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Preface

Biotribology includes tribological phenomena of natural and implant surface
interactions under relative motion in human body. With the theme of “Emerging
Technologies and Applications in Biotribology,” this book disseminates ideas and
research trends in the field of Biotribology. The aim of the book is to present
pioneering recent research advances impacting the field of Biotribology. The book
focuses on the role of mathematics, chemistry, physics, materials and mechanical
engineering on the recent advancements and developments in Biotribology. The
scope of the book includes recent developments and future outlooks to the emerging
technologies and applications in Biotribology. The state of the art and future
technological developments impacting Biotribology are provided. An overview of
the recent developments in Biotribology in the areas of lubrication characteristics of
artificial joints, biotribological characteristics of textured surfaces, and tribological
characteristics of implants are also presented. The book chapters discuss tribological
design, mechanisms and characterizations of artificial joints, computational and
multibody biomechanical modeling, tribological characteristics, wear analysis and
tribocorrosion behavior of metallic implants. The challenges and opportunities for
Biotribology are discussed. Biotribology is an important growing field, and topics
covered in the book are of great interest to the international tribology community.

vii
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1.1 INTRODUCTION

Biotribology covers all characteristics of tribology involved with biological systems.
The biotribological characteristics cover a widespread range of tribological mecha-
nisms recognized from biological systems which offer important perceptions of

DOI: 10.1201/9781003139270-1 1



2 Biotribology

in Biotribology

Recent Developments ’

Lubrication Biotribological Tribological
Characteristics of Characteristics of Characteristics of
Artificial Joints Textured Surfaces Implants
- Squeeze film/ - Micro dimple - Coatings
elastohydrodyna surfaces - Surfaces

- Composites

- Micro pattern
surfaces
- Bionic surfaces

mic lubrication
- Layered surfaces

- Hydrogels

FIGURE 1.1 An overview of recent developments in biotribology.

means and methods for developing biotribology research. The most exclusive and
vital concerns in biological systems deal with the medical interventions to be
employed for combating diseases to make an influence on enhancement in quality of
life. The fundamental theories, design and fabrications have been undertaken driven
by the enhancement of life quality and stimulated by natural biological and tribologi-
cal systems [1]. The natural association particularly develops between tribology,
mechanics, and biology because many biological systems rely on adhesion, lubrica-
tion, and motion [2].

An overview of the recent developments in biotribology presented in Figure 1.1 is
in the areas of: lubrication characteristics of artificial joints, biotribological charac-
teristics of textured surfaces, and tribological characteristics of implants.

1.2 LUBRICATION CHARACTERISTICS OF ARTIFICIAL JOINTS

The squeeze film and elastohydrodynamic lubrication of bearing surfaces play a domi-
nant role in the complex lubrication of artificial joints. There is an emphasis on the
efficient numerical tools to predict the lubricant film considering the bearing surface
geometry and deformation of artificial hip joints. The importance of lubricant film pre-
diction is further enriched with the transient elastohydrodynamic lubrication process
considering the bearing surface geometry and deformation of artificial hip joints [3]. It
has been observed that there is an extremely efficient friction reducing effect in syno-
vial joints arising from the presence of charged macromolecules (brush-like) at the
superficial lubricated zone of synovial cartilage surface [4]. The coefficient of friction
response of lubricated cartilage surface with interstitial synovial fluid pressurization is
lower for potentially higher load under steady or transient mechanisms [5]. The inves-
tigations on friction-reducing behavior of synovial joints reveal that the boundary lubri-
cation play a major role in contributing to the superior tribological properties of the
cartilage surface. The lubricating properties of the synovial fluid, the chemical proper-
ties of the surface as well as the mechanical properties of the surface/structure contrib-
ute to the friction reducing behavior between the sliding surfaces [6]. The geometric
and material parameters of implants facilitate in the progress of lubrication and
wear models for extended life and superior performance of synovial joints [7].
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TABLE 1.1
Recent Developments in Lubrication Characteristics of Artificial Joints
Lubrication Characteristics of Artificial Joints Authors
Emphasized the need of efficient numerical tools to solve complex artificial hip Jin [3]
joints lubrication
Highlighted the synovial joints cartilage surface lubrication models Klein [4]
Emphasis on the cartilage surface interstitial synovial fluid pressurization Ateshian [5]
Investigated synovial joints cartilage surface boundary lubrication Crockett [6]
Explored lubrication and wear models of hip implants for extended life and Mattei et al. [7]
superior performance
Examined the synovia constituents and cartilage surface conditions Murakami et al. [8]
Bearing designs for in-vivo contacts in knee joint prostheses Kennedy et al. [9]

Investigated film interfacial formation in the contact inlet zone by synovial fluid Myant & Cann [10]
protein aggregates
Modeling and simulation of total knee replacement Shuetal. [11]

The lubrication and wear behavior is a significant concern for the success of artificial joints,
as undesirable wear debris initiates loosening and malfunctioning of joints. The artifi-
cial joint’s ability to resist tissue loosening and failure due to wear debris is a crucial
concern for the successful tribological performance. The lubrication and wear are por-
trayed overlooking each other while new cutting-edge models embracing both features
could be useful. The lubricating and wear models in mixed and boundary lubrication
regimes considering surface topography, deformation, wear, and asperity contact deter-
mine the superior performance of synovial artificial joints [7]. The soft-on-hard and the
hard-on-hard implants are modeled considering elastic deformation as well as wear.
The effective lubrication mechanisms of articular cartilage surface and synovial fluid
offer extremely low friction and minimal wear in natural synovial joints. The complex
structure of cartilage surface (composed of collagen and proteoglycan with high water
content) and synovial fluid (composed of phospholipid, protein, and hyaluronic acid)
play an important role in friction/lubrication mechanisms with contribution to high
load capacity [8]. The customary knee joint prostheses materials are femoral compo-
nent of cobalt—chrome-molybdenum in contact with tibial bearing of ultra-high molec-
ular weight polyethylene (UHMWPE). The wear of tibial bearings is most acute where
contact pressure is maximum and lubricant film thickness is minimum [9]. The knee
joint contact interface is in the mixed lubrication regime mostly due to the thin lubricat-
ing film, and at sometimes falls into the boundary lubrication regime. The interfacial
film formation of high viscosity in the contact inlet zone is driven by the synovial fluid
protein aggregates in shear flow [10]. The outcomes of modeling and simulation of
joint replacement during the design process of the implant are widely used to undertake
in-vitro and in-vivo testing to provide insights into the implant performance [11].

The recent developments in lubrication characteristics of artificial joints are pre-
sented in Table 1.1.

1.2.1 SqQuEeeze FiLM/ELASTOHYDRODYNAMIC LUBRICATION

The squeeze film/elastohydrodynamic lubrication is of significance to biological sys-
tems. There has been substantial progress made in the theoretical/numerical/
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experimental studies in squeeze film/elastohydrodynamic lubrication of artificial
joints. The eventual target of artificial joints lubrication is to present design guidelines
for wear particles reduction. The synovial fluids in joints containing long-chain hyal-
uronic acid molecules are governed by micropolar fluid film lubrication theory with
an increase in the effective viscosity near the cartilage porous structure [12]. The
poroelastic rough cartilage considerations with couple stress synovial fluid are impor-
tant in the analysis of squeeze film behavior of synovial joints [13]. The sliding sur-
faces conformity play an important role on the ability and mechanism of squeeze film
lubrication in synovial joints [14]. The considerable elastic deformation of the sliding
contacts combined with compliant tissues is accountable for lubrication at the biologi-
cal surface interfaces [15]. The sliding surfaces are safeguarded by the dominant influ-
ence of micro-elastohydrodynamic lubrication in smoothing out surface asperities on
the biological surfaces. The elastohydrodynamic lubrication studies should comprise
a more reasonable representation of the surface roughness and synovial fluid rheology
which are significant for UHMWPE/metal-on-metal artificial implants [3]. The sur-
face topography factors may indicate likelihoods of nano-textures to improve lubrica-
tion and reduce wear, in particular for metal-on-metal implants. A number of
assumptions such as no-slip/slip boundary conditions are required for analysis of arti-
ficial joints lubrication. The no-slip conditions are used for hydrophilic (metallic and
ceramic) sliding surfaces, while slip conditions are used for hydrophobic (UHMWPE)
sliding surfaces. It is indicated that if the lubrication regime in an artificial joint is
predominantly boundary, which exists in UHMWPE-on-metal hip joints, and then the
fluid film lubrication investigations are no longer pertinent. The average film thickness
obtained from steady state lubrication analysis based on the average load often pres-
ents a useful estimate to the transient walking cycle [3]. The salient tribological prop-
erties of cartilage are closely linked to the musculoskeletal system properties and the
lubrication regimes in cartilage spread outside the fluid film or boundary lubrication
[16]. The fluid film lubrication influences the joint conformity conditions during the
walking stance in knee replacements [17].

