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Abstract: The principal features essential for the success of an orthopaedic implant are its shape,
dimensional accuracy, and adequate mechanical properties. Unlike other manufactured products,
chemical stability and toxicity are of increased importance due to the need for biocompatibility over
an implants life which could span several years. Thus, the combination of mechanical and biological
properties determines the clinical usefulness of biomaterials in orthopaedic and musculoskeletal
trauma surgery. Materials commonly used for these applications include stainless steel, cobalt-
chromium and titanium alloys, ceramics, polyethylene, and poly(methyl methacrylate) (PMMA)
bone cement. This study reviews the properties of commonly used materials and the advantages
and disadvantages of each, with special emphasis on the sensitivity, toxicity, irritancy, and possible
mutagenic and teratogenic capabilities. In addition, the production and final finishing processes of
implants are discussed. Finally, potential directions for future implant development are discussed,
with an emphasis on developing advanced personalised implants, according to a patient’s stature
and physical requirements.

Keywords: orthopaedic surgical procedures; biomaterials; implants; biocompatible materials; alloys;
ceramic; polyethylene

1. Introduction

Anaesthesia and asepsis, together with improvements in industrial technology that
occurred in the second half of the 19th century, rapidly accelerated a progress in the field
of surgery. Such progress promoted the introduction of new techniques and methods,
that enabled chirurgical interventions into practically every region of the body. In recent
decades, skeletal procedures including implants have dramatically improved quality of life
by implementing supporting structures to withstand mechanical loads for the support of
bone fractures or replacing irreversibly damaged bones entirely. As a direct consequence
of these procedures, specialised implants and suitable materials have been developed
to address these needs. Unfortunately, the materials used in early interventions were
characterised by inadequate durability, low biocompatibility, and limited availability [1].
The earliest attempts to use materials including wood, leather, cotton, silk, coral, animal
bones and ivory, bitumen, glass, Pyrex, Bakelite, and Formica laminate, as well as ceramic,
provided unsatisfactory results [2]. Metals were regarded as much more promising due
to their considerably higher toughness. Copper and its alloys, although of low cost and
possessing desirable bactericidal properties, were not durable enough to carry the body
weight. Additionally, in contact with the biological environment, these materials produce
highly irritant, and even toxic, salts [3]. Other materials, such as gold, silver, platinum, and
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ruthenium, and their salts, were found irritant and toxic as well; however, their irritancy
and toxicity were far less prominent, but still sufficient to control microbial growth [3,4].
Thus, these metals are scarcely found in bone surgery, even though some have been adopted
for dentistry and soft tissue reconstructive surgery. Iron and its alloys were among the
most promising materials due to their low cost, practically unlimited availability, and suffi-
cient mechanical properties. However, the high rate of unwanted side effects (tendency to
corrosion, low biocompatibility, and subsequent tissue irritation) limited their application
despite their excellent manufacturability for complex shapes such as limb prosthetics [3].
The consequences of metals insertion (usually iron, copper, and bronze) into viable tissues
has been known for centuries. High susceptibility to corrosion, tissue irritation, and suppu-
ration limited their medical applications [4]. The first use of surgical implants made with
steel was attributed to Sherman (1912) [5]. Sherman vanadium steel, despite exhibiting
a relatively high hardness, was characterised with inadequate corrosion resistance in a
biological environment jeopardizing vanadium intoxication. Subsequent progress in metal-
lurgy in the 19th and 20th centuries introduced several alloys with desirable mechanical
and biological characteristics. Steel and its stainless alloys (Brearley in UK and Krupp
in Germany, 1913) developed at the beginning of 20th century are still used with minor
chemical modifications even to the present day. Based on steels developed during this
period, the 18/8 stainless steel (Hatfield, UK, 1924), a direct precursor to 316 L steel, was
widely known for its medical applications as a “surgical” steel. Stainless steel was also used
for the production of the first widely used orthopaedic implants and devices, including
Lambotte external fixators, Kirschner wires, Rush nails, bone plates and screws, Kuntcher
intramedullary nails, Austin Moore hip prostheses, and many others. Improvements in ore
acquisition technology, smelting, and purification have enabled high quantities of metals
and new alloys to be developed, some of which have found biomedical applications. The
most extensively used modern alloys include cobalt-chromium (with or without molybde-
num) alloys and titanium alloys. On the other hand, ceramics, as non-corrosive materials
with excellent biocompatibility, low degradability, high melting temperature, and improved
mechanical properties with limited plasticity in comparison to metal-based biomaterials
have been successfully used in dentistry, orthopaedics, calcified tissues, implants, coatings,
medical sensors, and many other applications [6]. Along with ceramics, polymers have
been used as biomaterials in orthopaedic surgery for decades. Biocompatible polymers
have been used successfully in total joint replacements, for soft tissue reconstruction, joint
fusion, and as fracture fixation devices [7].

