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PALABRAS CLAVE RESUMEN

Polietileno de ultra alto peso El polietileno de ultra alto peso molecular (UHMWPE por sus siglas en
molecular (UHMWPE) inglés) ha sido el estandar de oro para los reemplazos de rodilla durante
Desgaste de UHMWPE maés de cinco décadas. Este biomaterial, utilizado ampliamente en el
Materiales compuestos de sector ortopédico, ha sido constantemente modificado para disminuir su
UHMWPE tasa de desgaste en las prétesis de rodilla. Hoy en dia, los reemplazos
Reemplazo total de rodilla. totales de rodilla tienen una tasa de supervivencia del 95 % después de

10 afios, 88.7 % después de 15, y 82 % después de 25 afios. Sin
embargo, la vida util del componente de UHMWPE a menudo se limita
entre los 15 a 20 afios, ya que el dafio por desgaste de las superficies del
UHMWRPE es inevitable. En pacientes mas jovenes y activos, el
desgaste puede acelerarse, generando una cantidad considerable de
particulas y provocando una falla prematura. Se han reportado
reacciones adversas en el tejido circundante de la articulacion de la
rodilla debido a la presencia de estas particulas, especialmente en el
rango de 0.3 a 2 pm, que a menudo conducen a un aflojamiento aséptico
inducido por ostedlisis. Las investigaciones se han centrado en mejorar
la resistencia al desgaste y el rendimiento del UHMWPE. En este
trabajo, se analiza el comportamiento de desgaste y el rendimiento
clinico del UHMWPE desde el punto de vista de la ciencia de los
materiales, asi como las modificaciones existentes para mejorar la
resistencia al desgaste de este polimero; la reticulacién mediante
irradiacion gamma, la estabilizacion de vitamina E y la incorporacion
de diferentes nanoparticulas.
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UHMWPE IN TOTAL KNEE ARTHROPLASTY: SUCCESSES & FAILURES

KEYWORDS ABSTRACT

UHMWPE Ultra-high-molecular weight polyethylene (UHMWPE) has been the
UHMWPE wear gold standard for total knee replacements for over five decades and
UHMWPE composites has been modified continuously to diminish its wear rate. Today, total

knee replacements have a survival rate of 95 % after ten years, 88.7
after 15 years, and 82 % after 25 years. However, the UHMWPE
tibial component service life is often limited to 15 to 20 years, since
the wear damage to UHMWPE articulating surfaces is inevitable due
to the constant movement of the femoral component over the
UHMWPE spacer. UHMWPE wear can be highly accelerated for
younger and more active patients, generating a considerable amount
of wear debris and leading to premature failure of the component.
Adverse reactions in the knee joint surrounding tissue have been
reported due to the presence of particles in the range of 0.3 to 2 um,
often leading to osteolysis-induced aseptic loosening of the prosthesis
components. Research efforts have focused on improving the wear
resistance and overall performance of this material. This review
discusses the wear behavior and clinical performance of UHMWPE
from a materials science point of view and the existing attempts to
improve the wear resistance of this polymer, such as cross-linking
through gamma irradiation, vitamin E-stabilization, and
incorporation of different nanoparticles.

total knee replacement.

years; in 2011, an estimated 1,324,000
primary and revision TKA procedures were
performed in only 18 countries [3]. The
number of TKAs in the US has doubled in the
last ten years [1,4]. Conservatively, the
number of primary TKA will presumably
increase by 143 % by 2050, reaching about
1.5 million cases/year just in the United States
[5,6]. Other countries such as Austria have
experienced continuous growth of about 13 %
annually from 2009 to 2015 [7].
Consequently, the number of TKRs

1. INTRODUCCION

Before developing total joint replacements,
patients who suffer the burden of end-stage
arthritis of the knee had unremitting pain and
a significantly decreased functional capacity.
Prosthetic ~ knee  replacements  have
dramatically improved the quality of life of
millions of people; total knee replacements
(TKRs) are designed for partial or complete

substitution of the knee joint affected by
degenerative diseases such as osteoarthritis
and rheumatoid arthritis [1]. Modern TKRs
began in the early 1970s in the United States
and Europe, when tibiofemoral condylar
implants started to be employed to correct
severe knee deformities [2].

A total knee arthroplasty (TKA) is a surgical
procedure to replace the knee joint. TKA is a
very successful treatment for degenerative
diseases. The number of TKAs performed
globally has seen continuous growth over the
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implanted continues to grow every Yyear,
making the production of ultra-high
molecular weight polyethylene, the current
gold standard used in the fabrication of tibial
inserts, a multi-billion dollar industry.

Ultra-high molecular weight polyethylene
(UHMWPE) is a linear semi-crystalline
polymer that has been widely used in
industrial and biomedical applications,
particularly in the orthopedic field, because of
its superior wear resistance, low coefficient of
friction, high impact resistance,

4


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

N. Camacho, J.M. Gonzélez Carmona, D.G. Espinosa Arbeldez, G.C. Mondrag6n-Rodriguez, Stephen W. Stafford
Revista Colombiana de Materiales, ISSN 2256-1013, No 16, pp. 3-28, 2020. https://doi.org/10.17533/udea.rcm.n16a01

biocompatibility, and high fracture toughness
[8—14]. Despite the success of this orthopedic
procedure to restore the functional capacity of
the knee joint, implants still present many
shortcomings leading to premature failure of
the individual components, particularly of the
UHMWPE tibial insert. Aseptic loosening as
a result of wear debris-related osteolysis has
been recognized as the primary cause of
failure in TKRs [8,13,15-17], limiting the
longevity of the implant to 15-20 years [1].
As more TKRs are implanted on increasingly
younger patients, rates of osteolysis-induced
aseptic loosening are also increasing.

Wear debris will always be produced due to
the natural sliding and rolling movements of
the knee. Patient factors such as age, gender,
height, weight, and knee and body anatomy
influence the wear rate of the insert and the
operative life of the implant [16].
Additionally, issues related to the adjustment
of tibiofemoral alignment and ligament
balance increase UHMWPE wear [18].
Produced wear debris causes reduced
mobility, increased pain due to biologic
response to the debris, mechanical instability
due to component loosening, and failure [5],
[16]. In extreme cases where the UHMWPE
has been completely worn-out, the femoral
component starts worn-out, leading to
metallosis (or tibial plate break) [18]. The
increasing demand for longer-lasting TKRs,
particularly for younger and more active
patients, has motivated scientists and
engineers to improve the performance of
UHMWPE [1].