The squeeze film effects in transient elastohydrodynamic non-Newtonian lubrica-
tion of artificial knee joints helps prevent the reducing film thickness with declining
surface relative velocity [18]. The minimum film thickness attained for a non-
Newtonian fluid (shear thinning) is lower compared to a Newtonian fluid. The film
thickness (elastohydrodynamic) increases with increasing contact area and decreas-
ing film pressure in the artificial knee joints using ultra-high molecular weight
polyethylene (UHMWPE) against metal component [18]. The minimum film thick-
ness is larger for softer surfaces, higher viscosity, smaller load, and greater relative
surface velocity during walking cycle. The analytical model permits the closed form
synovial fluid film force and film thickness under the considerations of hydrody-
namic squeeze motion, Darcy’s permeability model, Newtonian synovial fluid [19]
and non-Newtonian couple stress synovial fluid [20]. The closed form synovial fluid
film force is assessed based on the synovial pressure field for the articular joints
depicting the synovial fluid motion through the porous cartilage. The finite element
model predictions on time dependent response of biphasic cartilage layers are influ-
enced by the cartilage modulus and clearance, permeability, and thickness in hip
joint [21]. The fluid film retention in metal-on-metal (CoCrMo balls and cups) hip
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prosthesis is necessary to extend lubrication ability, long term reliability and to avoid
severe wear in prosthesis due to metal-to-metal contact [22]. The radial clearance is
also a vital parameter as lower radial clearance enhances squeeze film retention,
while a too low radial clearance induces severe contact. The articular rough cartilage
influences the hydrodynamic lubrication performance of synovial knee joint through-
out the gait cycle [23]. The squeeze film load of partial bearing is significantly influ-
enced by three-layered film and couple stress fluid lubrication [24]. The novel design
of squeeze-film hip implant utilizing low modulus elastic structure with high modu-
lus metallic coatings exhibited likely alternative to conventional artificial hip implant
designs [25]. The ‘tribological rehydration’ or fluid recovery mechanism is due to
pressurization of elastohydrodynamic films and subsequently causes tissue thicken-
ing and friction reduction [26]. The articular cartilage interstitial fluid effusion is
suppressed in wedge just ahead cartilage contact region that increases biphasic lubri-
cation ability of articular cartilage [27]. The articular cartilage interstitial fluid effu-
sion is even more suppressed near the contact region periphery at higher sliding
speeds which improves cartilage lubrication due to higher interstitial fluid pressur-
ization. The fluid pressurization generated by squeeze flow at lower speeds increases
fluid load support on the biphasic lubrication of articular cartilage [28]. The effect of
fluid pressurization generated by the squeeze flow pressure reduces with increasing
compressive load and increases with increasing speed. The lubricated hip joint (hard
metallic femoral head and polymeric acetabular cup) is analyzed in unsteady state
based on mixed elastohydrodynamic lubrication with non-Newtonian fluids [29].
The wear volume in lubricated hip joint (hard metallic femoral head and polymeric
acetabular cup) is evaluated by a modified Archard’s model over a single gait cycle.
The wear volume in lubricated hip joint (ceramic on polyethylene hip) using a lubri-
cation-contact model (hydrodynamic-boundary) is evaluated by a modified Archard’s
model over a single gait cycle [30].

The recent developments in squeeze film/elastohydrodynamic lubrication are
presented in Table 1.2.

1.2.2 LAYERED SURFACES

Synovial fluid lubrication is reliant on the formation of protein films protecting the
joint surfaces. The frictional response of cartilage is regulated by the surface
porosities which play a role in the interstitial pressurization of fluid inside cartilage
during loading of joints [31]. The boundary friction models are formulated to theo-
retically explain the experimental frictional response of cartilage. The lubricant com-
prising only albumin (a large amount of a-helix structure) exhibited low friction in
comparison to the lubricant comprising only y-globulin (a large amount of f-sheet
structure) [32]. Hence to lower both friction and wear, it is vital to apply the layered
structure of y-globulin (tight layer) at the bottom topped with albumin (layer with
low shearing strength) and y-globulin. The protein boundary layer film mainly com-
posed of y-globulin is enhanced by adsorption of hyaluronic acid (HA) on surface
which contributes to the establishment of a stable boundary film [33]. The contribu-
tion to friction reduction is due to a gel like layer which is created due to the inclu-
sion of hydrophilic HA molecules into boundary film. The phospholipids loss in
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TABLE 1.2

Recent Developments in Squeeze Film/Elastohydrodynamic Lubrication

Squeeze Film/Elastohydrodynamic Lubrication

Synovial micropolar fluid film lubrication theory in joints

Squeeze film effects of poroelastic rough cartilage with couple stress
synovial fluid

Sliding surfaces conformity on the squeeze film lubrication
mechanism

Elastohydrodynamic lubrication applications in biology

Elastohydrodynamic lubrication analysis of hip implants

Friction and wear of articular cartilages

Joint conformity conditions during the walking stance

Transient elastohydrodynamic non-Newtonian lubrication of artificial
knee joints

Squeeze film lubrication analytical model of the porous cartilage ankle
joint with Newtonian and non-Newtonian synovial fluid

Finite element model of biphasic cartilage layers response in natural
hip joint

Lubrication ability of the CoCrMo balls and cups specimens

Articular rough cartilage of synovial knee joint under hydrodynamic
lubrication

Squeeze film load of three-layered partial bearing under couple stress
fluid Iubrication

Wear in a novel design of squeeze-film hip implant

Friction reduction attributed to fluid film rehydration

Friction coefficient and load capacity of poroelastic model with
biphasic synovial fluid lubrication

Wear in lubricated hip replacements with contact models

Authors

Sinha et al. [12]
Bujurke & Kudenatti [13]

Mabuchi et al. [14]

Jin & Dowson [15]

Jin [3]

Ateshian & Hung [16]
Pascau et al. [17]
Mongkolwongrojn et al. [18]

Ruggiero et al. [19],
Ruggiero et al. [20]
Lietal. [21]

Tanaka et al. [22]
Abdullah et al. [23]

Rao et al. [24]

Boedo & Coots [25]
Burris & Moore [26]
Horibata et al. [27],
Horibata et al. [28]
Ruggiero et al. [29],
Ruggiero & Sicilia [30]

osteoarthritis joints has consequence to hydrophobicity deficiency. The lower coef-
ficient of friction is attained on a surface comprising phospholipid bilayer with higher
wettability [34]. The lubrication mechanism of the joint is influenced by the lubri-
cant’s pH and interfacial energy with a consequent influence on coefficient of fric-
tion. The synovial joint cartilage integrity is due to secretion of phospholipid
multibilayer surface coating on the cartilage surface as solid lubricant delivering
hydration boundary lubrication [35]. The ultra-high molecular weight polythene
(UHMWPE) plate surface grafted with a polymer membrane extends the useful lifes-
pan of artificial joints. The large water-retaining ability of the porous hydrophilic
2-methacryloyloxyethyl phosphorylcholine (MPC) graft-polymerized membrane
with finely porous inner structure provides lubrication and serves to reduce wear in
the UHMWPE component [36]. The main factors to enhance hydrodynamic lubrica-
tion performance and to reduce the dry contact in metal-on-metal hip bearing implant
surfaces are diametral clearance and diameter. An aspherical ‘alpharabola’ metal-on-
metal hip-bearing implant surface generates a thicker lubricant film thickness when
compared to a spherical conventional hip bearing implant surface [37]. A significant
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decrease in the dry contact is attained in an aspherical metal-on-metal hip-bearing
implant surface with appropriate selection of geometric parameters.

