrating contact) and the continuous loading (continuous contact) to cartilage.
Then, the method to suppress the gradual rising in friction for articular cartilage under the continuous loading is
discussed. Finally, the effectiveness of fibre reinforcement in hydrogel artificial cartilage was examined in walking simu-

lator test.
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Biotribology, natural synovial joints, articular cartilage, artificial joints, artificial cartilage, adaptive multimode lubrication
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Introduction

Application of joint replacements to patients with
osteoarthritis or rheumatoid arthritis brings the
recovery of walking ability and relief from severe
pain. However, in certain cases of artificial joints com-
posed of ultrahigh molecular weight polyethylene
(UHMWPE) and metal or ceramic components, the
revision operations are conducted due to the loosen-
ing of joint prostheses which is usually derived from
wear debris induced osteolysis‘l’2 Therefore, the
reduction of wear is strongly required for improve-
ment in the longevity of artificial joints. In contrast,
healthy natural synovial joints maintain very low fric-
tion and minimum wear for a long life, although some
performances may be reduced by cartilage deterior-
ation due to ageing. To establish low friction and
low wear in artificial joints, we should elucidate the
synergistic lubrication mechanism in natural synovial
joints and then apply the effective lubrication mech-
anisms to artificial joint systems. In this article, the
adaptive multimode lubrication mechanism® and
related phenomena in natural synovial joints are
first described. Then, the biphasic finite element
(FE) analyses for reciprocating sliding of articular
cartilage are conducted under both the on—off loading

and the continuous loading conditions. Next, the
effective method to inhibit an increase in friction for
sliding pair of articular cartilage and glass plate in
repeated reciprocating tests under continuous loading
condition is discussed. Subsequently, the improve-
ment of lubrication performance in joint prostheses
with compliant artificial cartilage is exhibited.

The first aim of this article is the elucidation of
adaptive multimode lubrication mechanism in natural
synovial joints, particularly from viewpoints of the
biphasic lubrication considering loading conditions
and the adsorbed film formation considering roles of
lubricant constituents. The second aim is the evalu-
ation of effectiveness in the application of superior
lubrication mechanism in articular cartilage to artifi-
cial hydrogel cartilage in simulator test.
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Adaptive multimode lubrication in natural synovial
joints

The healthy synovial joints maintain excellent load-
carrying capacity and lubricating properties with
extremely low friction and minimum wear even
under heavily loaded conditions in hip, knee and
ankle joints. This superior lubricating performance
appears to be actualized by not a single lubrication
mode but the synergistic combination of various
modes from the fluid film lubrication to boundary
lubrication corresponding to the severity of rubbing
conditions, as pointed out by Dowson.* He described
that the major lubrication mechanism would seem to
be some form of elastohydrodynamic action deter-
mined by sliding or squeeze film action between
porous surfaces with boundary lubrication providing
the surface protection in cases of severe loading and
little movement.

The author first focused on the influence of elastic
soft layer of articular cartilage on lubrication in nat-
ural joints. In the previous study using pendulum
tester, the frictional behaviours were investigated for
two-dimensional cylindrical hip joint models with and
without 3 mm soft layer prepared as radial clearance
of 0.1 mm for concave cup specimen with a radius of
25mm.°> To observe simultaneously the changes in
contact conditions and amplitude of swing, the photo-
elastic method was applied, where epoxy resin with
Young’s modulus of 3.0 GPa was used approximately
for elastic subchondral and cancellous bone model
and polyurethane with Young’s modulus of 10 MPa
as soft layer corresponding to articular cartilage.
The swing behaviours immediately after loading of
10 N/mm lubricated with paraffinic oil indicated that
the joint model without soft layer shows rapid damp-
ing, i.e. high friction. In contrast, the existence of soft
layer reduced the friction due to elastohydrodynamic
lubrication (EHL) mechanism with enlarged contact
zone. The average friction coefficients were estimated
as 0.03-0.04 for model with soft layer, and 0.12 for
model without soft layer for lubricant viscosity
of 0.056Pa s. Thus, the friction coefficient for low-
viscosity lubricants is not so low compared with mea-
sured values of 0.003 to 0.02 for natural synovial
joints. In natural joints, the viscosity of synovial
fluid is reduced to a very low value as twice or several
times of water viscosity as non-Newtonian property
under a high shear rate of 10°-10% s~ during walking.
This discrepancy indicates that simple soft-EHL mod-
elling including elastic soft layer has not sufficiently
elucidated the actual lubrication mechanism, although
elastic deformation enhances the EHL film thickness.