The first attempts to improve the mechanical
behavior of the tibial inserts started in the
1970s, blending UHMWPE with carbon
fibers [17] and introducing crosslinked
polyethylene (XPE) [8]. The composite
showed improved hardness and creep
resistance; however, characteristic wear
modes of matrix-filler interfaces, including
fiber pull-out, fiber breakage, crack initiation
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at the interface, and pit formation, were
observed [17,19]. In the 1990s, XPE
polyethylene wear performance started to be
described as successfully reducing wear rates
and osteolysis cases for total hip
replacements; nevertheless, the success of
reducing wear debris production in TKRs was
less clear [19-21]. The second generation,
known as highly crosslinked polyethylene
(HXLPE), was developed in the 2000s.
HXLPE tested in vitro and in vivo reduces
polyethylene wear [21]. Several good early
clinical results have been reported for knee
replacement fabricated with HXLPE, and
according to the Annual Report of 2018 of the
American Academy of Orthopedic Surgeons,
HXLPE was used in primary and revision
surgeries performed from 2012 to 2017 in at
least 35 % of all registered procedures [22].
The primary strategy to improve crosslinking
within the polymer is sterilization at high
irradiation doses [20,21]. Moreover, the
introduction of vitamin E as an oxidation
stabilizer and post-irradiation heat treatments
have helped reduce the oxidative effects of
gamma and ion beam irradiation used to
crosslink the polymer [21,23-25]. Because
these improvements have only partially
solved the problem of wear debris-induced
osteolysis, more investigations have been
carried out.

Nowadays, several reinforcing particles have
been blended with UHMWPE to enhance the
mechanical performance of this polymer and
diminish wear rates, such as micro and nano
ZnO particles [26], talc particles [10], zeolite
particles  [27], Zr particles [28],
hydroxyapatite [29,30], and carbon-based
materials [1]. In particular, carbon nanotubes
[12,31-38] and graphene nanoplatelets [38—
41] have attracted a considerable amount of
attention because of its outstanding properties
at low particle loading ranging from 0.05to 1
wt. %. The characterization of new
composites includes the determination of
mechanical properties such as tensile
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strength, hardness, impact strength, and
modulus of elasticity since the mechanical
properties of UHMWPE influence the load-
bearing  capacity of the  material.
Additionally, the determination of wear rates,
material loss quantity, wear modes affecting
the bearing surface, friction coefficient, and
shape and size of wear particles [1] under dry
and lubricated conditions provide insight into
the  UHMWPE-composites future clinical
performance.

This review describes the advances in the
mechanical  properties of UHMWPE,
summarizes the wear behavior and clinical
performance of UHMWPE in the last
decades, and presents the existing attempts to
improve the wear resistance of this polymer
by crosslinking thermal treatments and the
incorporation of vitamin E, the use of
untreated and  functionalized  carbon
nanostructures, and other hard particle
reinforcements. The incorporation of carbon
nanostructures and their impact on
mechanical properties, wear behavior, and
biocompatibility of UHMWPE is thoroughly
discussed.

2. UHMWPE STRUCTURE AND
MECHANICAL PROPERTIES

Ultra-high molecular weight polyethylene is
a semi-crystalline high-performance
engineering  polymer  with  excellent
mechanical and physical properties among
thermoplastics (tensile strength, impact
strength, abrasion resistance, low creep, low
friction coefficient, reduced wear, resistance
to fatigue, low permeability, and high
corrosion resistance) [1,42]. Table 1
summarizes the physical and mechanical
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properties of UHMWPE according to
molecular weight classification.
Exceptionally long chains of polyethylene
form UHMWPE, with each additional
molecule improving the whole structure [46];
this gives intrinsic extraordinary physical and
mechanical properties tailored to improve
UHMWPE clinical performance. Because of
the length of its chains and high molecular
weight, the processing of this material has
proven  challenging.  Medical grade
polyethylene with an average molecular mass
of > 2,000,000 a.m.u., molecular weight
between 3.5 - 6 million g/mole, and a degree
of polymerization between 71,000 - 214,000
displays a set of ordered regions (extended
chain crystalline 10 - 50 nm thick and 10 - 50
um long lamellae composed of orthorhombic
crystals) embedded in a disordered
amorphous phase [9,45]. The degree of
crystallinity is relevant since higher
crystallinity provides a larger elastic
modulus, superior yield and fatigue strength,
and improved creep resistance [9,8]. High
crystallinity degree, associated with the
thickness of the lamellar polymer structure, is
also  responsible  for better surface
characteristics such as higher hardness,
improved wear behavior, lower wear depth,
and lower friction coefficient [47]. The
amorphous content (e.g., nanometers range)
also plays a crucial role in determining
UHMWPE physical behavior. Kurtz et al.
found that changes (crystallization) in the
amorphous regions of the polymer are
primarily responsible for the drop in
mechanical properties with increasing
temperature [45]. In general, acceptable
crystallinity ranges of UHMWPE should be
between 39 and 75 % for medical-grade
applications [1,48].
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Table 1. Physical and mechanical properties of orthopedic grade UHMWPE.

Property GUR 1020 GUR 1050 Reference
Molecular weight (g/mol) ~3.5x10° 5.5-6.0 x 10° [1]
Density (kg/m®)[43] 937 932 [44]
Charpy impact strength (kJ/m?) 203 101 [44]
Mean wear factor 10 (mm3/Nm) 3.92+0.55 3.64 £0.39 [44]
Glass transition temperature -150 °C -150 °C [9]
Extruded Molded Extruded Molded
Tensile strength at yield (MPa) 23601 | 23601 |223+01 |225+0.1 [9]
Ultimate tensile strength (MPa) 372+6.4 | 421+£27 | 40050 | 438+35 [9]
Elongation to failure (%) 452 440 395 373 [45]
3. UHMWPE PERFORMANCE Salud do not seem as significant as in the

AND ITS CLINICAL CONSEQUENCES

In 2007, the Canadian Joint Replacement
Registry reported that the three main reasons
for revisions of primary TKR were
osteolysis-induced aseptic loosening,
indication present in 33 % of all the cases,
UHMWRPE wear (30 %), and instability of the
implant (17 %) in 2005 - 2006, demonstrating
that degradation of UHMWPE is the principal
contributor to the failure of TKRs [9,4].
Furthermore, in 2016, the data obtained from
different joint replacement registries across
the globe showed that aseptic loosening was
still the most common indication for revision
surgery, accounting for 29.8 % of all
procedures [49]. TKR long-term clinical
performance could be described in terms of
the number of revision procedures due to the
malfunction of the knee implant. In general,
the number of revision surgeries is rising in
many countries; for instance, Australia
reported 3200 revision surgeries for TKR in
2008, while in 2015, there were 15,232
revision surgeries [3,50]. In Mexico, the
numbers reported by the Secretaria de la
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USA. However, an increase in the number of
surgeries performed every year can be
observed (Figure 1). Several factors influence
the wear of UHMWPE tibial insets [51] (e.g.,
materials and design, patient height and
weight, joint loading during daily activities,
patient activity level, and the surgical
technique (alignment and soft tissue
balancing). Because most of these variables
cannot be controlled or measured accurately,
scientific community research focuses on
developing longer-lasting, more resistant
UHMWPE formulations.