The proteins increase the film thickness with time (rolling distance) for a metal
ball compared to a ceramic ball under pure rolling conditions [38]. The proteins
increase the film thickness swiftly with time (rolling/sliding distance) and the film
thickness starts to dip by a few nanometers after the maximum film thickness is
attained under rolling/sliding conditions. The mechanism of surface film development
under static conditions is through adsorption, while the film development under
dynamic conditions occurs through protein aggregation. The film thickness increases
with increasing adsorption mass and adsorption rate under rolling conditions [39].
The adsorption mass, adsorption rate, and film thickness are reduced due to increasing
pH. In the comparison of lubricants macromolecular solutions (HA, mucin, or
lubricin), the mucin shows improved performance compared to the HA or lubricin
[40]. The signs of wear or changes in topography are not noticed by utilizing mucin
for lubrication of the cartilage surfaces. The synergistic combination of various
lubrication modes (boundary, gel, biphasic, and hydration) from the boundary to film
lubrication appears to promote the superior tribological characteristics in natural
synovial joints [41]. The synovial constituent albumin plays a leading role in pure
rolling thus enhancing the film thickness [42]. The albumin and y-globulin enhance
the film thickness at lower speeds, while the effect of y-globulin is not significant at
higher speeds. The synovial constituents albumin, y-globulin, phospholipids, and
HA, play a leading role in noticeably influencing the lubricant boundary film [43].
The y-globulin jointly with HA form a comparatively thin stable boundary film
allowing the improved adsorption of albumin, and thus enhancing the lubricant
boundary film. The albumin and y-globulin proteins in interface between the femoral
knee implant metal and real polymer insert are examined to be of importance [44].
A better tribological performance is achieved by supplementing organic constituents
to the surface-lubricant contacts which have influencing roles on the frictional and
material volume loss [45]. The principal mechanism of lubrication influencing the
protection of surfaces during rubbing is the formation of denatured insoluble protein
films [46]. The denatured insoluble protein lubricating films are induced into the
contact region due to inlet shear. The long-life design of artificial joints essentially
requires accomplishment of effective biolubrication. The structural integrity of small
unilamellar vesicles adsorbed on the silicon nitride (Si3N4) surfaces is linked
effectively with exceptional lubrication abilities of liposomes with longer carbon
chain length [47]. The exceptional lubrication abilities of liposomes are also due
to the boundary layer formed due to the synergistic interface of liposomes and bio-
compatible negative-charged polymer. The friction and wear of ultra-high molecular
weight polyethylene (UHMWPE) surface adsorbed with proteins is increased due to
the change in the predominant abrasive to adhesive wear mechanism [48]. However,
the wear of ultra-high molecular weight polyethylene (UHMWPE) surface is
increased when mixing proteins with phospholipids and HA, due to the enhanced the
entrainment of the proteins in the contact area. The friction is increased with phos-
pholipids while the friction is reduced with HA with increasing lubricants’ viscosity.
Phospholipids bilayers in cartilage boundary can reduce friction by means of hydra-
tion lubrication [49].
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TABLE 1.3

Recent Developments in Biotribology of Layered Surfaces

Layered Surfaces

Friction model for articular cartilage boundary

Albumin or y-globulin in natural synovial fluid

Lubricant composition on proteins adsorption and stability
Mechanisms of lubrication of phospholipids-bilayer of cartilage

Grafted polymer membrane onto UHMWPE plate

Aspherical metal-on-metal hip bearing implant surface

Proteins effect on film formation

Mechanisms of film formation of proteins in synovial fluids

Lubricants macromolecular solutions comparison

Boundary, biphasic, gel, and hydration lubrication modes

Mechanisms of lubrication of protein film in ceramic femoral heads

Mechanisms of lubrication in hard-on-soft hip artificial joints

In situ lubricant development in knee joint replacements

Protein-metal interactions on tribofilm formation

Artificial joint lubrication with bovine calf serum and human
synovial fluid

Lubrication mechanisms between biomimetic surfaces

In-vivo tribology of implant joint prostheses

Phospholipids in lubrication of cartilage boundary

Authors

Ateshian et al. [31]
Nakashima et al. [32]
Yarimitsu et al. [33]
Pawlak et al. [34],
Pawlak et al. [35]
Sawano et al. [36]
Meng et al. [37]
Vrbka et al. [38]
Parkes et al. [39]
Boettcher et al. [40]
Murakami et al. [41]
Necas et al. [42]
Necas et al. [43]
Necas et al. [44]
Taufiqurrakhman et al. [45]
Stevenson et al. [46]

Wang et al. [47]
Shinmori et al. [48]
Cao et al. [49]

The recent developments in biotribology of layered surfaces are presented in
Table 1.3.

1.2.3 HYDROGELS

Hydrogels with suitable properties are potential materials for cartilage repair.
Synthetic hydrogels have potential applications for articular cartilage as well as a
developing cartilage in a damaged joint. The wear of synthesized poly(2-hydroxy-
ethyl) methacrylate (polyHEMA) hydrogels increases with increasing applied load
and hydration, while the wear of hydrogels decreases with increasing cross-link den-
sity [50]. The friction and wear of poly (vinyl alcohol) hydrogel for artificial cartilage
depends on protein contents in lubricants. The friction properties of bovine serum
albumin comprising the a-helix structure is lower compared to human gamma globu-
lin comprising the p-sheet structure in mixed/boundary lubrication regime [32]. The
[B-sheet structure is strongly adsorbed on poly (vinyl alcohol) hydrogel, while the
a-helix structure lacks adsorption ability (as the a-helix structure is easily released
from surfaces due to low cohesive strength of formed shear layer). Lower friction
artificial cartilage is maintained with a layered structure of a blend of various pro-
teins. Soft biomaterials are frequently employed in applications that include contact
of biological tissues. In the investigations of friction coefficients of soft hydrogel
biomaterials, the lower friction coefficients were noted on undamaged cells and
higher friction coefficients were noted on damaged cells [51]. The salient parameters
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to establish the wear performance of hydrogels are cross-link density and hydration.
The wear phenomena in most compliant hydrogels is adhesive wear, while the wear
phenomena with increasing cross-linking density and reducing water absorption
capacity of hydrogels, is abrasive wear [52].