Dowson and Jin® evaluated the possibility of fluid
film formation during normal walking by considering
the elastic deformation of surface asperity in numer-
ical EHL analysis. In previous studies, minimum EHL
film thickness for smooth compliant surface was pre-
dicted to be less than 1um during walking, and

maximum height of the undeformed surface rough-
ness of articular cartilage was estimated to be
1-2 um or more, and thus, the difficulty in fluid film
lubrication was evaluated because of film parameter
less than 3 as the ratio of minimum film thickness to
composite roughness. In their analysis, however, the
flattening of surface asperity in conjunction zone
(load-carrying zone) was able to maintain a fluid
film thickness of about 0.6 um without interaction
between the rubbing surfaces during walking. This
lubricating mechanism was called micro-EHL, which
indicates the possibility of fluid film Iubrication
during normal walking.

On the contrary, at start up after standing for a
long time, some local direct contacts appear to
occur between the rubbing cartilage surfaces. Under
these thin film conditions, mixed lubrication and/or
boundary lubrication modes are likely to prevail,
and in addition, weeping lubrication’ and boosted
lubrication® may become effective. In boundary lubri-
cation regime, the adsorbed films composed of glyco-
proteins,’ proteins'® and/or phospholipids'" are likely
to play roles in friction reduction and protection of
surfaces. After removal of adsorbed films on cartilage
surfaces, it was pointed out that non-fibrillar proteo-
glycan gel-like surface layer maintains a low friction
due to its low shearing resistance and protects the
cartilage bulk tissue.'* Surface structure covered
with adsorbed films on underlying proteoglycan gel-
like layer'? has one kind of fail-safe system in synovial
joints. As mentioned above, the various lubrication
modes appear to synergistically play important roles
in the reduction of friction and wear, depending on
the severity of operating conditions. This superior
lubrication mechanism was called the adaptive multi-
mode lubrication mechanism by Murakami.>'*

In addition to the previously described lubrication
modes, the importance of biphasic lubrication'® and
hydration lubrication'® has been indicated. The
molecular lubrication mechanisms including polymer
brush!”'® has been explored.

On the viewpoint of biphasic lubrication, it
should be first recognized that articular cartilage has a
high water content from 70% to 80% in tissue com-
posed of type II collagen, proteoglycan and chondro-
cytes, and thus exhibits a time-dependent biphasic
behaviour due to the simultaneous coexistence of
solid and liquid phases.? It is also noted that lubri-
cation mode depends on the extent of exudation and
rehydration. The load support by interstitial fluid
pressure in biphasic cartilage controls the friction
and deformation. In this article, the difference in
effectiveness of load support by interstitial fluid
pressure under different loading conditions is exam-
ined by biphasic FE analysis previously reported by
Sakai et al.*?

Next, under operating condition where the effect-
iveness of biphasic lubrication will be reduced, the
roles of alternate lubrication mechanisms are
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discussed on the basis of reciprocating tests of
articular cartilage against glass plate. In intimate
local contact zone of hydrated cartilage surface, the
effectiveness of rehydration and adsorbed films
formed on proteoglycan gel layer at the uppermost
superficial zone in articular cartilage was examined
in repeated reciprocating tests, including the restart-
ing processes after interruption and unloading to
evaluate the influence of rehydration and roles of
adsorbed film.****