Number of Primary and Revislon Surgearies for TKR in Mexico (2004-2015)
W Mae Prmasy [ Femats Primary Male Rovision [l Femais Revision

]

2004 2005 2006 2007 2008 2006 2010 2011 2012 2013 2014 2015

S

o

Figure 1. Statistics of TKA performed in Mexico
in public institutions from 2004 to 2015.
Information obtained from Secretaria de

Salud de México.
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Wear, caused by the periodical and combined
motions of rolling, sliding, and rotating [52]
naturally taking place at the knee joint, results
in the UHMWPE tibial insert fatigue. Cyclic
deformation of the articulating surface at the
microscopic level has been reported to
precede wear [9]. Local stresses surpass the
yield strength of the articulating surface,
resulting in microscopic deformation of the
tibial insert and removal of UHMWPE from
the tibial insert surface through the abrasive,
adhesive, third body, and fatigue wear
mechanisms, more specifically from pitting
and delamination [15]. The polyethylene
insert is the most damaged component
because the interactions of the polymer
chains are weak compared to those between
the metal or ceramic atoms in the femoral
knee implant [15]. The most relevant wear
patterns at TKR articulating surfaces include
burnishing, scratching, pitting, delamination,
abrasion, third-body debris wear, and
creeping or cold flow [15,45,52]. Figure 2
presents five failed UHMWPE components
removed after different periods of
implantation. All components show damage
to the articulating surface regardless of the
implantation period. Table 2 provides the
information for each component and their
Hood score (semi-quantitative wear damage
scoring method), which can have a maximum
value of 210 points [15,45,52].

The particles of polyethylene produced by the
different wear modes (abrasive, adhesive and
erosive wear) induce aseptic loosening in an
elaborate mechanism involving the formation
of reactive tissue. Wear debris varies in size
and shape. Figure 3 displays scanning
electron microscope photographs showing
some of the most common morphologies of
wear debris found within knee joint tissue, as
presented by Nine et al. [5,53]. Wear debris
of different sizes, shapes, and compositions
are confined at the bone and joint interface
interacting  with  periprosthetic  tissue,
influencing the response of periprosthetic
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cells [5]. The foreign body response evolves
into osteoclast bone resorption around the
implant and, consequently, osteolysis, which
has been documented as the leading cause of
implant failure [4,5,54,55].

Figure 2. UHMWPE tibial inserts retrieved
after a) 5 months, b) 1 year, c) 5 years, d) 7
years, and €) 8 years, all donated by El Paso
Orthopedic Group, El Paso, TX, USA.

The foreign body response, also called a
granulomatous response, caused by the
presence of wear debris, denotes a
nonspecific inflammatory reaction involving
activated mononucleated macrophages and
fibroblasts phagocytosis. Granulomatous
response to UHMWPE particles is size,
concentration, and composition-dependent
[8]. Particles in the range of 0.3 to 2 pum
(critical particle size) of wear debris and high
doses of critical size particles induce a
significant level of secretion of bone-
resorbing factors [1,5,45,55].


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

N. Camacho, J.M. Gonzélez Carmona, D.G. Espinosa Arbeldez, G.C. Mondrag6n-Rodriguez, Stephen W. Stafford
Revista Colombiana de Materiales, ISSN 2256-1013, No 16, pp. 3-28, 2020. https://doi.org/10.17533/udea.rcm.n16a01

Table 2. TKR specification and Hood score after implant retrieval.

Patient .
Age & Weight _Implanted Manufacturer Cause for Removal Hood Score
(Kgs) time (years) after removal
Gender
79IM 1155 5 mgnths 12 Biomet Unstable knee with quadriceps 20
ays rupture
75/M 145 1 Biomet Unstable knee 18
Left total knee prosthesis
76/F 77 5 Biomet loosening at tibial and femoral 50
sites
83/F NA 7 DePuy Left total knee !oosenmg with 40
pain
50/F 81.5 8 NA NA 119
NA/M NA 8 Biomet NA 134

Figure 3. Typical morphologies of wear debris
collected from periprosthetic tissue; (a)
UHMWPE, (b) alumina, (c) spherical
UHMWPE, (d) sheet/flake type UHMWPE, and
(e) UHMWPE fibrils, as presented in Nine et al.
[5].

The correlation among bone loss, wear
debris, and secreted mediators suggest that
the interaction between tumor necrosis factor
(TNF-a) and the receptor activator of nuclear
factor kappa-B ligand promotes osteoclast
activity, leading to bone resorption and,
ultimately, loosening of the implant [5]. Thus,
UHMWPE clinical performance is directly
related to its mechanical properties,

particularly to its wear resistance.
One aspect that has played a crucial role in
UHMWPE clinical performance is the

@OD®

sterilization process of these components.
High-energy irradiation has been used to
sterilize tibial inserts and initiate and increase
crosslinking of the polymeric chains,
increasing its  mechanical  properties.
However, gamma- and electron beam
irradiation in air at a dose level of 25 kGy, or
higher, produce free radicals, that combined
with oxygen lead to long-term post-
irradiation aging (oxidative degradation) of
the material, modifying not only the
morphology of the polymer but also its
mechanical properties [5,8].

Mechanical properties, including wear
resistance of polyethylene, have been
demonstrated to decrease because of the
oxidative degradation of the material
[8,9,12,13,53]. The loss of inherent
mechanical properties potentially leads to
fatigue failure of the articulating surface. An
oxidation level of 1.0 to 1.5 is an important
threshold for detrimental loss of mechanical
properties, so that clinical fatigue may occur
[56]. Won, Rohatgi et al. showed a direct
correlation between subsurface oxidative
degradation and an increased prevalence of
delamination in tibial components [57]. It has
been observed that when UHMWPE is
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sterilized under gamma and e-beam
irradiation, oxidative degradation occurs with
increasing in vivo time due to the presence of
oxygen in the blood [52]. As explained by
Sobieraj and Rinmac, free radicals produced
via irradiation react with the oxygen present
in UHMWPE producing hydroperoxides.
Following hydroperoxide decomposition,
free radicals are generated one more time,
leading to carbonyl functionalities on the
backbone of the polyethylene chains [9]. The
process becomes autocatalytic as long as
oxygen continues to be present, generating
oxidation products such as ketones, alcohols,
esters, and carboxylic acids [9]. Long-term
post-irradiation  aging  decreases  the
molecular weight and embrittles the polymer,
leading to a decrease in elongation to failure,
ultimate stress, toughness, fatigue crack
propagation, decreased S-N fatigue life, and
an increase in the elastic modulus [1,24],
[25,58]. These mechanical properties are of
great significance when the UHMWPE tibial
inserts are subjected to high multiaxial
contact stresses that can exceed the yield
stress, leading to permanent deformation and
finally to the catastrophic rupture and
premature failure of the implants. According
to the Annual Report 2019 from the American
Academy of Orthopedic Surgeons [59],
conventional UHMWPE use has decreased in
the last years due to the decrease of
mechanical properties related to oxidative
degradation.