Continuous development of both medicine and materials for orthopaedic surgery and
traumatology require the knowledge of their mechanical and microstructural properties.
Although some fundamental information is known to clinicians, the understanding of
material behaviour is still limited. Therefore, the main aim of this paper is to discuss the
relations between material properties and implant performance. Biomaterials currently
used for orthopaedic and traumatology treatments were analysed in terms of their chemical
composition, biocompatibility, mechanical properties, and manufacturing technologies.

2. Materials and Methods

The literature review conducted as part of this study involved the detailed investiga-
tion of conventional biomaterials for orthopaedic surgery and traumatology with particular
emphasis on their historical aspects. It was conducted in the PubMed and Web of Science
databases with the following keywords used in various combinations: “biomaterials, im-
plants, orthopaedic surgical procedures, biocompatible materials, including steel, polymers,
alloys, ceramic, polyethylene, as well as their mechanical properties, applications, implan-
tology and surface modification”. Only research papers published in English language
were included. A number of 380 articles were found through the electronic databases. All
the collected studies were considered by independent reviewers who assess the eligibility
of studies by screening the title, the abstract and the summary of each paper using the
pre-specified inclusion and exclusion criteria. Subsequently, the studies not fitting the
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inclusion criteria were excluded. A total number of 110 articles being found as relevant
for the purposes of this review. The recent trends in biomaterials were not discussed
as the main aim of this review was to provide a historical perspective through a review
of documentation on conventional biomaterials across the last century. This work will
principally focus on the most relevant research published between 1950 and 2020.

3. Biomaterials for Orthopaedic Surgery and Traumatology
3.1. Metallic Biomaterials
3.1.1. Steel

Stainless “surgical” steel remains one of the most frequent applied alloys to manufac-
ture surgical implants and instruments. These alloys serve for the fabrication of at least
half of all orthopaedic implants used in the USA [8], although they are gradually being
displaced from the market by other alloys, notably CoCrMo and titanium alloys.

Stainless steel possesses several desirable properties. This material is durable, ductile,
and, thus, relatively simple to process. It is also non-toxic and biocompatible, as it does not
evoke an adverse reaction from adjacent tissues. Technology of its production (smelting,
casting, and forging) and processing (cold-hammering, tempering, machining, and thread-
ing) is well known and relatively low cost. The final products made of steel are available in
practically unlimited quantities for an acceptable price.

Nowadays, an austenitic 316 L steel is mainly used for implants due to its high cor-
rosion resistance. It consists of reduced carbon (below 0.03%) and increased chromium
(16-18%) and nickel (10-14%) content, with the addition of molybdenum (2-3%), man-
ganese (ca 2%), and small additives of sulphur, silicon, phosphorus, and nitrogen [9].
Corrosion resistance results from a thin Cr,O3 layer, that passivates on the outer layer. Such
layers protect the human organism as the implant does not interfere with metabolic pro-
cesses, that occur in the body. It should be mentioned, however, that there is the possibility
for exceedingly high chromium and nickel content to lead to several unwanted side effects,
as both may irritate tissues and lead to immune reactions. This has been demonstrated in
the literature where up to 20% of the population of industrialised countries demonstrate
sensitivity to the chromium and nickel [9]. Chromium and nickel may be carcinogenic, and
their high concentration may even be toxic [10,11] and may promote infections caused by
nickel-dependent bacteria. Nickel itself promotes ingrowth of those organisms being a part
of several microbial metalloenzymes [12,13].