The low friction and wear in artificial cartilage interface contacts is maintained by
adsorbed film formation (at micro/nano levels) in mixed/boundary lubrication regime
[53]. The presence of albumin and y-globulin constituents exhibited the lowest fric-
tion in the mixed regime of lubrication. The low friction and wear in the articular
cartilage are maintained by proteoglycan gel film as a consequence of hydration
lubrication mechanism even after removal of adsorbed layer [54]. The hydration
lubrication with protein adsorbed film is effectual when restarted under loading. The
friction and wear characteristics of articular cartilage in mixed/boundary lubrication
regime are significantly influenced by adsorbed layer formed on a gel film at articular
cartilage in synovial joints. In the absence of adsorbed layer, the proteoglycan gel
film is likely to maintain low friction and wear of bulk articular cartilage with an
efficient hydration mechanism of lubrication. The friction in articular cartilage is
lowered by the mechanism of biphasic lubrication [55]. The larger friction coeffi-
cients for the hydrogels considering elastic effects are recognized as the outcome of
the greater interface of the intra/inter-polymer chains generated by the higher degree
of polymerization and saponification value [56]. The larger friction coefficients for
the hydrogels under hydrodynamic lubrication are recognized as the outcome of the
lower hydrophilicity of the poly(vinyl alcohol) hydrogels with lower saponification
value at relatively lower load and higher velocity. The exceptionally low friction and
wear in natural synovial joints are maintained by their outstanding lubricating
capability which appears to be a synergistic blend of multimode mechanisms such as
boundary, gel film, hydration, biphasic, and/or fluid film lubrication [57]. However,
in artificial joints comprised of ultra-high molecular weight polyethylene against
metal/ceramic material, contact of interfaces in boundary and/or mixed lubrication
mechanism generates high friction and wear. The improvement in friction and wear
characteristics through artificial biomimetic hydrogel cartilage, such as poly(vinyl
alcohol) hydrogel, is required to prolong the durability and life of an artificial joint
[57]. The wear resistance of ultra-high molecular weight polyethylene for total joint
prostheses has been enhanced with recent developments of material technologies.
The artificial hydrogel cartilage with identical properties to natural articular cartilage
is expected to solve the friction and wear problems by enhancement of lubrication
mechanism with excellent tribological behaviors. The tribological behaviors of
artificial cartilage material, ellipsoidal poly(vinyl alcohol) hydrogel, evaluated
against glass plate in saline solution are as follows [58]: hybrid (CD on FT)
method < cast-drying (CD) method < freeze-thawing (FT) method <hybrid (FT on
CD) method. PVA hydrogels prepared by the hybrid (CD on FT) method displayed
exceptionally low friction and wear. The tribological behaviors of ideal artificial
cartilage material, poly (vinyl alcohol) (PVA) hydrogel, evaluated in ultra-pure water
are as follows [59]. PVA hydrogels prepared by (i) FT method exhibited high friction
coefficient and wear, (i1) CD method exhibited low friction coefficient with scratches,
and (iii) hybrid method (i and ii) exhibited the lowest friction coefficient and
minimum wear.
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Polyvinyl alcohol (PVA) hydrogels display outstanding tribological characteris-
tics and are opted as potential biomaterials to replace damaged articular cartilage
due to their low coefficient of friction and wear, high permeability, and superior
biocompatibility [60]. The surface characteristic of alloys plays a significant role
in friction coefficient reduction, and the alloys are grouped according to the sur-
face oxide compositions as Ti-oxide-surface alloys and Fe/Cr-oxide-surface alloys
[61]. Based on the wettability test, Ti-oxide-surface alloys show higher polar com-
ponents of surface free energy than Fe/Cr-oxide-surface alloys. The elastic friction
coefficients are governed by the hydrogel polymer adsorption, and Ti-oxide-
surface alloys show lower friction coefficients than those of Fe/Cr-oxide-surface
alloys [61]. The mechanical rigidity and strength of the structural hydrogel materi-
als are taken into account for diverse biotribological applications. The structural
hydrogel materials originate with low polymer mesh size and high polymer con-
centrations, that causes high friction coefficients under aqueous environments
[62]. The large mesh size, flexible and soft polyhydroxyethylmethacrylate
(pHEMA) hydrogels will be able to deliver ultra-low friction, but at the loss of
mechanical strength. The entangled networks of polymer will be able to deliver
reduced coefficient of friction. The swift reinstatement of biotribological and bio-
mechanical functions endures a noteworthy test for articular cartilage restoration.
The poly (vinyl alcohol) (PVA) hydrogel is considered as a prospective articular
cartilage substitute for its low friction and fair strength [63]. The coefficient of
friction decreased with adding up of ploy (lactic-co-glycolic acid) (PLGA) con-
tent. The low friction coefficient of the composite hydrogel on the UHMWPE sur-
face under biphasic lubrication is due to its porous configuration with sizable water
content [64]. The friction and drag at the interface are effectively reduced due to
the shear of the hydrogel surface which is caused by the structural changes related
to the surface chains alignment [65]. The phospholipid is a hydrophilic membrane
with a negatively charged surface (-PO4-) formed by adsorption of articular carti-
lage surface-active phospholipid (SAPL) molecules to negatively charged proteo-
glycan matrix [66]. The friction in Gemini hydrogel configurations made from
polyacrylamide (PAAm) formulations under direct sliding contact increases with
increasing viscosity and decreasing mesh size with decreasing temperature [67].
The fiber-reinforced structure is potential biomimetic articular synovial cartilage
materials that take part a vital role in enhancing the fluid load support and fric-
tional properties. The fiber-reinforced poly(vinyl alcohol) (PVA) hydrogel rein-
forced with surface PVA fiber layers have a low friction coefficient [68]. The
friction characteristics of hydrogel brushy surfaces are reliant on the interface con-
tacts and surface hydration intensity. The friction characteristics of acrylamide
hydrogels in sliding at low pressure contacts is due to the mechanism of interfacial
shearing of the liquid film, rather than viscoelastic or poroelastic dissipation [69].
The mechanism of deformation induced poro-elastic flow is substantial at high
pressure contacts. The double-network physically cross-linked poly (vinyl
alcohol)-(nano-hydroxyapatite)/(2-hydroxypropyltrimethyl ammonium chloride
chitosan) hydrogel with presence of nano-hydroxyapatite (HA) displayed lower
coefficient of friction and wear properties, and exceptional cytocompatibility [70].

The recent developments in biotribology on hydrogels are presented in Table 1.4.
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TABLE 1.4

Recent Developments in Biotribology on Hydrogels

Hydrogels

Poly(2-hydroxyethyl) methacrylate hydrogels
Investigations of proteins on friction

Soft hydrogel biomaterial surfaces investigations
Tribological properties of synthetic hydrogels

In situ examination of adsorption behavior of proteins
Adsorbed layer and gel film on articular cartilage
Biphasic and hydration lubrication mechanism
Poly(vinyl alcohol) hydrogel

Tribology of medical devices in contact with soft tissue
Polyhydroxyethylmethacrylate (pHEMA) hydrogel
Semi-degradable porous hydrogel

Composite hydrogel on the UHMWPE surface
Structural change effects/local dehydration

Articular cartilage hydrophilic surfaces
Polyacrylamide Gemini configurations

Poly(vinyl alcohol) (PVA) hydrogel with PVA fibers
Polyacrylamide hydrogel lubrication

Authors

Freeman et al. [50]

Nakashima et al. [32]

Dunn et al. [51]

Bavaresco et al. [52]

Murakami et al. [53]

Murakami et al. [54]

Murakami et al. [55]

Mamada et al. [56], Murakami et al.
[57], Murakami et al. [58], Yarimitsu
et al. [59], Sardinha et al. [60]

Kosukegawa et al. [61]

Pitenis et al. [62]

Cao et al. [63]

Chen et al. [64]

Kim & Dunn [65]

Mreta & Pawlak [66]

McGhee et al. [67]

Sakai et al. [68]

Simic et al. [69]

Dual physically cross-linked hydrogels with double-network Gan et al. [70]

1.3 BIOTRIBOLOGICAL CHARACTERISTICS OF TEXTURED
SURFACES

Owing to the advances in surface preparation/modification/coating techniques,
surface texture designs have been employed to take advantage of tribological
performance. The surface texturing has prospects of improving the tribological
behavior of metal-on-metal hip joint replacements or smooth ultra-high molecular
weight polyethylene (UHMWPE) total joint replacements. Micro-textures and
diamond-like carbon coatings are prominent surface preparation/modification/
coating techniques for biotribological orthopedic implants in order to lower friction
and wear.

Biomimetic approaches embracing tribology (friction, wear, and lubrication),
mimic the lessons learned from the fascinating biological and tribological features of
natural systems [71]. The prospects of application of biomimetic approaches in tri-
bology have been impressive, with closer association between biomimetics and bio-
tribology. The bionic surfaces are in great demand to realize or exceed specific
functionalities of creatures in nature with superb tribological designs [72] such as:
the anisotropic friction design (e.g. claws of animals), adhesion due to van der Waals
forces (e.g. gecko), super hydrophobic surfaces (e.g. lotus leaf), composite structures
(e.g. pangolin), lubricious mucus (e.g. fish) and wedge-shaped scales (e.g. sharks).
Understanding tribology of biological systems is very crucial to generate bionic
surfaces with similar or exceeding tribological behavior. The computer modeling and
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TABLE 1.5
Recent Developments in Biotribology of Textured Surfaces in Implants
Textured Surfaces in Implants Authors
Biotribological fascinating features Dowson & Neville [71]
Creatures with tribological designs Liu et al. [72]

Tang & Zhang [73]
Bio-inspired nanofunctionalized surfaces Xie [74]
Biocompatibility in the design of soft medical implants Pitenis & Sawyer [75]
Orthopedic textured biomaterial surfaces Allen & Raeymaekers [76]

simulations of interface and surface interactions will lay foundation for develop-
ments of bio-surface/bio-interface applications [73].

The potential way out to resolve the clinical complications related to biomaterials
is provided by nanofunctionalization approaches to fabricate. The biomaterials with
bio-inspired nanofunctionalized surfaces imitate not only the physical constructions,
but also the chemical compositions in nature, which can be used successfully in the
areas of cartilage repair and bone regeneration [74]. The implant biocompatibility
should be taken into consideration in the design of roughness and texturing of soft
medical implants [75]. The innovative methods to reduce wear to the bearing sur-
faces are to add a microtexture patterns, coatings, and highly cross-linked polyethyl-
ene materials [76]. The microtexture pattern features on orthopedic implant
biomaterial surfaces are viable with advances in manufacturing.

The recent developments in biotribology of textured surfaces in implants are pre-
sented in Table 1.5.