Lubrication mechanism in artificial joints

In most of joint prostheses composed of UHMWPE
and metal, some direct contacts occur between the
rubbing surfaces, which can produce wear debris in
mixed or boundary lubrication modes. Although sev-
eral new trials such as cross-linking of UHMWPE,?¢
addition of vitamin E,%’ surface treatment by
phospholipid  polymeric  brush-like layer to
UHMWPE?® and improvement of hard-on-hard bear-
ing?3® have extended the life of joint prostheses;
there are still unsolved problems on wear under
severe contact conditions in various daily activities.
Therefore, another promising method to establish
no wear and low friction is required. 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 tribological properties of natural synovial
joints. The fluid film formation is enhanced and the
contact stress level is reduced due to the elastic
deformation effect of low-modulus materials in joint
prostheses, as described in ‘Adaptive multimode lubri-
cation in natural synovial joints’. Unsworth et al.’!
showed in hip prosthesis composed of metallic fem-
oral head and acetabular cup lined with polyurethane
of appropriate compliance and thickness that the
fluid film lubrication can be achieved even with low-
viscosity lubricants in experimental simulator tests.
The polyurethane has sufficient mechanical strength,
but the possibility of high friction lubricated with
lubricant containing synovia constituents under thin
film conditions®* should be prevented. In contrast,
poly(vinyl alcohol) (PVA) hydrogel with high water
content is expected to reproduce similar multimode
lubrication to natural joints."*** At earlier stage
(1988), the hip prosthesis with artificial cartilage
layer of PVA hydrogel prepared by repeated freez-
ing-thawing method with 85-90 wt% water content
on the inner surface of the acetabular cup showed
quite a similar low frictional behaviour to natural syn-
ovial joint, but did not attain the sufficient durability
in the simulator test.>> Meanwhile, the PVA hydrogel
prepared through other synthetic process with lower
water content had a better wear resistance in unidir-
ectional pin-on-disc test and exhibited better shock-
absorbing ability than traditional UHMWPE.
However, wear increased in reciprocating test

including thin film condition at stroke ends.>* The
simplified knee prosthesis model with soft layer of
PVA hydrogel prepared by repeated freezing—thawing
method with high water content of 79wt% and
Young’s modulus of 1.1 MPa exhibited superior
lower friction in walking simulator test lubricated
with hyaluronate (HA) solution containing serum
proteins than the model with polyurethane layer as
described above.*? However, an increase in protein
concentration in the HA solution increased wear of
PVA in reciprocating test of PVA hydrogel against
itself under severe conditions.*> Even in this recipro-
cating test, at certain combination of albumin and
v-globulin in lubricants, it was found that the wear
was remarkably reduced, where the layered adsorbed
film formation was confirmed.*> The fluorescent
images of adsorbed films after testing indicated the
optimum adsorbed film formation as layered structure
at minimum wear and low friction conditions.
Furthermore, the corresponding adsorbed film forma-
tion during reciprocation was confirmed by in situ
visualization.*®® But, further improvement of tribo-
logical performance of hydrogel artificial cartilage is
required for various physiological conditions. The
possibility of further improvement by fibre reinforce-
ment in tribological property of PVA hydrogel in
artificial joints is examined in this article.

For clinical application, the in vivo study for post-
operative 2 years on biocompatibility and stability of
meniscal function including mechanical properties of
PVA hydrogel artificial meniscus of high water con-
tent in rabbit joint®® suggests a satisfactory possibility
of PVA hydrogel meniscal replacement treatment.
The authors confirmed the good wear resistance of
PVA hydrogel cartilage implanted in femoral chon-
dyle as hemi-arthroplasty in rabbit knee joint as a
preliminary evaluation.*’

Materials and methods

Biphasic FE analysis for articular cartilage during
reciprocating motions

In biphasic lubrication, the keeping of high ratio of
load support by interstitial fluid pressurization due to
very low permeability of cartilage tissue is capable to
reduce friction. In the biphasic FE analysis, the
changes in interstitial fluid pressure and stress in
solid phase in the two models in reciprocating
motion were examined. Detailed analysis method is
described in the previous paper by Sakai et al.?
and the important fundamental method and different
terms are described in this article. The biphasic FE
analysis was carried out using inhomogeneous
depth-dependent apparent Young’s modulus of solid
phase,*"*? strain-dependent permeability (compaction
effect)*®** and collagen reinforcement in tensile
strain.** In this study, the differences in biphasic
behaviours were examined under different loading
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Figure |. Biphasic FE models for reciprocating sliding under two kinds of loading conditions.

conditions for two models, as shown in Figure 1, in
the reciprocating tests at sliding speed 4 mm/s and
stroke 8mm at a constant load of 0.5N/mm. For
model (a) under on—off loading to articular cartilage,
the reciprocating sliding of cylindrical impermeable
rigid specimen was simulated on the biphasic cartilage
flat plate specimen of 1.5 mm thickness where the con-
tact region migrates on the cartilage surface, similar to
that described in the previous paper.*® In contrast, for
model (b) under continuous loading to articular car-
tilage, the reciprocating sliding of impermeable rigid
plate specimen was simulated on the biphasic cartilage
cylindrical specimen of 1.5mm thickness where the
continuous contact is maintained on the top area of
the articular cartilage.