Other steels, including 200, 400, and 500 series, are also used for biomedical applica-
tions due to their reduced chromium concentration (especially 500 series steel), although
less frequently than the 316 L steel.

The mechanical properties of 316 L steel predispose it for various medical applications
including: pins, rods, intramedullary nails, screws and plates, and even joint prostheses.
Although 316 L steel is highly resistant to corrosion, it is susceptible to stress cracking
and crevice corrosion. The first originates from access to chlorides that have been found
in biological fluids. The second, from the fracture of the ultrathin, protective oxide layer
that passivates the material outer surface. The susceptibility to stress corrosion cracking
increases with exposure to chloride-rich, biological environments. Such exposure requires
stainless steel implant removal as soon as they fulfilled their function, thus reducing
the material to trauma procedure applications. In addition, crevice corrosion may occur
when the implant succumbs to intermittent bending. The fracture of the oxide enables the
corrosion of core material resulting in the deterioration of its mechanical properties and
subsequent failure. In order to protect the implant material against crevice corrosion, two
approaches were recommended: implementation of a thicker oxide passivation layer on
the surface, and a careful application to avoid oxide fracture. The first approach relies on
special preparation of the implant’s surface. Polishing smoothens its surface, thus reducing
the contact with the outer environment; chemical preparation with nitric acid thickens
the oxide layer. On the other hand, electrolytic passivation (anodizing) removes free iron
particles from its surface, locally increasing the concentration of chromium and nickel, that
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are responsible for the resistance against corrosion [14]. The second approach requires an
appropriate technology of the implant manufacturing and handling. Casting or forging
form the final product into the desired shape with specific mechanical properties. Casting
enables complex shapes to be produced and is a relatively simple and low-cost process. On
the other hand, labour-intensive and costly forging allows for the production of an implant
that is much more ductile and durable. It should be mentioned, however, that cold-working
strengthens the material, but also increases brittleness. Hence, the cold-worked implants
(i.e., intramedullary rods), used to stabilise shafts of a long bone, are more durable, but are
not suitable for bending loads as much as cast implants.

In summary, to obtain a defect free passivation layer covering an implant, several
conditions should be maintained. First of all, implants should be properly designed to
guarantee an appropriate stiffness, in order to withstand mechanical loading occurring
in typical loading scenarios. Surgeons should perform stabilisations without tampering
with the structure; that is, without the need for bending to adjust to the bone shape. It is
noteworthy, that each bend of the implant, especially cyclic one, disrupts or deteriorates
the passivation layer properties and leads to implant fracture (Figure 1). Additionally,
special stabilisation techniques (tension band principle) defined by Pauwels in the 1930s
is commonly used to reduce the risk and amplitude of plate bending during limb loads,
based on the conversion of tensile forces acting over the fracture compared to compressive
loads [15]. Thus, both the production and implantation technique provide the desired
mechanical properties and protection against crevice corrosion that protect from unwanted
electrochemical processes, resulting in loss of durability, and subsequent fracture (Figure 1).

Figure 1. Areas of brittle and fatigue fractures at that site of the break of stainless-steel Dall-Miles
Cable Plate (Stryker).