1.3.1  Micro-DIMPLE SURFACES

The micro-dimple surfaces have a potential beneficial influence on the reduction of
asperity contacts in implants, predominantly under boundary lubrication regimes.
The dimples on the metal femoral head fabricated using electrical discharge etching
lower the polyethylene wear in hip implants [77]. The primary source of UHMWPE
wear/scratch marks is the Co—Cr—Mo alloy particles in sliding interface. A micro-
dimpled UHMWPE sliding surfaces inhibits the wear/scratch marks by entrapping
the wear particles in dimples [78]. The dimple configurations assist in lowering of
polyethylene wear in hip implants by decreasing abrasive wear and enhancing
lubricant supply. The dimple surfaces in metal-on-metal hip implants under the
mixed elastohydrodynamic lubrication conditions significantly influence the asperity
contacts and film thickness [79]. In comparison to plain/dimpled artificial implants,
the micro-dimple implant surfaces coated with diamond-like carbon (DLC) under an
osteoarthritis-oriented synovial fluid (OASF) lubrication generated lower coefficient
of friction and wear [80]. The micro-dimple implant surfaces coated with DLC dis-
played a lower rate of increasing friction coefficient with increasing load due
to the development of graphite transfer film (graphitization) on the coated surfaces.
The tribological performance of micro-dimple implant surfaces are significantly



Recent Developments in Biotribology 13

TABLE 1.6

Recent Developments in Biotribology on Micro-Dimpled Surfaces
Micro-Dimpled Surfaces Authors
Dimples on metal femoral head Ito et al. [77]
Micro-dimples to reduce UHMWPE wear Sawano et al. [78]
Dimples in metal-on-metal hip prosthesis Gao et al. [79]

DLC coated micro-dimples Ghosh et al. [80]
Micro-dimples in ceramic-on-ceramic hip prosthesis Roy etal. [81]

DLC coated micro-dimples against ceramic cups Choudhury et al. [82]
Cr-coated glass disk against micro-dimples on steel ball Choudhury et al. [83]
Micro-dimples on femoral heads Choudhury et al. [84]
Micro-dimples on CrCoMo femoral heads in hip joint Choudhury et al. [85]

influenced by surface wettability and lubricant viscosity. The ceramic-on-ceramic
hip prosthesis with micro-dimples of large diameter and high density under bovine
serum lubrication exhibited substantial decrease in coefficient of friction and wear
[81]. The micro-dimpled DLC coated prosthesis heads against ceramic cups enhanced
the tribological behavior of artificial hip joints [82]. The micro-dimpled DLC coating
yielded an insignificant change in surface roughness and decreased abrasive third
body wear rate against ceramic cups. A substantial reduction in coefficient of friction
of the micro-dimpled DLC coated heads against ceramic cups is revealed compared
to a micro-dimpled metal (CoCr) heads against ceramic cups. The micro-dimples
maintain lubrication resulting in minimization of wear [83]. The DLC promotes
scuffing-free surfaces with lower friction coefficient but with minor lubricant film
formation (boundary lubrication under the nonconformal contact). The combination
of micro-dimples and DLC should be taken into account to maximize tribological
performance (reduced friction and wear). The metallic micro-dimpled femoral heads
against a metallic cup yielded significantly lower coefficient of friction, while the
metallic micro-dimpled femoral heads increased the coefficient of friction against a
polyethylene cup [84]. The mechanism of improved film formation in micro-dimpled
arrays influenced the friction reduction. The lubricant film thickness in artificial hip
joints with micro-dimples on CrCoMo femoral heads is appreciably higher than the
contact interface roughness indicating hydrodynamic lubrication [85].

The recent developments in biotribology on micro-dimple surfaces are presented
in Table 1.6.

1.3.2  Micro PATTERN SURFACES

The prosthetic joints surfaces with texture pattern designs mimic the natural articular
cartilage which exhibits microtexture surfaces with shallow indentations. The honed
surface textures demonstrate lower coefficients of friction in comparison to non-
textured surfaces due to enhanced lubricant film thickness and reduced third body
abrasive wear [86]. The width, depth, and number of grooves of honed surface tex-
tures affect the coefficient of friction and wear rate in metal-on-metal hip joints using
a lubricant with viscosity similar to that of pseudo-synovial fluid. The honed
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surface textures demonstrate lower coefficients of friction during transient walking
cycles proving their potential application in metal-on-metal hip joints for improved
hip implant longevity [87]. The surface wettability behaviors of laser textured speci-
mens are attained in the range of superhydrophobic to superhydrophilic. The surface
wettability behaviors of laser textured Co—Cr—-Mo specimens have excellent wear
resistance in bovine serum albumin (BSA) solution [88]. The wear of textured sur-
faces with wettability is lesser than that of the untextured surfaces. The microtexture
patterns on the femoral component of a prosthetic knee joint enhances the bearing
load and film thickness, thus ensuing decreased friction between the knee bearing
surfaces [89]. The microtexture designs on a femoral component also revealed that
the friction in a prosthetic knee joint is decreased taking into account of the polyeth-
ylene tibial insert deformation.

The texturing design, based on the two-dimensional solution of transient Reynolds
equation, can be successfully employed to enhance lubrication effects of UHMWPE
surfaces [90]. The coefficient of friction is appreciably influenced by the surface
texture (of the harder counterpart) and the transfer film development in sliding of
ultra-high molecular weight polyethylene (UHMWPE) pins against steel plates [91].
The textured surfaces deliver lowered coefficient of friction of carbon-fiber-reinforced
polyether ether ketone (CFR-PEEK) compared to the plain surfaces, which is apt for
the advancement of acetabular cup designs [92]. Surface texture reduces friction and
increases load of mechanical seals, as well as brings about the denatured protein
accumulations on the sealing surface. The lower (and stable) frictional properties
assuring a higher critical load are achieved in the mechanical seals in ventricular
devices by surface texture pattern designs followed by DLC coating [93]. The bene-
fits from surface texture pattern designs on sliding wear of lateral contact area of the
polyethylene soft surface (tibial insert) in metal-on-UHMWP knee joint is evaluated
using mixed elastohydrodynamic lubrication model [94]. The micro-texture patterns
are designed based on elastohydrodynamic lubrication model to increase hydrody-
namic pressure and lubricant film thickness in a hard-on-soft bearing [95].

The recent developments in biotribology on micro-pattern surfaces are presented
in Table 1.7.

TABLE 1.7

Recent Developments in Biotribology on Micro-Pattern Surfaces
Micro Pattern Surfaces Authors
Honed surface textures in metal-on-metal hip joints Choudhury et al. [86], Choudhury et al. [87]
Wettability of textured Co—Cr—Mo surfaces Qin et al. [88]
Micro-textures in deformed polyethylene tibial insert Qiu et al. [89]

Texture designs on UHMWPE surfaces Zhang et al. [90]

Texture and roughness effects on UHMWPE surfaces Menezes & Kailas [91]
Surface textures on CFR-PEEK for acetabular cups Wyatt et al. [92]

Surface texture designs of seals with DLC coating Kanda et al. [93]

Texture designs of metal-on-UHMWP knee joint Gao et al. [94]

Microtexture patterns in a hard-on-soft bearing Allen & Raeymaekers [95]
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1.3.3 BIONIC SURFACES

The amazing properties of biological systems in nature are a significant foundation
of motivation to advance artificial techniques of textured surfaces that can
accommodate lubricant as well as trim down the frictional area of contact. The design
of biomimetic textured surface with shark skin, body, and rib morphology provides
good frictional performance and lubrication characteristics [96]. The lubrication
theory models are established to evaluate the influence of geometric parameters of
biomimetic surfaces on tribological behavior. The prospects of bionic design stem
from the multi-scale dental anti-wear mechanism produced by the exclusive
hierarchical structure, self-repair process, salivary pellicle lubrication and hydration
proteins [97]. Bionic texturing improves the nanohardness of the modified surface
layer biotribological properties. Bionic texturing on Ti6Al4V alloy reduces the fric-
tion coefficient and increases wear resistance of the surface modified layers [98].

The geometrical characteristics of hexagonal textures modeled using “X” shaped
cells have a significance impact on the tribological performance. The hexagonal
texture density has noteworthy influence in the friction coefficient reduction under
full film lubrication regime [99]. The concept of blending diverse bionic features
within a sample is based on rigorous examinations of some species that have dis-
closed microstructure properties of adhesion on surfaces [100]. The blending diverse
biomimetic microstructure features, such as micro-shaped (mushroom and wall), are
based on the optimized properties of adhesion on surfaces. The optimized surfaces
with diverse bionic features achieved enhanced friction and adhesion performance in
comparison to those comprised with the non-optimized/same surface features [100].
The high reciprocating velocity piston pair with superior frictional performance is
attained with the various parametric arrangements of mimicking fish scale texture
[101]. A representative mathematical model of mimicking fish scale texture is formed
on the understanding of characteristic function approximation and coordinate
transformation. The fish scale texture effects with superior frictional performance on
the high reciprocating velocity piston pair are obtained using experimental design
and simulations. The microrectangular pocket pad bearing together with fish scale
texture design yields significant increase in minimum film thickness and decline in
friction coefficient as assessed against the other pad designs [102].