4. UHMWPE WEAR RESISTANCE
IMPROVEMENTS

Despite the success of UHMWPE as the
bearing surface material used in TKRs,
concerns regarding implant loosening due to
osteolysis started in the 1990s and continue to
be one of the main issues of this material.
UHMWPE wear particles are the primary
cause of osteolysis as they induce an
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autoimmune response that results in bone
resorption. In the last decades, different
solutions have been proposed to address
degradative oxidation and wear debris
production.

Most research focuses on enhancing the wear
resistance capacity of the polymer and
reducing the oxidation undergone during
shelf storage, in vitro, and in vivo caused by
the free radicals produced in the sterilization
process. One of the paths taken to improve
UHMWPE wear resistance has been to
increase the molecular weight of the polymer
since it is directly related to the toughness of
the material [60,61]. Other efforts include the
use of modified sterilization protocols (still
using high-energy radiation to achieve
crosslinking of the polymer chains but
performed under inert gases or vacuum,
reducing oxygen in the sterilization and
packaging processes [8]), infusing the
polymer with vitamin E, and applying a post-
irradiation thermal treatment [62].

4.1. Crosslinking of UHMWPE

Crosslinked  polyethylene  (XPE) was
developed to improve the wear resistance of
the articulating tibial insert and generate
longer-lasting knee prosthesis. Oonishi and
coworkers, who showed that crosslinking
UHMWRPE leads to decreased wear, have
studied wear resistance of XPE since the
1970s [9,13,61,68]. Crosslinking is obtained
by high-energy irradiation (over 50 kGy)
because of its capacity to break chemical
bonds and produce free radicals in the
polymer that react with chain imperfections
and other radicals [9,46,60,63]. Such
reactions result in polymer chains with stable
C-C chemical bonds, increasing the
molecular mass and the wear resistance of the
material [64]. The first generation of XPE
was crosslinked at irradiation levels between
50-105 kGy in the 1990s and early 2000s, and
when tested in vitro in wear simulators, there
was a significant reduction in wear rate when
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compared to conventional UHMWPE [9,
45,46,61].

Nonetheless, it was also noticed that gamma
irradiation in air produced free radicals in the
polymer, causing oxidative degradation of the
polymer, decreasing the intrinsic mechanical
properties of UHMWPE [1,64,65]. The
second generation, known as highly
crosslinked polyethylene (HXLPE), was
developed in the 2000s. HXLPE has a proven
capability both in vitro and in vivo to reduce
polyethylene wear [21]. Several good early
clinical results have been reported for knee
replacement  fabricated  with  highly
crosslinked polyethylene (HXLPE), and
according to the Annual Report of 2018 of the
American Academy of Orthopedic Surgeons,
HXLPE was used in primary and revision
surgeries performed from 2012 to 2017 in at
least 35 % of all registered procedures [59].
Depending on the amount of crosslinking
required, doses between 75 and 100kGy are
typically used, with crosslinking density
increasing with higher dosages [21]. Free
radicals, however, are also produced in the
crystalline phase of the material, and these
free radicals are unable to react with other
polymeric chains. Those remaining free
radicals may react in vivo with oxygen in the
body, and degradative oxidation can still
occur.

Thermal treatments such as annealing and re-
melting are employed after crosslinking
methods to minimize degradative oxidation,
reducing unreacted free radicals. However,
thermal treatments seem to reduce the
mechanical properties of HXLPE [8,59].
Annealing occurs below the melting
temperature of the material, while re-melting
takes place above the melt transition
temperature. The re-melting process involves
the dissolution and reformation of crystalline
regions, minimizing the possibility of
residual free radicals. Both thermal
treatments are conducted at ambient pressure
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[8,9,59]. Even though HXLPE has
successfully reduced wear rates, achieving an
acceptable laboratory  and clinical
performance, one of the drawbacks is the
tradeoff of other mechanical properties such
as ultimate stress and strain, which showed
reduced values compared to conventional
UHMWPE [9,66]. Furthermore, crosslinking
decreases  fatigue crack  propagation
resistance and Charpy impact toughness [9]
and fracture toughness as determined by Izod
impact toughness [66]. The higher the
irradiation dose, the lower the fracture
toughness is.

Different methods have been employed to
retain the mechanical properties of
conventional UHMWPE and the enhanced
wear resistance offered by highly crosslinked
polyethylene, given the necessity for
improved fracture resistance. Sequential
annealing, mechanical deformation, and
high-pressure crystallization after melting
and incorporating vitamin-E are only a few of
the research efforts performed in the last few
years that have been analyzed in a clinical
setting [13].

Sequential irradiation and annealing have
been introduced to effectively reduce free
radicals in the polymer without re-melting the
material without the adverse changes to
crystallinity [9]. The material is first
irradiated at a low dose (under 30 kGy) and
then annealed for a given period; the process
is repeated three times for a total irradiation
dose of 90 kGy so that fewer residual free
radicals are produced after each irradiation
cycle, and annealing will be more effective
extinguishing these free radicals [9,67—71].
Stryker Orthopedics, Mahwah, NJ, who
currently has sequentially irradiated annealed
UHMWPE on the market, claimed that this
process produces a highly crosslinked
oxidatively stable UHMWPE [9]. On the
other hand, Biomet, Warsaw, IN, has
developed an anisotropic highly crosslinked

11


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

N. Camacho, J.M. Gonzélez Carmona, D.G. Espinosa Arbeldez, G.C. Mondrag6n-Rodriguez, Stephen W. Stafford
Revista Colombiana de Materiales, ISSN 2256-1013, No 16, pp. 3-28, 2020. https://doi.org/10.17533/udea.rcm.n16a01

polyethylene using mechanical deformation
to enhance mechanical properties; ArCom
XL is prepared in four steps, gamma-
irradiation of isostatically molded rods, pre-
heating below melting transition temperature
(Tm), ram extrusion through a circular die
with a compression ratio of 1.5, and annealing
below Tm to relief residual stresses [9]. This
local manufacturer stated that ArCom XL
displays better wear resistance than
conventional UHMWPE from Biomet and
excellent oxidative stability in an accelerated
aging study [9,72]. However, gamma-
sterilized UHMWPE and  annealed
crosslinked polyethylene have been shown to
oxidize in vivo, presumably because of free
radical remaining in the polymer [56].