3.1.2. Titanium

Titanium and its alloys have been known since the end of the 18th century. Pure
titanium, used to fabricate several alloys characterised by a relatively high hardness and
corrosion resistance, found its first medical application in the 1940s as dental implants.
These alloys were also used in orthopaedics due to desirable mechanical capabilities and
the ability for osseointegration, defined as the capacity to bind with adjacent bone, improve
implant stability and reduce the risk of losing the implant [16,17]. Additionally, a high
corrosion resistance enabled the implant’s adoption for several decades without any obvi-
ous tissue irritation or toxicity effects [18]. With increased demand from aircraft factories
and submarine shipyards, global production for titanium rapidly increased in the 1950s
and 1960s, enabling expanded applications in the medical field. The first publication that
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discussed the possibility of using titanium as a surgical implant dates to 1963 [19]. The
study brought an increased interest on the subject in the subsequent decade [20,21]. Low
density, high strength, and high corrosion resistance predispose this metal to the production
of surgical implants, especially in its beta allotropic form, and alloyed with molybdenum,
vanadium, niobium, tantalum, and zirconium. Nowadays, titanium alloys have been
widely used to fabricate trauma and orthopaedic implants [22,23] due to increased bio-
compatibility, lack of toxicity, osseointegration, high tensile strength to density ratio, and
corrosion resistance. The most popular titanium alloy used for implants is aluminium-
vanadium doped alloy (Ti6Al4V). Currently, practically every type of orthopaedic implant
has a titanium ‘variant’, including screws, plates, intramedullary nails and rods, external
fixators, and joint prostheses. Since titanium is non dielectric and does not increase in
temperature when exposed to alternating magnetic fields, it is ideal as an implant as it
also does not interfere with magnetic resonance imaging [24]. This significant advantage
of titanium has dominated the materials” application in traumatology and joint replace-
ments, and practically monopolised the market of implants used in spine surgery [25,26].
Additionally, its elasticity is much more comparable to the viable bone rather than that of
the steel. The similar properties of implant and bone enable to avoid non-desired strain
components and an overload at the bone-implant interface, thus reducing the risk of loss or
periprosthetic fracture [27].

To date, there is minimal evidence to suggest immune adverse reactions from titanium
implants, although the possibility to activate discrete cellular reactions has been postulated,
as activation of leukocyte emigration and their concentration at tissues adjacent to titanium
implants have been observed in the literature [28]. An interesting finding is that leukocyte
emigrations were not as severe around stainless-steel implants, possibly due to their high
nickel content [29].

Titanium is rarely used in its pure form [30]. Nevertheless, it still serves for an im-
plant’s coating with spongy, three-dimensional, plasma-sprayed layers, that provide at
least some titanium characteristics to other materials [31]. In the vast majority of cases, the
Ti6Al4V and its derivatives are used in orthopaedics. However, newly designed alloys,
including TiNbZrTaSiFe [32], TiMoFe [33], and TiMoNDbZr [34], are characterised by the
modified or improved mechanical properties and have become an alternative to tradition-
ally used alloys. The new generation titanium alloys exhibit greater elasticity (e.g., the
Young’s modulus ca 50-65 GPa) that is similar to that of bone, which predispose them
as a more suitable material for orthopaedic purposes. To manufacture intricate compo-
nents from these new alloys, novel methods have increasingly been studied including the
methodology of personalised, computer-designed, 3D implant “printing” using laser-beam
sintering technology [35]; however, the enormous potential of this method has not been
widely adopted to a large scale.

3.1.3. Cobalt-Chromium-Molybdenum (CoCrMo) Alloys

316 L austenitic steel has been found to be susceptible to wear due to friction between
working parts of an implant. Hence, wear resistant materials, including CoCr alloys,
have been applied, often produced with some content of Mo and other metals including
nickel, tungsten, and titanium. Specifically, the most common orthopaedic implant alloys
contain between 62-68% Co, 27-30% Cr, 5-7% Mo, and <2.5% nickel, with an example alloy
classification used for medical purposes being ASTM F75 CoCr alloy [36-38].

CoCr alloys were introduced in early 1900’s and have been characterised by good
biocompatibility, high wear, and corrosion resistance, which result from high cobalt, molyb-
denum, and chromium content (almost twice that of steel). Moreover, these materials are
simple to cast, and, thus, complex shaped implants could be produced at relatively low
cost, without requiring further surface treatments compared to stainless steel. Thus far,
several implants and medical instruments have been manufactured from CoCrMo alloys,
including surgical blades and needles, cardiac valves, cases of pacemakers, and joint and
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dental prostheses. The material has exhibited excellent performance for working parts of
joint implants, including heads of hip and condylar components for knee prostheses.