The recent developments in biotribology on bionic surfaces are presented in Table 1.8.

TABLE 1.8

Recent Developments in Biotribology on Bionic Surfaces

Bionic Surfaces Authors
Biomimetic surface of shark skin, body, and rib morphology Lu et al. [96]

Bionic design prospects of dental anti-wear performance Zhou et al. [97]
Bionic texturing for modified surface layers Wang [98]

Hexagonal textured surfaces Zhong et al. [99]
Biomimetic adhesive microstructure combinations Badler & Kasem [100]
Piston model with fish scale texture Quan et al. [101]

Fish scale texture microrectangular pocket pad design Atwal and Pandey [102]
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1.4 TRIBOLOGICAL CHARACTERISTICS OF IMPLANTS

There is significant attention in decreasing the severe wear through the use of
enhanced materials and alternate designs of total replacements joints [103]. The
polyethylene wear debris has been related to the tribological process in implants
of the metal-on-polymer arrangement. The advancements of in-vitro models
are vital to be familiar with the tribological characteristics, substitution, and
treatments of cartilage [104]. The graphene-materials (graphene-oxide and
reduced graphene-oxide) and graphene-nanocomposites have invited great atten-
tion with promising tribological, mechanical and biocompatibility properties
[105]. In addition to the implant design and material selection, there are numer-
ous important biotribological parameters that can significantly influence the
wear of articulating surfaces with large joint replacements and total disk replace-
ments [106]. The mechanism of tribological phenomena of biomaterials com-
prising alloys, ceramics and polymers necessarily emphasized in order to
fabricate artificial biomaterials to replace the damaged tissues in human body
[107]. The biotribological tests of thermally oxidized titanium alloy revealed
potential applications in artificial joints with improved friction and wear perfor-
mance characteristics [108].

The changes in translational (anterior—posterior) and rotational motion (internal—
external) limits the tibio-femoral knee joint kinematics and wear behavior of a mobile
bearing posterior stabilized knee design [109]. The hip joint models for the dry and
lubricated revolute joints are employed for the interaction of kinematic and dynamic
response of femur head inside the hip bone or acetabulum [110]. The intrajoint
force peaks observed with the dry hip model are related to the multiple impacts
of the femur head and the cup. The hip joint system’s response has a tendency to
be smoother in the presence of the lubricant, due to the synovial fluid damping
mechanism.

Surface roughness of knee prostheses has been proposed as the mechanism for
premature tribological prosthesis failure in total knee joint replacement performance.
The roughness of tibial ultra-high molecular weight polyethylene of retrieved knee
implants is characterized to assess the tribological failure in knee joint replacements
[111]. The roughness dissimilarities are quantified between medial and lateral con-
dyles taking into consideration the load experience differences of the two condyles.
The biotribological performance of the hip implants recovered from patients after
implantation is assessed by metal transfer characterization on the ceramic femoral
head bearing surfaces [112]. The reactivity at the surface structure of the metal inter-
face in artificial hip joints is improved by surface interaction due to friction. The
formation of the tribofilms developed by surface interactions can be categorized by
various arrangements of organic layers and oxide films [113]. The formation of sur-
face reaction tribolayer establishes a way to minimize wear of CoCrMo for metal-on-
metal hip implants.

The recent developments in biotribology of orthopedic implants are presented in
Table 1.9.
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TABLE 1.9

Recent Developments in Biotribology of Orthopedic Implants
Orthopedic Implants Authors
Metal-on-polymer wear in joints Dowson [103]
Articular cartilage biotribology Katta et al. [104]
Graphene-materials and graphene-nanocomposites Dong & Qi [105]
Biological articulating surfaces wear Harper et al. [106]
Biomaterials of alloys, ceramics, and polymers E etal. [107]

Wear resistance of titanium alloy by thermal oxidation Luo et al. [108]
Mobile bearing posterior stabilized knee design Grupp et al. [109]
Femur head interaction inside the hip bone Costa et al. [110]
Roughness characterization of retrieved knee implants Ruggiero et al. [111]
Metal transfer characterization on ceramic femoral heads Affatato [112]
Metal-on-metal hip joint in-vitro and in-vivo studies Espallargas et al. [113]

1.4.1 CoATINGS

The tribological behaviors of the bioceramics are enhanced against ultra-high molec-
ular weight polyethylene (UHMWPE) in human plasma lubrication [114]. The lower
wear rate of UHMWPE in human plasma lubrication is due to the protein deposited
on the surfaces. The bioceramic compositions of sintered HA/yttria-partially-
stabilized zirconia composite against UHMWPE in human plasma lubrication yield
an optimum minimum friction coefficient and wear rate and maximum hardness.
Bioceramic coatings are utilized to enhance the wear, mechanical and biological
characteristics of bone implants [115]. The benefits of HAp-TiO2 compact coatings,
with less amorphous phase contributes to lower wear rates and higher friction coef-
ficients for better implant fixation, and thus ensures the integrity of the bioceramic
coating. A wear-resistant formulation of silicon nitride and silicon carbon nitride
coatings for hard-bearing implants surfaces can potentially extend the implant life-
time [116]. The wear resistance of silicon nitride coatings is similar to that of bulk
silicon nitride (hardness of silicon nitride coatings is similar to that of sintered silicon
nitride) and significantly higher than that of cobalt chromium (elastic modulus of
silicon nitride coatings is similar to that of cobalt chromium). The multilayer surface
zirconium nitride coating with carbon-fiber-reinforced poly-ether-ether-ketone
(CFR-PEEK) is used to enhance the wear performance of knee joint system [117].
The biotribological performance of CFR-PEEK/ZrN multilayer surface coating in a
knee joint system yielded low wear and negligible surface fatigue. The DLC is a
potential material to improve wear resistance characteristics in orthopedic implant
treatments. The hydrogenated amorphous carbon (a-C:H) has moderate elastic mod-
ulus and high hardness with relatively high hardness/elasticity ratio which enables
the film to conform well with the substrate [118]. The a-C:H coated pin against coun-
terface (a-C:H coated) showed low coefficient of friction due to the transfer film
formation which is attributed to degree of graphitization with increasing applied
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load. The a-C:H coated surface also displays hydrophilic features for protein absorp-
tion. Significantly low friction coefficient and good wear resistance (good adhesion
between the substrate and coating) of the coated layer against the alumina counter-
face is observed [118]. The DLC-layered coatings with improved surface/material
properties (ratio of hardness vs elasticity) and absorbed protein portrayed a very
important role in the tribological characteristics appropriate for orthopedics implants
[119]. The layered coatings acquired columnar and very fine-grained microstructures
with micro-cracks of very low inter-columnar density. The DLC (a-C:H) layers are
noticed to produce outstanding tribological characteristics at “DLC on Polyethylene/
DLC” sliding pairs under hip joint simulated circumstances. The DLC coatings with
interlayers (Zr and ZrN (Zr:ZrN) sublayers, Zr and DLC (Zr:DLC) and N-doped
DLC layer) on titanium alloy (Ti-6Al-4V) are employed for advancing the biotribo-
logical functioning of orthopedic implants [120]. The Zr:ZrN layer is intended for
augmenting load capacity and corrosion resistance; the Zr:DLC layer is aimed for
gradual stress transition and enhancing layer adhesion thus reducing DLC delamina-
tion from the substrates; and the N-doped DLC layer is for reducing friction and
wear. The hydroxyapatite (Fe-HA) in tooth enamel is comprised of iron and thus
displays good hardness and high wear resistance [121]. The Fe-HA ceramics exhib-
ited better wear resistance when compared with the pure HA ceramics. The iron
content has a considerable effect on the crystal structure and morphology of Fe-HA
powders. Titanium alloys are extensively used in the clinical purpose of artificial
joints, and their wear resistance is improved with the deposition of DLC film on
titanium alloy surface. The wear mechanisms of DLC films on Ti6Al4V alloy surface
involved fatigue, abrasive, and adhesive wear [122]. The chitosan coating surface
under several sliding speeds displayed lower friction coefficient in comparison with
the uncoated surface [123]. The culturing of coated super hydrophilic surface with
osteoblast cells favored adhesion and good proliferation of cells. The multi-walled
carbon nanotubes (MWCNTSs) generated microstructural amendments in plasma
electrolytic oxidation coating yielded low friction and reduced wear damage [124].
The MWCNTSs’ enhanced coating tailors surface properties such as dense barrier
layer and irregular porosities and reinforcement that reduce the coefficient of friction
and wear in comparison to a MWCNT-free coating.