Two-dimensional biphasic FE analysis was con-
ducted using commercial package ABAQUS (6.8-4),
which was evaluated as an appropriate software for
the biphasic analysis.*> The biphasic tissue was mod-
elled by CPE4RP (four-node bilinear displacement
and pore pressure, reduced integration with hourglass
control) elements and the mesh size was chosen as
0.1 mm?>. The horizontal and vertical fibrils were rep-
resented 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 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 ver-
tical directions.

The bottom surfaces of the cartilage models were
fixed and impermeable, where no flow was allowed
through them. Material properties were specified
by curve fitting comparing FE calculation with
experimental time-dependent reaction force of the
cylindrical indenter. The other surfaces were not
fixed and basically permeable except for the con-
tact region. The friction coefficient for solid-to-
solid contact peq between the geometrical rigid inden-
ter and the solid phase'® was set to 0.2. In this
study, the management of the surface seepage
for exuding water content was implemented by
user subroutine of ABAQUS using FLOW function
(user subroutine to define non-uniform seepage coef-
ficient and associated sink pore pressure for consoli-
dation analysis).

The variables for the curve fitting on FE calcula-
tion were as follows:

total apparent Young’s modulus: Ey=0.83 MPa
depth-dependent Young’s modulus at depth x

E(x) = (e0/€)Eo (1
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Figure 2. PVA specimens for simulator test.
PVA: poly(vinyl alcohol).

local strain at depth x

&(x) = 0.462e75% 4 0.0284 )

Poisson’s ratio: v=0.125

initial permeability: ko =58.9 x 107> m*/Ns

minimum permeability: ki, = 5.0 x 107" m*/Ns

compaction effect of permeability: M =22

initial void ratio: eg=4.0 (80% interstitial fluid)

spring stiffness: K=17.5MPa

seepage coefficient: 1 mm?/Ns for flow and 0 mm?>/Ns
for no flow

The strain dependence of permeability & is esti-
mated by the following formula above the minimum
limit, where e is the current void ratio**

k = ko exp(M(e — e0)/(1 + ¢0)) 3

In simulation of reciprocating test, a load of
0.5N/mm was applied by rigid cylindrical or flat
plate indenter with a ramp time of 1s and then
the load was held constant for further 508s. Initial
horizontal position of the indenter was at the centre
of the cartilage tissue surface. The reciprocation of
rigid cylinder or flat plate was started immediately
after loading and continued for 508s, 127 cycles at a
period of 4s.

Improvement of tribological performance of artifi-
cial cartilage

In the walking simulator test, the simplified knee pros-
thesis models composed of stainless steel cylindrical
femoral component of radius 30 mm and axial length
60 mm, and tibial component with PVA hydrogel layer
in 2mm thickness as a concave surface of radius 60 mm
were used (Figure 2).* To examine the performance of
fibre-reinforced PVA, three kinds of PVA sheets of
thickness 2mm were prepared, i.e. pure PVA and
fibre-reinforced PVA in transversal and longitudinal
directions to anterior—posterior, as shown in Figure
2. As reinforcing fibre, long-fibre PVA of diameter

0.34mm and strength 1.9 N was used. PVA fibre was
located at the centre in thickness and at definite
intervals of 2mm between the adjacent fibres.
After arrangement of fibre network, PVA solution
was cast in and gelled by repeated freezing-thawing
method. Young’s modulus of fibre-reinforced PVA is
about five times larger as 5.8 MPa in longitudinal dir-
ection than 1.2 MPa in transversal direction or pure
PVA. The simulator testing was conducted under
normal walking condition for flexion—extension
motion and phase-depending tibial-axis load accord-
ing to the condition in draft of ISO-14243 (1998). The
internal-external rotation and anterior—posterior
movement were constrained to evaluate the frictional
behaviours in sliding motion through load cell. HA
solution containing 0.7wt% albumin and 1.4wt%
v-globulin was used, because this lubricant showed
very low wear and low friction in reciprocating test
of sliding pair of PVA against itself.*>*’