Vitallium, introduced in 1939, is one of the most popular CoCrMo alloys (65%, 30%,
and 5% wt., respectively) used for the manufacture of joint replacements, starting from
Charnley’s hip prosthesis [36]. It was found to be extremely durable, with orthopaedic im-
plants manufactured from this material being in continuous use for as long as 70 years [37].
Unfortunately, the implants are susceptible to breaking during bending, showing their
limited usefulness in long bone fracture stabilisations. Another disadvantage is the rel-
atively high chromium content jeopardising immune reactions, as the percentage of the
population sensitive to this metal in modern societies has increased. Nevertheless, high
wear resistance, good biocompatibility, and low cost of manufacture have made CoCr alloys
very popular for orthopaedic implants in the 1960s [38], with subsequent loss of interest
resulting in its replacement by titanium alloys, when the number of adverse effects was
found to increase [39,40]. This accelerated, when the toxicity of wear debris produced by
metal-on-metal prosthesis became well known [41]. The comparison of mechanical proper-
ties for these orthopaedic surgery alloys is presented in Table 1, where typical characteristics
have been summarised.

Table 1. Physical characteristics of bone, PTFE, and most the extensively used orthopaedic surgery alloys.

Yield Point Ultimate Tensile Strength  Young’s Modulus

Implant Type [MPal [MPa] [GPal Elongation [%]  References
Q
é bone 130-205 MPa 17.9-18.2 [42,43]
(% 316 L 170-750 465-950 205-210 30-70 [44]
CP-titanium 170-480 240-550 105 15-24
Ti6Al4V 795-875 895-965 100-114 10
2 Ti6 A17Nb 795 860 105 10
o
= Ti5AlI2.5Fe 820 900 110 6
= [45-55]
= Ti3Al2.5V 585 690 100 15
= Til3Nb13Zr 836-908 937-1037 79-84 42-44
Til2Mo6Zr2Fe 1000-1060 1060-1100 14-85 18-22
Ti24Nb4Zr85n 570-700 755-830 46-55 13-15
» Cast
5 28Co6CTMo 450 655 210-250 8
©
° Wrought . . . N
% Co28Cr6Mo 517-827 897-1192 220 12-20 [56-58]
&)
o
O C028CréMo 827 1172 220-230 12
Forging
=
E PTFE 4.6-7.8 7.8-11.1 42-59 20-29 [59]

3.2. Ceramic Biomaterials

Aluminium and zirconium oxides (Al,O3, ZrO,) and mixed oxide ceramics are used to
manufacture working parts of joint prostheses components. CoCr alloys are characterised
by high stiffness, scratch and corrosion resistance, and good biocompatibility. The technol-
ogy of their production is relatively simple and low cost. Thus, several manufacturers offer
implants of /for ceramic-on-ceramic articulation systems.

The ceramic acetabulum and prosthetic head ensure low friction and a small amount of
wear debris. However, they are exposed to fragmentation, when succumbing to mechanical
overload. The ceramic joints could also produce an irritating squeaking while walking [60,61].
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Primarily, alumina ceramic was the most extensively used, being replaced by zirconia
due to its higher endurance and lower susceptibility to fracture. It should be highlighted,
however, that all ceramics are predisposed to brittle failure when subjected to excessive me-
chanical loads (Figure 2). Thus, polyethylene inserts were introduced to reduce those loads.
In a configuration with ultra-high-molecular-weight polyethylene (UHMWPE) acetabular
insert ceramic head of the hip prosthesis exhibits reduced risk of fragmentation [61].

Recently, mixed alumina (Al,O3) and zirconia (ZrO;) ceramics, and those stabilised with
yttrium oxide (Y,0O3) or lithium silicate (Li;SiO3) were brought to the market. These ceramics
are characterised by considerably higher toughness and fragmentation resistance [62,63].
Pure ZrO, was found to be very brittle during the production process and cooling in
particular. Thus, manufacturers alloy the material with stabilisers (calcium, magnesium,
yttrium, and cerium oxides; CaO, MgO, Y,03, and CeO;) which enable more durable
yttria-partially stabilised tetragonal zirconia polycrystals (Y-TZP) to be obtained. Due
to its biocompatibility and mechanical properties, it was found to be suitable for dental
applications, although too fragile for orthopaedic implant manufacturing [64]. Thus, for
orthopaedic purposes, Y-TZP is usually reinforced with Al,O3 forming alumina-toughened
zirconia (AZT) that is much more resistant to cracking than Y-TZP [65]. The comparison of
the mechanical and physical properties of the most popular ceramics in orthopaedics are
presented in Table 2.