The recent developments in biotribology on implant coatings are presented in
Table 1.10.

1.4.2 SURFACES

Metal-on-metal (MOM) hip joint bearings have established low wear rates, neverthe-
less, wear of MOM joints is apprehensive due to the biological reaction and toxic-
ity of wear debris. The DLC and PVD coatings guards the femoral heads lowering
wear in comparison to the MOM femoral heads [125]. The stem—cement interface
debonding arises certainly for all stem designs under physiological loading. The
wear debris produced at the stem—cement interface reveals an increasing importance
in the mechanical failure of cemented total hip replacements [126]. The friction
coefficient is dependent on the surface finish, with a low value obtained for the
polished contacting surfaces. The proteins from the calf serum are found to
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TABLE 1.10

Recent Developments in Biotribology on Implant Coatings

Implant Coatings Authors

Hydroxyapatite (HA) nanoparticles synthesis Wang et al. [114]

Compact coatings integrity with less amorphous phase Melero et al. [115]

Silicon nitride and silicon carbon nitride coatings for hard bearing implants Pettersson et al. [116]
surfaces

Zirconium nitride multilayer surface coating with carbon-fiber-reinforced Grupp et al. [117]
poly-ether-ether-ketone

Hydrogenated amorphous carbon (a-C:H) on alumina Hee et al. [118]

Diamond-like carbon coatings (DLC) on orthopedic implants Choudhury et al. [119]

DLC coatings with interlayers of zirconium on titanium alloy Choudhury et al. [120]

Influence of iron on wear resistance of nano-hydroxyapatite Han et al. [121]

Deposition of DLC film on Ti6Al4V alloy surface Xu et al. [122]

Layer-by-layer deposition on CoCrMo alloy with grafting Qin et al. [123]

Coating structure with tailoring surface properties using multi-walled carbon ~ Daavari et al. [124]
nanotubes (MWCNTs)

adsorb onto both the bone cement surfaces and femoral stem. The wear at the stem—
cement interface may be improved by tailoring physicochemical properties of the
femoral components to promote protein adsorption. The effect of bovine calf serum
(BCS) and human synovial fluid (HSF) fluid compositions are assessed for friction
and wear of cobalt chromium molybdenum (CoCrMo) materials. The cobalt chro-
mium molybdenum (CoCrMo) material pairs recorded higher wear for the HSF sam-
ples compared to BCS fluid compositions [127]. The wear scar size on the CoCrMo
material is dependent on protein content which reduced appreciably for higher BCS
concentration. The protein deposits are adherent which established the significance
of proteins in determination of CoCrMo wear [127]. The anterior—posterior transla-
tion and internal-external rotation influences the wear of knee implants. The two
wear models, contact pressure independent and dependent models, are employed in
conjunction with finite element numerical model for wear prediction. The contact
pressure independent model shows decreased wear during forward movement of the
tibial insert in flexion, while the contact pressure dependent model shows increased
wear [128]. The results predicted by the contact pressure dependent model are con-
sistent with those of reported experimental wear trends. The precise quantification of
bearing material deficiency from MOM retrieved hip replacement implants is funda-
mental to identifying their failure. The geometrical methods are the viable approaches
to assess volumetric wear (material loss) from the retrieved bearing hip implants
[129]. The key concern influencing joint prosthesis is wear, bringing about loosening
and implant failure. The joint load distributions have presented important under-
standing that the knee loading configurations, exhibiting different contact joint loads
in medial and lateral condyles [130]. The surface roughness is not appreciably dis-
similar relating medial and lateral sides, nevertheless, surface damage is higher in the
lateral condyles than in the medial condyles. The implant surface roughness affects
the early wear and metal transfer surface area. Based on the roughness factors taken
into account on the articular surface, the metal transfer regions were rougher than the
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TABLE 1.11
Recent Developments in Biotribology on Implant Surfaces
Implant surfaces Authors
Hip prostheses with thin hard coated metallic heads Ortega-Saenz et al. [125]
Biotribological stem—cement interface properties Zhang et al. [126]
Hip implants under reciprocating sliding conditions Stevenson et al. [127]
Anterior—posterior translation and internal-external rotation influence on Zhang et al. [128]
the knee implants wear
Volumetric wear estimation from hip implant bearing Bergiers [129]
Implant surface roughness influences the metal transfer surface area and Affatato et al. [130],
premature wear Affatato [112]
Total knee arthroplasty medial and lateral wear Affatato et al. [131]
Ceramic-on-ceramic hip implant de Villiers & Collins [132]

non-metal transfer regions [112]. The material properties, surface topography, and
prosthetic components movements impact the wear mechanisms, steady damage pat-
terns, and implant failures in total knee arthroplasty. The increasing femoral compo-
nent’s surface roughness of total knee prostheses may be a contributing factor to
accelerated scratches (wear) observed in the anterior/posterior (AP) direction of all
the femoral components and ultimately prosthesis failure [131].

The ceramic-on-ceramic hip implant of the zirconia toughened alumina ceramics
is an appropriate replacement material with biocompatibility and low wear. The
ceramic-on-ceramic hip implant presents a bone preserving treatment without the
metal ion related issues linked with MOM devices [132].

The recent developments in biotribology on implant surfaces are presented in
Table 1.11.

1.4.3 CoOMPOSITES

The wear and lubrication of artificial joints are vital concerns for their endurance,
durability, and long life. The failure of tibial bearings generally made from ultra-
high molecular weight polyethylene (UHMWPE) is due to subsurface fatigue crack
commencement and propagation. The fatigue cracks originated in the embrittled
oxidized layer in UHMWPE specimens is an unfavorable consequence from steril-
ization of the tibial bearings [133]. The number of cycles required for fatigue cracks
commencement is dependent on the intensity of oxidation and on the contact stress.
The implant loosening and ensuing failure leads to vital parameters in the biological
response (osteolysis) to the wear debris as shape, size, and number of particles. The
clinical hip replacement studies with highly cross-linked polyethylene (XLPE) cups
have shown greatly reduced wear (and XLPE wear debris particles) compared with
conventional polyethylene (PE) [134]. The reduced wear rate of XLPE should
reduce the osteolytic potential, but the reduced debris size may have the possibility
to build up the biological activity. The decreased debris size due to cross-linking of
UHMWPE can result in greater osteolysis with appropriately large number of gener-
ated particles. The capability to provide improved evaluation in-vivo requires an
increased understanding of the osteolysis and associated biological processes [134].
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The lowest wear rate and friction coefficient of UHMWPE are achieved under
human plasma lubrication [135]. The wear mechanism of UHMWPE under (i) dry
friction is plastic deformation and adhesive wear, (ii) water lubrication is fatigue
fracture wear and severe plowing, and (iii) human plasma lubrication is plastic
deformation and fine plowing. The protein serum deposition occurred on worn sur-
face of UHMWPE as the nitrogen content in worn surface areas is much higher than
that in unworn surface areas. The main reason for failure of total joint replacements
in the long period is the wear of ultra-high molecular weight polyethylene
(UHMWPE). The addition of bovine bone hydroxyapatite (BHA) to the UHMWPE
composites increases the biocompatibility and wear resistance vital for high quality
artificial joints. The BHA/UHMWPE composites under human plasma lubrication
conditions reduced the friction coefficient and wear rate, and enhanced the hardness
and modulus of elasticity [136]. The ultra-high molecular weight polyethylene
(UHMWPE) substrate is treated to augment the adhesion of the hydrogen-containing
carbon (HCC) coating [137]. The HCC coating has enhanced wear resistance as a
sizable amount of HCC coating remained with the deposited substrate as compared
with the polished substrate. The total joint replacements encompass formulation
between a metal/alloy and UHMWPE in orthopedic applications. The addition of
micro-sized zirconium particles in compression molded ultra-high molecular weight
polyethylene (UHMWPE) composites have shown outstanding biocompatibility and
substantial reduction in wear compared to conventional UHMWPE [138]. The cross-
linking decreases the wear rate of UHMWPE, but brings about reduction in impact
toughness. The ultra-high molecular weight polyethylene (UHMWPE) biomaterial
is employed as the acetabular cup in artificial hip joints. The main cause of long-
term failure of hip joints is the wear debris generation of UHMWPE in human body
after their replacements which have demonstrated to induce osteolysis and implant
loosening. The natural coral (NC) particles addition in UHMWPE resulted in the
enhancement of micro-hardness and scratch resistance of the NC/UHMWPE com-
posites [139]. The NC/UHMWPE composites wear resistance increased with the
increasing contents of NC particles. The NC/UHMWPE composites wear mecha-
nism is mainly due to adhesive wear and the NC constituents in UHMWPE altered
the adhesive wear severity. The bovine bone hydroxyapatite (BHA) filler is a suit-
able component to enhance the wear resistance of BHA/UHMWPE composites for
biotribological applications [140].