High  pressure and  high-temperature
processing is another approach under
investigation to increase the mechanical
properties of XPE [9]. It has been noted that
the process results in an increase in
crystallinity and in the size of crystalline
lamellar characterized by large crystalline
regions with hexagonal lattice structure
formed at elevated temperature and pressure
and upon cooling and return to ambient
pressure, the crystals revert to an
orthorhombic structure [67,71]. The higher
degree of crystallinity, the better fatigue crack
propagation resistance.

4.2. Vitamin-E-stabilization

Antioxidant vitamin E (a-tocopherol) has
been introduced for tibial inserts to prevent
crosslinked and non-crosslinked UHMWPE
oxidation. Vitamin-E can consume free
radicals in the crystalline and amorphous
phases, mitigating the effects of degradative
oxidation and the reduction of UHMWPE
elongation at break, tensile strength, fracture
toughness, and fatigue crack propagation
resistance [8,9,23,73]. Two methods for
incorporating vitamin-E have been reported
in the literature, the first one is to combine
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vitamin-E with UHMWPE powder before
consolidation (Zimmer Vivacit-E®), and the
other is to allow diffusion of vitamin-E into
bulk UHMWPE (Biomet E1®) [23,25,74].

The first method incorporates vitamin E as a
liquid antioxidant into UHMWPE powder
before the consolidation and irradiation of the
material [75]. HXLPE blended with vitamin
E (VIitE poly) has also shown slightly inferior
wear properties when compared with HXLPE
without vitamin-E; generally, VitE poly has
been shown to decrease crosslink density
(resulting in increasing wear) with increasing
concentration in blended vitamin-E materials
to the point that concentrations above 0.3 wt.
% cannot achieve high crosslinking levels,
even at a gamma dose of 200 kGy [25,76]. On
the other hand, diffusion of vitamin-E after
crosslinking is performed by doping
UHMWPE with vitamin-E and then
homogenizing vitamin-E content into an inert
atmosphere [23]. Homogenizing vitamin-E
content is necessary since an adequate
antioxidant concentration throughout the
implant can be achieved in this step. The
drawback of this method is the oxidation that
can occur after crosslinking and before the
diffusion of vitamin-E [1,23].

In terms of decreasing or eliminating
oxidative degradation of UHMWPE, the
incorporation of vitamin E has shown
promising results. Retrieved infused vitamin-
E polyethylene did not show an increase in
the oxidation index in the study performed by
Tone et al. while conventional e-beam
sterilized UHMWPE, conventional gamma
sterilized  polyethylene  and  highly
crosslinked polyethylene showed high values
of oxidation index [56]. Moreover,
antioxidant vitamin-E doping of UHMWPE
has shown excellent wear resistance,
increased elongation to break, better
toughness, and superior oxidative stability
than XPE [9,77]. In terms of tribological
properties, vitamin-E stabilized UHMWPE
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has also shown positive results. Wear tests in
clean serum and serum with third-body
particles resulted in a 4-fold to 10-fold
decrease in wear rates compared to
conventional  UHMWPE [1,78]. Results
indicated that the addition of vitamin-E could
prevent delamination caused by oxidation and
fatigue, and in consequence, increase the
service life of UHMWPE knee liners, which
explains its usage rate steady increase from
2.5 % in 2012 to over 25 % by 2018 in
primary surgeries and from 0.6 to 8 % in
revision surgeries over the same period [59].

4.3. Summary

Since the appearance of UHMWPE in the
total knee replacements, the wear resistance
and mechanical properties of the polymer
have been improved through several methods
to prevent premature failure of the prosthesis.
Table 3 displays the methods employed
throughout the years and their results.

S. UHMWPE AND ITS
COMPOSITES

A composite material combines two or more
materials that result in better properties than
those of the individual components. It is
important to develop UHMWPE-based
composites with low friction coefficients and
high wear resistance while other desirable
properties are not sacrificed. The
incorporation of different reinforcement
materials has been explored to meet high
demands  for  enhanced tribological
performance and improved UHMWPE
mechanical properties [10,38,46,60,79,80].
Research groups have incorporated a variety
of reinforcements such as carbonaceous
particles [10-12,31,32,35,39,60,63,81],
titanium dioxide [82,87], kaolin [83,84], zinc
oxide (ZnO) [26], hydroxyapatite (HA) [85],
zeolite [27], platinum-zirconium (Pt-Zr)
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crystal particles [86], zirconium particles
[28,86], and alumina (AlO3) [87] or a
combination of different particles [87-89] to
improve wear resistance of UHMWPE; in
orthopedics, UHMWPE composites are
developed as an alternative to highly cross-
linked polyethylene.

The incorporation of nanofillers has proven to
be an effective method for further improving
UHMWPE wear resistance when the
appropriate particle and concentration are
selected, and a uniform distribution is
achieved. However, UHMWPE exceptionally
high viscosity and its non-polar nature
prevent the application of conventional
techniques to produce UHMWPE-based
composites [60]. Moreover, new UHMWPE-
based composites must not sacrifice
conventional UHMWPE excellent attributes
such as biocompatibility and chemical
stability.

51. UHMWPE and untreated carbon
nanotubes

The unique mechanical properties of carbon
nanotubes (CNTs) have motivated scientists
and engineers to exploit their application in
advanced composite materials, principally in
polymer composites, to improve their
performance [34,90]. CNTs are extremely
strong and stiff 1D carbonaceous materials,
with Young's modulus in the TPa range, yet
outstandingly flexible with break strains over
5 % [34], making them an excellent candidate
filler in ductile nanocomposites [12].
Effective utilization of CNTs in composite
applications strongly depends on the
homogeneous dispersion throughout the
matrix and maintaining the integrity of CNTs
[12,34].
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Table 3. Wear improvement of UHMWPE.