Table 2. Physical characteristics of the most popular ceramics in orthopaedics.

. . Young's Bending Toughness K1C
3
Implant Type Density [g/cm?] Microhardness [HV] Modulus [GPal Strength [MPal [MPa x m"2] References
Y-ZPT 6 1000-1300 200 1200 9-10
zirconia-toughened
aluming (ZTA) 1460-1620 236-254 500760 7-7.2 [66-68]
alumina-toughened 55 2000-2200 358-368 420460 3.9

zirconia (AZT)

Figure 2. Fragmentation (break) of ceramic head of the hip prosthesis that succumbed to accidental
overload with mechanical forces of high amplitude.

3.3. Polymeric Biomaterials
3.3.1. Teflon

Tetrafluoroethylene or polytetrafluoroethylene (PTFE), better known as Teflon or Syn-
colone, is a synthetic fluoropolymer (C;Fy)n that was first manufactured in 1938. Together
with its expanded form (ePTFE; Gore-Tex), it found a wide range of applications due to sev-
eral unique properties [69-74]. From an orthopaedic point of view the most important are
the mechanical properties. The material is non-stick and highly slippery, thus, significantly
reducing the friction between working parts. Moreover, it is well tolerated in between
tissue due to its extreme non-reactivity, corrosion resistance and biocompatibility [69].
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Medically, Teflon was primarily used to manufacture endovascular and urinary catheters,
vascular, biliary, and ocular prostheses, and as a material for soft tissue reconstructions [70].
It was used in orthopaedics to reconstruct ligamentous [71] and tendinous defects [72].
Teflon is also used in arthroplasty [73] and even to stabilise bone fractures [74]. The latter
application seems to be questionable due to the inappropriate strength of the material.
However, as a lubricant that reduces the friction between working parts of an implant, it
seems to be an unarguably excellent alternative to other fluorine-based plastics, including
ethylene tetrafluoroethylene (ETFE; brand names: Fluon, Tefzen and Texlon) [75].

3.3.2. Polyethylene

Polyethylene (PE; (CoHy)n) is, nowadays, the most extensively used plastic in the
world. It is a linear homopolymer consisting of hydrogen and carbon. It is a tough,
abrasion and corrosion resistant, bioinert, self-lubricating, slippery, and semi crystalline
polymer. It is also characterised by the density of 0.93 g/cm?, yield point of 20 MPa,
and Young’s modulus of 700 GPa [76]. Polyethylene was first synthesised in 1898 by von
Pechmann, while working on diazomethane [77]. Nevertheless, an attempt to synthesise it
on an industrial scale was carried out in 1933 by Fawcett and Gibson. They polymerised
free radicals under high temperature and pressure obtained the low-density polyethylene
(LDPE). LDPE is still used for the production of plastic bags, packaging foams or plastic
wraps. From the 1950s, the synthesis of the polyethylene proceeded under low pressure
and temperature due to the elaboration of polymerisation catalysts. As a consequence,
the high-density polyethylene (HDPE), characterised by increased hardness and tensile
strength, but decreased elasticity when compared with LDPE, was obtained [78]. Neither
forms were suitable for orthopaedic purposes due to their inappropriate physical properties.
Thus, ultra-high molecular weight polyethylene (UHMWPE), with chains consisting of
up to 200,000 monomers per molecule (HDPE only ca 1700) and molecular weight from
2 to 6 million g (HDPE: 0.05-0.25) was synthesised [79-81]. UHMWPE is predisposed to
manufacture acetabular cups of hip and inserts of knee prostheses, as well as artificial,
intervertebral discs due to good strength-to-weight ratio, low moisture absorption (almost
none), extremely high impact strength, and resistance to abrasion from the high degree
of polymerisation [82]. Moreover, UHMWPE is approximately 15 times more resistant
to abrasion than steel and has a lower friction coefficient. Its production is also simple
and cheap. It should be noted that desirable physical properties of UHMWPE, including
resistance to tensile loads and shear stress, are associated with very long chains and their
intermolecular attractions induced by Van der Waals forces [81].