Results

Biphasic FE analysis for articular cartilage during
reciprocation motions

The changes in interstitial fluid pressure and Mises
stress of solid phase in simulated reciprocating tests
based on biphasic FE analysis are shown for the
on—off loading to articular cartilage (migrating con-
tact area) and for the continuous loading to articular
cartilage (continuous contact) in Figures 3 and 4,
respectively. It is noticed under on—off loading condi-
tion in Figure 3 that the interstitial fluid pressure is
high at start and a high level of pressure is maintained
even after 508 s, 127 reciprocating cycles. In addition,
Mises stress is low at start and the stress distribution
is a little changed but stress level is not so much chan-
ged after 508's, 127 cycles. This fact suggests that most
of the loading is supported by interstitial fluid pres-
sure in reciprocating sliding with sufficient stroke
length.** As pointed out in the previous paper,* the
model including the spring reinforcement exuded the
interstitial fluid in the forward surface of the indenter,
whereas the fluid flow in the backward region was
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drawn into the cartilage tissue. On the contrary, the
continuous loading to the cartilage had a large influ-
ence on time-dependent biphasic behaviours. It is
remarkably noted under continuous loading to articu-
lar cartilage in Figure 4 that the interstitial fluid pres-
sure at start is considerably high and Mises stress at
start is low, but after 508 s, 127 reciprocating cycles,
the fluid pressure almost disappears and high Mises
stress concentrates in the cartilage surface zone.
Furthermore, it is worth noting that the contact
area increases from the initial contact area, while
the contact area under on—off loading maintains
almost initial area in size.

To compare the changes in load supports by fluid
pressure and vertical stress in solid phase, the support-
ing forces by fluid pressure and vertical stress in solid
phase were estimated and the percentages of fluid load
support were calculated in Figure 5. It is confirmed

that the fluid load support maintains from 90% at
start to 83% after 508s in reciprocation motion
under on—off loading condition, but under a continu-
ous loading condition, the load support by interstitial
fluid pressure deceases from 91% at start to 27% after
508 s as time-depending phenomenon. The maintain-
ing of fluid pressure under on—off loading is con-
sidered to be due to recovery of deformation with
rehydration during off-loading phase, as indicated
by a previous paper.?

In the biphasic FE analysis for reciprocating
sliding, the friction coefficient ,ueqls for solid-on-
solid contact is assumed as 0.2. Therefore, the
time-depending changes in friction coefficient peg
can be estimated using the formula by Ateshian
et al.'>2!

Meft = .U«eq(1 —{l = VYWP /W) 4

=

(a) Interstitial fluid pressure

Fluid pressure,
Mises stress (MPa)

~ 11

at 508s run

(127cycles)

T

(b) Mises stress of solid phase

Figure 3. Changes in interstitial fluid pressure and Mises stress of solid phase in the reciprocating test under on—off loading to the

cartilage.

-l

(a) Interstitial fluid pressure

at start

Fluid pressure,
Mises stress (MPa)
$00e-01

at 508s run
(127cycles)

(b) Mises stress of solid phase

Figure 4. Changes in interstitial fluid pressure and Mises stress of solid phase in the reciprocating test under continuous loading to

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

The estimated frictional behaviours are shown in
Figure 6. The friction for on—off loading condition
shows a little increase but is not so much changed.
In contrast, the friction for continuous loading grad-
ually increases from an initial low value and
approaches to equivalent friction coefficient, although
the friction level depends on the assumed value of 0.2
for solid-to-solid friction coefficient. The gradual
increase in friction under continuous loading corres-
ponds to the previous studies.'>!**!