Employed method Positive results Negative results Reference
Blendig with carbon fibers 1 Hardness Failure modes of matrix-filler 8]
1 Creep resistance interface
High irradiation dose (50- 1 Polymer crosslinking {Mechanical prop ertles_(ultlmate
strength and strain) [9, 13, 19, 20,
105 kGys) 1 Molecular mass
XPE | Wear rate | Oxidation stability 21, 61, 68]
1 Free radicals
T ropertes (it
(75-100 kGys) | Wear rate gt - [21]
HXLPE 1 Oxidation stability
1 Free radicals
. Mechanical properties (ultimate
Highly crosslinking + LFree radicals ' strengtrt; aﬁd straig)
. TOxidation stability . . . [8, 59]
Annealing | Wear rate | Fatigue crack propagation resistance
|Impact toughness
Highly crosslinking + |Free radicals |Mechanical properties (ultimate [8, 9, 59]
Remelting 1Oxidation stability strength and strain) T
nghly cr-ossll_nk_lng |Free radicals Free radicals remained in the material
(sequential irradiation) + z s L [9]
Annealing = Crystallinity resulting in oxidation
M;‘E:;%;{%s::émggoz N 1Oxidation stability Free radicals remained in the material [9]
Annealing resulting in oxidation
Incorporation of vitamin E TOxidation stability | Wear resistance [8,9, 21, 23-
(doping or diffusion) | Crosslinking 25, 73, 74]
TOxidation stability
Highly crosslinking + TWear. resistance . Oxidation of the material remained
Vitamin E TtMechanical properties an issue [9]
(toughness, elongation at break)
TOxidation stability
TFatigue crack propagation
Processing at high resistance
pressure and high 1Crystalinity NA [9]
temperature TMechanical properties
(toughness, elongation at break)

Different techniques have been used to
prepare bulk material, films, and fibers of
UHMWPE-CNT  composites, including
solution or dry dispersion of CNTSs, solution
casting, electrostatic spraying, and gel
spinning [91]. However, the results show the
formation of a segregated structure with small
agglomerations and entanglement of CNT

4
¢
—
o~
£
o
Fw
/
/

ir WCNTs “ 1.25 wt. % a) coverig
UHMWRPE powder surface and (b)UHMWPE-

inside the polymeric matrix [31,91,92]. CNTs MWCNT showing a segregated structure on the
are inclined to cover the UHMWPE powder composite surface.

surface (as displayed in Figure 4a), resulting

in @ CNT network formation throughout the Regardless of this drawback, some
polymer (Figure 4b). outstanding results have been achieved

[36,93]; for instance, Ruan et al. enhanced the
toughness of UHMWPE films through the
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addition of only 1 wt. % of multiwalled
carbon nanotubes (MWCNTS), leading to a ~
150 % increase in strain energy density, ~ 140
% increase in ductility, and up to 25 % in
strength  [34]. Even though some
agglomerations existed after solution casting,
the entangled MWCNTs showed a similar
role to taut-tie molecules, which act as a load-
bearing center in the gel-spun fibers.
Meanwhile, Xue et al. tested creep and wear
resistance of UHMWPE-HDPE,
incorporating from 0.2 to 2 wt. % carbon
nanotubes, resulting in improved mechanical
properties of the composite compared to pure
UHMWRPE [12]. The highest yield stress with
a value of 29.9 MPa was achieved with a
mixture of 80 % UHMWPE, 20 % HDPE, and
2 wt. % of untreated CNTs, while the
combination of 80 % UHMWPE, 20 %
HDPE, and 2 wt. % of HNOs-treated CNTs
displayed the highest tensile strength. In
terms of wear resistance, the addition of
CNTs significantly reduced the polymer wear
rate (Figure 5); the wear rate decreased as the
CNT content was increased. Wear resistance
improvements correlate with an increase of
the E modulus; the addition of only 0.25 wt.
% CNTs into the polymer blend reduced the
wear rates by ~ 50 %. Similarly, Fonseca et
al. observed an enhancement of 80 % in
UHMWPE Young's modulus and a 38 %
increase in toughness for 1 wt. % CNT
concentration blended by the ball milling
method and achieving a relatively uniform
distribution of the filler [32].

Figure 6, as presented by Xue et al. [12],
displays the wear marks after sliding against
XCrNil0-18 on (a) UHMWPE, (b)
UHMWPE/HDPE, and (c) composite with 80
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% UHMWPE, 20 % HDPE, and 2 wt. % of
untreated CNTs. The formation of chips on
the wear mark exit is visible in all three
samples. Longer chips are observed for the
combination of UHMWPE/HDPE and
UHMWPE/HDPE/CNT, suggesting that the
addition of HDPE allows for the mechanical
drawing of the material without much
resistance. The scratches, parallel to the
sliding direction, indicate abrasive wear
damage in all three samples. However, wider
and deeper scratches are observed for
UHMWPE/HDPE/CNT,  suggesting a
potential detrimental effect of CNTs on the
wear of the polymer when the debris is
produced, and the polymer has shorter chains
and a lesser number of entanglements (due to
the presence of HDPE in this case).
Composites with 2 wt. % CNTs presented
major fatigue wear, and larger wear debris
particles were detached from the surface,
causing deeper scratches parallel to the
sliding direction [12].

€ 50
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E 40
;F—ss \
S 30 4
£ 25 > ‘\\ \}\ Cop + pre-treated CNTs
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§ 15
=z 10
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0 05 1 1.5 2 25
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Figure 5. Steady wear rate of UHMWPE, 80 wt.
% UHMWPE-20 wt. % HDPE- nitric acid pre-
treated CNT and 80 wt. % UHMWPE-20 wt. %
HDPE-untreated CNT as presented by Xue et
al.[12].

[ UHMWPE |
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Figure 6. Micrographs of worn surfaces of (a) UHMWPE, (b) 80 wt. % UHMWPE-20 wt. % HDPE, (c)
80 wt. % UHMWPE-20 wt. % HDPE-2 wt. % CNTSs with the arrows showing sliding direction, adapted
from [12].

On the other hand, Camacho et al. [92]
incorporated 1.25 wt. % of MWCNTSs in
conventional medical-grade UHMWPE by
solution blending. The samples were
manufactured at 24.1 MPa and irradiated with
25 kGys. The samples were tested for two
million cycles under dry conditions, resulting
in a reduction of 86.7 % in material loss and
a significant reduction of wear mark depth.
Likewise, Golchin et al. [88] found that the
addition of 0.5 wt. % MWCNT/graphene
oxide decreased the friction and wear rate of
UHMWRPE. Generally, it seems that the
influence on wear resistance of carbon
nanostructures in UHMWPE is positive with
wear factor, wear loss, or depth wear
reductions between 20 and 80 % compared to
pure UHMWPE [34,94,95].