UHMWPE cup with acrylic bone cement was firstly attached to the reamed space
of the hip’s acetabulum by Charnley [83]. Throughout the history of UHMWPE, several
attempts have been made to reinforce this polyethylene. In the 1970s, Zimmer developed
polyethylene reinforced with carbon fibres. Unfortunately, it was characterised by inferior
properties including reduced material strength and wear resistance in comparison to the
original UHMWPE. In the late 1980s, an additional effort was made to reinforce UHMWPE
by its high pressure recrystallisation (DePuy). However, the new material, called Hylamer,
was of lower strength than the original UHMWPE. Its application was discontinued in the
second half of the 90’s. It should be mentioned, however, that failures of Hylamer were
found to be associated with radiation sterilisation [79].

The breakthrough in polyethylene production occurred in 1998, when crosslinked
UHMWPE was synthesised. Its low friction, improved mobility, reduced wear debris,
and greater elasticity than most metals significantly lowered the risk of a loose implant.
Polyethylene is now used in various types of joint prostheses to manufacture components
working with metal and ceramic materials. Despite the fact that UHMWPE performs
well as a material for moving parts of endoprostheses, its abrasive products (wear debris)
activate osteoclastic bone resorption stimulating the implant’s loosing [84]. It is also
exposed to creep, resulting in the implant’s deformation [85], which requires further
revision procedures (Figure 3).
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Figure 3. Creep and wear leading to deformation of the acetabular UHMWPE insert.

3.3.3. Polimethylmetacrylate

Polimethylmetacrylate (PMMA; CsHgO,) was primarily introduced into neurosurgery
and dentistry in the 1940s. For orthopaedic purposes, Judet elaborated acrylic implant
reinforced with a metallic pin to restore the femoral head [86]. Charnley used the self-curing
PMMA as a bone cement to anchor the prosthetic stem made from metal (1960). Currently,
this material is used in orthopaedics to fix components of joint prostheses, and in the
surgical treatment of osteomyelitis and infectious complications of orthopaedic implants, as
well as in vertebroplasty and kyphoplasty. PMMA is also commonly used to strengthen the
anchorage of implants in osteoporotic bone and to reconstruct metastatic bone defects. It is
characterised by relatively low density of 1.18 g/cm?, ultimate tensile strength of 72 MPa,
Young’s modulus of 310 GPa, and elongation of 5% [87,88]. PMMA is hard, stiff, brittle, and
possess limited adhesiveness. It is usually used as a grout filling in the narrowed spaces
of the bone marrow cavity in osteoporotic bone or attaching the implant to the cancellous
bone filling in free spaces of its pores. When it is compressed, especially by shock forces of
high amplitude, or undergoes severe bending, PMMA may break [89].

Polymerisation of PMMA proceeds as a chemical reaction between two components
at room temperature. The first component, initiator, usually methylmetacrylate (MMA) or
polimethylmetacrylate (PMMA) used as an amorphous powder mixed with radiopaque
(e.g., barium sulfate; barite), when mixed with the second component, usually a liquid
activator (MMA monomers mixed with stabiliser), begins to polymerise, forming amor-
phous PMMA. The process is exothermic and usually takes several minutes, where the
temperature may rise up to 82.5 °C. PMMA monomers (MMA) are highly irritant and
even carcinogenic even though PMMA itself is biocompatible and does not evoke tissue
irritations. These materials could also lead to hypotension and lung fat embolisation. Thus,
a precise amount of initial component material must be used to minimise the risk of side
effects produced by unbounded monomers.

The biomaterials for orthopaedic surgery and traumatology have a wide range of
possible applications. Their advantages and limitations were presented in Table 3.
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Table 3. Advantages and disadvantages of biomaterials [12-89].