As described above, the biphasic lubrication mech-
anism is expected to be effective in reciprocating

B soid [ mmdl

90 % 83% . 91% 27 %
05" -

0.6

Force N/mm

K (K] ;
Os 508 s Os 508 s
(2)On-off loading  (b)Continuous loading

Figure 5. Load support by interstitial fluid pressure and
stress in solid phase for on—off loading and continuous loading
to cartilage (percentages of load support by fluid pressure are
shown with graph).

sliding where the contact region of cartilage specimen
migrates for the cartilage specimen. However, in reci-
procating sliding of cartilage under continuous load-
ing, the interstitial fluid pressurization diminishes with
exudation of fluid from the cartilage at a constant
load, and thus, the effect of biphasic lubrication is
gradually decreased. In the latter case, the alternate
lubrication mechanisms become important from the
viewpoint of adaptive multimode lubrication, and
new findings are discussed on the basis of the previous
experimental results of friction tests in ‘Discussion’.

Improvement of tribological performance of
artificial cartilage

Figure 7 shows the frictional behaviours of simplified
knee prostheses composed of metallic cylindrical fem-
oral component and tibial component with PVA
hydrogel layer in the walking simulator test.*® HA
solution containing 0.7wt% albumin and 1.4wt%
v-globulin as one of the optimum composition
seems to be effective in maintaining a low friction
level during stance phase under high load. For com-
parison of three models during stance and swing
phases, pure PVA shows the largest friction, and
fibre-reinforced PVA in the longitudinal direction
exhibits the lowest friction (Figure 7). The fibre-rein-
forced PVA in the transversal direction showed a little
higher friction than in longitudinally reinforced PVA.
As discussed in the previous paper® on biphasic FE
analysis, the reinforcement by collagen fibre in the
surface zone was effective to maintain the interstitial
pressurization during reciprocating sliding. The
experimental result in Figure 7 indicates the possibil-
ity of application of biphasic lubrication mechanism
in natural articular cartilage to hydrogel artificial car-
tilage. However, the further investigation for actual
lubrication mechanism in fibre-reinforced hydrogel
is required, including synergistic lubrication with

0.15

0.10

0.05 |- o

Coefficient of friction

On-off loading on cartilage (,ueqz 0,2)

Continuous loading
on cartilage (‘“eq= 0,2)

0 .
0 100

200 300 400 500

Time s

Figure 6. Estimated friction behaviours based on biphasic friction for on—off loading and continuous loading to cartilage in

reciprocating motion.
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Figure 8. Frictional behaviour in repeated reciprocating test for ellipsoidal articular cartilage specimen against glass plate lubricated

with saline.

appropriate lubricants and surface properties as
discussed below.

Discussion

Biphasic FE analysis for articular cartilage during
reciprocation motions
As shown in biphasic FE analysis (Figures 3 and 5),

the high interstitial fluid pressure can be maintained
accompanied with low Mises stress in the solid phase

during repeated reciprocating motions at sufficiently
long stroke of 8 mm under on—off loading to articular
cartilage (migrating contact area), which enables the
unloaded region in the cartilage to rehydrate. In con-
trast, after 127 cycles in the reciprocating test under
continuous loading to the same region of cartilage, the
interstitial fluid pressure was remarkably reduced, and
Mises stress substantially increased and the deform-
ation proceeded for larger load support by solid
phase, as shown in Figures 4 and 5. For the latter
condition under continuous loading, friction grad-
ually increased to a high level (Figure 6). In this FE
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0.30 lubricating performance of this composition of
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Figure 9. Influence of proteins and HA on changes in friction
during repeated reciprocating test for articular cartilage.

HA: hyaluronate.

Error bars indicate standard deviation.

analysis, friction coefficient fieq for solid-on-solid con-
tact is assumed as 0.2. In healthy synovial joints, the
lubricating constituents in the synovial fluid and on
uppermost superficial cartilage are likely to maintain
Meq at a lower level than 0.01 and prevent the rising of
friction as adsorbed film formation in a fail-safe
system in case the interstitial fluid pressurization has
subsided.