Results have varied depending on CNT
concentrations and dispersion techniques,
modifying the wear and fracture mechanisms
of the matrix [93-95]. Nevertheless, all the
studies performed have resulted in a valuable
increase in wear resistance, enhanced surface
hardness, restricted plastic displacement, and
better mechanical behavior when reinforced
with these nanoparticles [96].

@OD®

Another advantage of CNTs is a strong
radical reduction after gamma irradiation in
air [11,63]. It is known that y-irradiation
produces free radicals that result in oxidation
of the UHMWPE tibial component, which
decreases the mechanical properties of the
polymer. The addition of MWCNTS increases
the oxidative stability of the nanocomposite,
as hypothesized by Camacho et al. [92], and
shown by Martinez-Morales et al.[11,63],
inhibiting some of the effects of y-radiation.
These findings indicate that MWCNTS could
become a promising antioxidant alternative
from a chemical stability perspective [15, 70,
94].

UHMWRPE-CNT composites seem to induce
a similar biological response from the
biocompatibility point of view than
conventional UHMWPE. Sufier et al. studied
the specific biological activities of
UHMWPE-MWCNTS wear debris,
concluding that the nanocomposite reduced
osteolytic potential compared to UHMWPE.
No adverse effect was found on L929
fibroblast cell viability on any of the
concentrations  tested [45].  Similarly,
Camacho et al. [97] analyzed the cytotoxicity
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and proinflammatory mediator production in
murine macrophage-like Raw 264 cells. The
cytotoxicity of UHMWPE debris was
comparable to that of conventional
UHMWPE. Furthermore, it was found that
UHMWPE-CNT debris did not induce
interleukin 6 (IL-6) production after 168 h of
exposure (Figure 7), showing a better
response than conventional UHMWPE
debris. Even though the study showed an
increase in tumor necrosis factor o (TNF-a)
production in the presence of UHMWPE-
CNT debris, the increased production was not
significant.

Chronic Exposure: IL-6 Production

Ea LPS

B Camptothedn
E3 Media

m DMsO

Raw PE

E=1 PE Debris

Em CNT

EZ1 Raw Composite
ESl Composite Debris

IL-6 (pa/ml)

Figure 7. IL-6 production in murine
macrophage-like Raw 264 cells after 168 h of
exposure to UHMWPE and UHMWPE-MWCNT
composite [97].

5.2. UHMWPE and functionalized
carbon nanotubes

Good interfacial bonding is required to
achieve load transfer across the CNT-matrix
interface for the mechanical properties of the
nanocomposite to be improved [31,34,98],
which is the main reason to improve particle
dispersion and the strength of the filler-matrix
interface. Chemical functionalization is the
most widely used method to make CNT
compatible with the hydrophobic nature and
low polarity of UHMWPE [34,98]. CNT
chemical functionalization is achieved
through covalent linkage, non-covalent
supramolecular absorption, defect
functionalization, and click chemistry
modification [31,99]. Functionalization with
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nitric and sulfuric acids has been used
repeatedly by different groups [35], resulting
in better dispersion of CNTs in the polymeric
matrix than pristine CNTs. For instance,
Rama and Kanagaraj results showed a 44 %
increase in yield strength, 70 % in fracture
strain, and 176 % in toughness with the
incorporation of only 2 wt. % carbon
nanotubes previously treated with nitric and
sulfuric acid [81]. The treated MWCNTSs
contained carboxyl, carbonyl, and hydroxyl
groups.

Other chemicals have also shown promising
results; Zoo et al. evaluated the material loss
and friction coefficient of UHMWPE when
incorporating  carbon  nanotubes  with
concentrations up to 0.5 wt. % using toluene
to provide a more active blending between
matrix and filler. Even though material loss
significantly decreased, it was observed that
the friction coefficient increased slightly [37].
Moreover, UHMWPE worn specimens
displayed a smoother surface with broader
and deeper tracks than those found for the
nanocomposite, which showed locally
smashed regions [37]. Maksimkin et al.
incorporated fluorinated MWCNTSs by ball
milling followed by hot pressing resulting in
tensile strength increase by a factor of 6.3
when compared to neat UHMWPE [100].
Samad et al. proved that on 0.2 wt. % of
plasma-treated CNTs increased the number of
cycles without fail by 300 % compared to neat
UHMWPE; these results are comparable to
the results obtained with highly XPE, and
these  values represent the highest
enhancement seen for these composite
materials [101]. These findings indicated that
using CNTs as reinforcement particles
contributes to a change in UHMWPE wear
mechanisms, especially when these are
functionalized and act as nucleation agents
inside the polymer matrix [37,100].
Dintcheva et al.[31] employed hindered
amine light stabilizers covalently linked to
the outer surface of MWCNTS; nonetheless,
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the morphological analysis still exposed a
segregated structure like the one previously
displayed in Figure 4. Other efforts led by
Dintcheva include the use of polyhedral
oligomeric  silsesquioxane and alpha-
tocopherol (vitamin-E) to increase the

interfacial  bonding  between  carbon
nanotubes and UHMWPE  [98,102].
Meanwhile, Amoli et al. produced

UHMWPE-MWCNT  composites  with
hydroxyl functionalized MWCNTSs varying
in concentration from 0.5 - 3.5 wt. % prepared
via in situ polymerization; crystal content
increased with increasing concentrations of
MWCNTSs up to 1.5 wt. % [90]. As mentioned
in previous sections, the higher the degree of
crystallinity, the larger modulus of elasticity,
leading to superior yield and fatigue strength
and improved resistance to creep deformation

[9].

Chemical treatments combined with gamma
irradiation have been studied as well.
Sreekanth P.S.R. and S. Kanagaraj explored
traditional chemical functionalization
through sulfuric and nitric acid prior
sterilizing their samples by 100 kG v-
irradiation; results presented in their study
showed a uniform distribution of the filler
with an increase in surface hardness of 89 %
and 73 % reduction in wear volume with the
incorporation of 2 wt. % MWCNTSs [35].