The BHA/UHMWPE composites acetabular cups (obtained by hot pressing for-
mation method) against CoCrMo alloy femoral heads under bovine synovial
lubrication can increase the hardness and decrease the wear rates. The principal
wear mechanisms for UHMWPE and its composites are adhesive wear, fatigue, and
plowing. The major long-term failure identified for metal-on-UHMWPE is implant
loosening due to wear generation. The wear progression is simulated taking into
consideration Archard's wear model with the finite element simulation of femoral
head and acetabular cup [141]. The bearing surface generated under the influence of
wear would be beneficial to the hip implant replacement by enhancing the lubricant
film and reducing wear. The ultra-high molecular weight polyethylene (UHMWPE)
cross-linking without stabilization has potential for the use in biomedical applica-
tions with increased bearing wear resistance, yet reduce degradation in stiffness and
oxidation resistance [142]. The UHMWPE cross-linking without stabilization
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revealed a substantial increase in wear resistance yielding a reasonable drop in elastic
modulus thus retaining a sizable share of the crystalline polymer original stiffness.
The cross-linking followed by thermal stabilization substantially decreased the elas-
tic modulus of UHMWPE, while the thermal stabilization decreased crystallinity
more than that obtained without stabilization. The lamellae (crystalline) play an
important role in the wear mechanisms and deformation of ultra-high molecular
weight polyethylene (UHMWPE) in artificial knee joints [143]. The lamellae (crys-
talline) under tribologically loaded conditions assemble similar to the alignment of
collagen fibrils in natural cartilage. The proposed tribologically loaded UHMWPE
model reflects the different depth zones deformations. The stresses which are most
influential in modifying the microstructure and are therefore most detrimental to gen-
erate wear particles are close by the surfaces subjected to the application of collective
large normal loads with high relative velocity. The MWCNT/UHMWPE nanocom-
posites signify an alluring substitute for the conventional UHMWPE used as bearing
surfaces in joint prostheses. The addition of multi-walled carbon nanotubes
(MWCNTs) to conventional ultra-high molecular weight polyethylene (UHMWPE)
led to a substantial decrease in wear rate in orthopedic applications [144]. The bio-
compatibility of wear particles from the MWCNT/UHMWPE nanocomposites have
been related to decreased implant loosening and osteolysis in comparison to those
generated from the conventional UHMWPE. The third-body particle effect on artifi-
cially aged vitamin E stabilized polyethylene is a constant wear behavior with effec-
tiveness in oxidation prevention under prolonged artificial aging [109]. The highly
cross-linked polyethylene (remelted) has a higher oxidation resistance, whereas stan-
dard polyethylene shows oxidative degradation and subsequently increased wear.
The highly cross-linked (HXL) UHMWPE blended with vitamin E has superior wear
characteristics than that of highly cross-linked (HXL)/conventional UHMWPE (ace-
tabular cups) counterfaced with CoCrMo alloy (femoral head) [145]. The tribologi-
cal testing of the (i) highly cross-linked (HXL) UHMWPE blended with vitamin E
produces surface layer abrasion, (ii) highly cross-linked (HXL) UHMWPE produces
surface layer abrasion and flaking facture, and (iii) conventional UHMWPE pro-
duces accumulated plastic flow and yielding. The highly cross-linked (HXL)
UHMWPE blended with vitamin E can prevent oxidative degradation along with
decreasing the surface layer flaking facture occurrence. The Ti6Al4V material com-
prises an alternate selection to the metal-polymers for total hip arthroplasty (THA)
due to high load capacity and good biocompatibility. The Ti6Al4V material contact
surfaces display superior levels of preservation and bone transfer by adhesion. The
Ti6Al4V material with hydroxyapatite (HAp) and tricalcium phosphate (TCP) is
used as metal prostheses coatings owing to the stability of the implants [146]. The
biocomposite implant design based on polished surfaces of Ti6Al4V material with
hydroxyapatite (HAp) and tricalcium phosphate (TCP) leads to an enhanced primary
implant stability. The secondary stability is enhanced due to the adhesion between
bone and biocomposite implant, increasing on the whole implant stability [146].
Friction in polyethylene/metal contact pair is significantly affected by protein con-
centration and sliding speed. The protein content and sliding conditions of polyeth-
ylene/metal (UHMWPE/CoCrMo) contact pair have a certain effect on both the
structure of the adsorbed molecules and adsorbed film formation and hence
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affect the friction coefficient [147]. The proteins undergo significant changes in their
initial structure complemented by the development of protein film with an increase
of friction coefficient. The retrieved UHMWPE tibial implants lead to a key role of
third body layer in tribological analysis [148]. The formation of a third body layer
composed of a synovial fluid (a Gel-IN calf serum and a calf serum) and UHMWPE
wear particles mixture in the implant leads to good tribological performance with a
lower wear rate. The Gel-IN calf serum yielded the formation of a third body layer
on the UHMWPE surface owing to protein and lipid adsorption which led a lower
friction factor [148]. However, the calf serum is unable to attach to the UHMWPE
surface which led to a high friction factor. Polyether ether ketone (PEEK) is utilized
in arthroplasty along with its composites due of their superior nature. The tribologi-
cal characteristics of tibia and femur prosthesis contact mode simulation of PEEK
against the CoCrMo alloy in torsion under calf serum solution are as follows [149]:
(i) the coefficient of friction decreases with increasing torsional angle, and (ii) the
wear depth is extended, the wear width is expanded, and wear scars are stretched
with an increasing normal load. The PEEK wear mechanism in the central region is
plastic deformation, while in the marginal region is mostly due to fatigue and abra-
sive wear. The ceramic-on-UHMWPE hip replacement implant design enhancement
is carried out based on the wear maps displaying the progress of the structure and
position of the wear damage [150].

The recent developments in biotribology on implant composites are presented in
Table 1.12.

TABLE 1.12
Recent Developments in Biotribology on Implant Composites

Implant composites

Surface pitting and fatigue cracks in UHMWPE

XLPE implant wear and particles debris

Tribological behavior of femoral bone against UHMWPE

BHA filled UHMWPE composites

HCC coating adhesion enhancement to UHMWPE

Zirconium reinforcement filler particles into UHMWPE

NC reinforcement filler particles into UHMWPE

BHA/UHMWPE acetabular cups with CoCrMo femoral heads

Wear simulation prediction of hip joint replacement

UHMWEPE with increased bearing wear resistance

Modeling deformation zones in the UHMWPE sample

Tribological behavior of nanocomposite MWCNT/UHMWPE

Tribological behavior of artificially aged vitamin E stabilized
polyethylene

Tribological properties of HXL-UHMWPE/CoCrMo pair

Tribological properties of metal matrix bioactive composite

Adsorbed protein film effect on UHMWPE/ CoCrMo pair

Tribological analysis of layered medial knee implants

Tibia and femur prosthesis contact mode simulation

Ceramic-on-UHMWPE hip replacements wear map

Authors

Kennedy et al. [133]
Williams et al. [134]
Wang et al. [135]

Liu et al. [136]
Takeichi et al. [137]
Plumlee et al. [138]
Ge et al. [139]

Wang et al. [140]
Harun et al. [141]
Schwartz & Bahadur [142]
Galetz & Glatzel [143]
Sufer et al. [144]
Grupp et al. [109]

Chen et al. [145]
Dantas et al. [146]
Necas et al. [147]
Sava et al. [148]
Liu et al. [149]
Mattei et al. [150]
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