In repeated reciprocating tests of 36 m sliding with
unloading for Smin for an intact ellipsoidal cartilage
specimen against a flat glass plate, time-dependent
frictional behaviours were observed, as shown in
Figure 8.°** An intact ellipsoidal cartilage with a
subchondral layer was carefully prepared from the
femoral condyle in a porcine knee joint (6~7 months
old), after it was brought with protective joint capsule
and synovial fluid to the laboratory from the slaugh-
terhouse. In saline, the gradual increase from an ini-
tial low friction was observed as suggested by a curve
under continuous loading in Figure 6, but friction at
36m sliding did not attain the equilibrium state.
Furthermore, it is noticed in Figure 8 that the restart-
ing friction immediately after reloading is reduced
from the previous high friction before unloading.
The level of restarting friction indicates the extent of
recovery of biphasic and hydration lubrications after
rehydration of the cartilage, and the state of adsorbed
film formation appears to control this frictional
behaviour. For example, the addition of a single pro-
tein such as albumin or y-globulin improved the
restarting friction but did show higher friction than
saline at each 36m sliding, as shown in Figure 9,
where the restarting tests were carried out three
times.>*?* In contrast, a combination of HA as a vis-
cous constituent and y-globulin as a protein exhibited
lower friction at restart and at 36 m sliding (Figure 9).
This fact suggests the possibility of sustaining of
low friction with appropriate lubricant composition
even under continuous loading conditions. For
example, Nakashima et al® first found the good

v-globulin (A/G ratio =1:2) in reciprocating tests of
PVA hydrogel against itself. The elucidation of effect
of lubricant compositions containing proteins, HA,
phospholipids and other lubricating constituents on
low friction and minimum wear for articular cartilage
will be reported in future study.

Improvement of tribological performance of
artificial cartilage

To improve the tribological performance of artificial
hydrogel cartilage, the approaches of optimization for
biphasic properties of hydrogel and lubricating proper-
ties of lubricant constituents are required. The effect-
iveness of fibre-reinforced structure in the PVA
hydrogel in a simulator (Figure 7) is one successful
example to mimic natural mechanism in articular car-
tilage. The lowering of friction during high-load stance
phase at low sliding speed is a noticeable phenomenon.

Recently, the authors’ research group found that
the network structure of PVA gels cross-linked by
microcrystallites has important roles in time-
dependent friction and deformation behaviours in
reciprocating tests for two kinds of PVA hydrogel
materials prepared by repeated freezing-thawing
method and cast-drying method. It is worth noting
that the cast-drying PVA hydrogel with uniform
microstructure maintains superior low friction even
under continuous loading condition.*

In the previous studies,*>® the effectiveness of
optimum layered adsorbed film formation to minim-
ize the wear of PVA hydrogel has already been
reported. In this article, HA solution containing
1.4wt% albumin and 0.7wt% vy-globulin was used
as an optimum lubricant. To evaluate the actual
adsorbed film formation, the changes in conformation
of proteins®® should be considered in rubbing condi-
tions. In further study, the mechanism for the opti-
mum adsorbed film formation on PVA hydrogel
should be elucidated in comparison with optimum
adsorbed films on articular cartilage.

As discussed above, the superior lubrication mech-
anisms with a high load-carrying ability in natural
synovial joints are expected to apply to the appropri-
ate Jubricating mechanism and biphasic structure with
surface property providing the surface protection in
cases of severe loading and little movement in hydro-
gel materials as artificial cartilage. In development of
artificial hydrogel cartilage with superior lubricity, it
is considered that the viewpoint of adaptive multi-
mode lubrication becomes important.

The clinical application of PVA hydrogel as artifi-
cial cartilage for high-load joints is the final target,
but at the present stage, the establishment for appro-
priate design for not only low friction but also zero
wear is required. The conditions for zero wear will be
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discussed on the basis of new experiment in future
study.

Conclusions

From the viewpoint of adaptive multimode lubrica-
tion, the effectiveness of biphasic lubrication in nat-
ural synovial joints was examined by biphasic FE
analyses under on—off loading and continuous loading
to cartilage. The effectiveness of biphasic lubrication
under on-off loading (migrating contact area) condi-
tion was clearly shown. For thin film condition for
articular cartilage under continuous loading, the influ-
ence of adsorbed film formation was examined in
experimental reciprocating test including restarting
test after interruption and unloading, where the
importance of rehydration and lubricant composition
was indicated. Finally, the effectiveness of fibre
reinforcement in PVA hydrogel was shown in the
walking simulator test to be related to the biphasic
mechanism.
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