5.3.  UHMWZPE and other carbon
nanostructures.

Other carbon nanostructures such as graphene
and graphite nanoplatelets have been
explored in more recent studies [39,41,88].
Graphene is a thick monolayer displaying
carbon atoms arranged in a 2D honeycomb
structure, while graphite nanoplatelets consist
of small stacks of graphene 1 to 15
nanometers thick. The typical filler in
UHMWPE nanocomposites are bilayer
graphene, graphene nanoplatelets, and
graphene oxide; one advantage of these 2D
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structures over CNTSs is their large interface
that results in more effective load transfer
between the matrix and the nanostructures
[91]. Liu et al. modified graphite platelets
with an organosilane to effectively disperse
the particle in UHMWPE and improve the
matrix-filler interface. The incorporation of
0.5 wt. % surface-modified graphite platelets
resulted in an improvement of wear resistance
of 980 % [60]. The reduction in wear and
friction can be attributed to the layered
structure of the graphite nanoplatelets, which
displayed better dispersing behavior than
CNTs [10]. Oppositely, D. Lahiri et al.
showed that the wear resistance of UHMWPE
reinforced with graphene platelets decreased
as the concentration of graphene increased;
however the friction coefficient was
efficiently reduced in concentrations ranging
from 0.1 to 1 wt. % [39]. The reduction of
wear resistance with higher particle
concentration could be attributed to the poor
reinforcement dispersion in the matrix, where
a granular segregated structure forms in the
nanocomposite surface [40].

54. UHMWZPE and hard particles.

Many different types of fillers have been used
to improve the wear performance of
UHMWPE; among these are talc [10],
halloysite nanotubes [103], zeolite [27],
hydroxyapatite particles (HAp) [104,29,30],
nano-TiO2 [82,104], platinum-zirconium
quasicrystals [86], zirconium particles [28],
zinc oxide [26,28], kaolin [84], and boron-
carbide [105]. In more recent years, solid
lubricants such as molybdenum disulfide
(MoS2) have also been employed as hard
particle fillers to improve UHMWPE
tribological characteristics [10].
Nevertheless, the complex processing
procedure makes these additives extremely
costly [10]; because of this, silicate minerals
have been studied for the same purpose. In
their work, Chang et al.[10] introduced talc
particles, solid lubricating agents, in
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UHMWRPE at concentrations of 10 and 20
wt.%. It was found that the incorporation of
talc particles reduced the presence of wear
tracks and that the reduction in wear damage
is dependent on the properties of both the talc
filler and the UHMWPE.

Hydroxyapatite is a bioactive ceramic that
can be found in mineral bone. Its mechanical
properties had made this material suitable for
reinforcing polymeric matrices [10,85]. The
average particle size of HA is in the order of
microns. However, more recent studies have
obtained synthetic HA particles in the
nanoscale. These have been successfully
incorporated in UHMWPE by Fang et al.[29,
30,104], at a concentration of 20 wt. % by wet
ball milling and swelling techniques to
achieve a homogeneous distribution of the
particles after compression and injection
molding. The nanocomposite displayed an
elastic modulus of 7 GPa and elongation to
failure of 375 %; this large deformation
mechanical behavior was attributed to the
fine dispersion of the nanoparticles in the
UHMWPE matrix. Other studies focused on
tribological properties, exploring
concentrations of HAp ranging from 0.1 wit.
% to 7 % and obtaining reduced friction
coefficients and wear rates when compared to
conventional UHMWPE, especially after
gamma and nitrogen ion beam irradiation

[106] . Nevertheless, it has been concluded
that the full potential of UHMWPE-HAp
composites in terms of mechanical properties
will not be achieved unless coupling agents
are used to increase the interfacial bonding
between matrix and reinforcement [106].

Finally, recent literature has shown the
incorporation of different fillers and surface
modification. Y. Liu and S. Sinha [89]
incorporated nacre and CNT fillers to
UHMWPE powder and coated the bulk
material with perfluoropolyether (PFPE)
before studying wear mechanisms on a pin-
on-disk tribometer. It was observed that the
surface treatment decreased the wear
resistance of the material under wet
conditions by PFPE, forming hydrogen bonds
with water and decreasing the effect of the
lubricant.

5.5. Summary of nanoparticle
incorporation in UHMWPE

In recent year, a several nanoparticles have
been used to improve the wear resistance and
oxidation stability of UHMWPE. The success
of nanoparticle reinforcement is dependant on
the nature of the nanoparticles, its
concentration, and its distribution throughout
the matrix. Table 4 displays the nanoparticles
employed in recent years and their results.

Table 4. UHMWPE composites and tailored properties.

System(s) Improvements Reference

1 wt. % CNTs — Ultrasonic vibration in | 1 Toughness, 150 % ¢ energy p, 140 % ductility, 25 % [34]
xylene strength

1 Mechanical props, tensile strength, yield o, E-
0.2 — 2 wt. % Solution blending module [12]

| Wear-rate
1 wt. % ball milling 1 38 % toughness, 80 % E-module [32]

. . 86.7 % material loss, oxidation
1.25 % wit. Solution blending * Hardness, creep deformation [92]
Graphene oxide MWCNTSs 0.5 wt. % | CoF, Wear-rate [88]
CNTs functionalized 2 wt. % nitric + 1 44 % yield strength, 70 % fracture strain, 176 % 81]
sulfuric acid toughness
CoF

CNTs — Toluene, 0.5 wt. % I s [37]
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g.lijo—rllna\:\f_dthAWCNTS’ ball milling, 1 630 % tensile strength [100]
Plasma treated 0.2 wt. % CNTs 1 No of cycles without failing by 300 % [101]
0.5 — 3.5 hydroxyl functionalized 1 Crystallinity, E-module, yield & fatigue strength, [90]
MWCNTSs creep deformation

Functionalized sulfuric — nitric acid + 1 73 % wear volume [35]
100 KGys, 2 wt. % 1 89 % hardness

Organosilane modified CNTs 1 980 % wear resistance [91]
Talc particles |Wear tracks presence [10]
Hydroxyapatite | CoF, Wear-rate [106]

6. CONCLUSIONS

The development and advance in the
production and tailoring of UHMWPE
mechanical properties have allowed the
replacement of diseased or traumatized knee
joints, alleviating pain and allowing patients
to return to usual daily activities for the last
five decades. With the number of people
receiving total knee replacements growing
and an overall increase in lifespan, the need
for a longer-lasting total knee replacement is
becoming more urgent. UHMWPE is a
complex material, and its physical and
mechanical properties are dependent on
functional loading and environmental
conditions. It is essential to fully understand
the material and mechanical properties for
individual formulations of UHMWPE and its
composites. UHMWPE is perceived as a
clinically successful material in total joint
implants, however, the UHMWPE must
continue to be improved, especially with the
rising patient demands. Wear debris-induced
osteolysis continues to affect the performance
and life span of total knee replacements.
Despite the improvements documented by
several research groups such as crosslinking,
antioxidant incorporation, and the addition of
different fillers, there is still a pressing need
to improve the material. Moreover, there is no
information on UHMWPE-based composites
being used at the clinical level when it comes
to the new blends with carbonaceous
materials and ceramic particles. It is of great
interest to the orthopedic community to see
how these materials will perform clinically

@OD®

and continue enhancing the tribological
performance of UHMWPE.
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