Material Advantages Disadvantages
. . Corrosive
Steel High materlla I strength Aseptic loosening
Good ductility .
Inadequate wear resistance
High biocompatibility Poor tribological properties

Titanium alloys

Low density
Corrosion resistance

Low wear resistance
Toxic effect of aluminium and
vanadium

H%gh material .strength Allergy consideration with nickel,
CoCrMo alloys High wear resistance
. . chrome and cobalt
Corrosion resistance
High har.dness Brittle
Ceramics Wear resistance High stiffness
Good wettability Low flexibilit
Good biocompatibility y
L.OW density Hard to sterilise
Biodegradable . . .
Polymers . Poor tribological properties
Easy fabrication .
. Absorb water and proteins
Flexible

4. Surface Modifications

Sensitisation, toxicity, mutagenic, and teratogenic after-effects of metals correlate with the
net volume of ions that have been released from the implant. Thus, manufacturers developed
several processes and technologies to reduce it, including polishing (also as electro-polishing),
sanding, passivation, anodisation, and covering with secondary materials.

Polishing and sanding reduce the surface of the contact of an implant with an external
environment, and passivation and anodisation can cover the material with an external layer
protecting it from ion release. Anodising also provides a durable, highly resistant surface
protecting an implant from wear off. It may also form porous structures that increase
osseointegration with an adjacent bone, fixing the implant and decreasing the risk of it
loosening (Figure 4) [90].

The most commonly used techniques of coating with secondary materials are plasma
sprayed, hydroxyapatite and titanium nitride (TiN) ceramic coatings [91]. Moreover
calcium—phosphate (CaP), carbon and diamond-like carbon coatings are under increased
investigation [92,93]. The main objective of such coatings is to shield the implant from
direct contact with surrounding tissue and materials, and, thus, mitigate any detrimental
chemical or physical effects on the material properties and patient wellbeing. It may also be
used to increase the surface porosity improving implant’s stability, and additionally, when
hydroxyapatite coating is performed, also osseointegration. This technique was primarily
utilised to improve dental implant stability, and soon found its use in the production of
joint prostheses. Titanium-plasma spray uses titanium particles condensed and fused with
the implant’s surface at high temperature produced by an electric arc. Hydroxyapatite
coatings by a thermal spray process enables to implant’s surface to be covered with calcium
phosphate coating of crystalline hydroxyapatite. This particular coating osseointegrates
with an adjacent bone being remodelled with bone trabecula’s [94,95].
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Figure 4. Osseointegration of the bone with implant’s titanium, porous plasma-sprayed surface (stem
of the hip prosthesis; TaperLoc, Zimmer Biomet, Zug, Switzerland).

Titanium nitride (TiN) coating smoothens, hardens, and enhances abrasion and corro-
sion resistance of the implant’s surface decreasing its wear and deformation, when loaded.
It shares properties with deeper situated materials enabling lowering cost of manufacture.
Additionally, it protects the implant from contact with adjacent tissue and materials reduc-
ing exchange of metal ions. Coating of the implant with TiN reduces successfully unwanted
side effects produced by chromium release from CoCrMo alloys [96].

Carbon coating prevents unwanted side effects of ions released from the implant,
but its limited endurance reduces the number of possible orthopaedic applications [97].
Diamond-like carbon and graphene are much more promising due to their unique capabili-
ties. They are tested to be used not only as covering materials shielding an implant from the
outer environment, but also as mechanical protection and as antimicrobial drug-delivery
systems [98-100]. Several attempts have been made to expand the use of other materials in
the manufacture of orthopaedic implants, including polyethylene. Polyethylene is valued
due to its slipperiness, abrasion, and corrosion resistance. However, the material hardness
is not comparable with metallic components, thus limiting its deformation resistance and
increased susceptibility to wear. As a consequence, several attempts have been made
to improve the mechanical resistance, including modifications to the chemical structure
(increased molecular weight and cross-linking) and, more recently, with reinforcement [101]
and coating with more resistant materials [102].

From the early beginning of implant manufacture, the materials used in orthopaedic
procedures were mainly found in industrial applications. Nevertheless, complications
arising from the lack of biocompatibility were soon made apparent, and, therefore, re-
quiring the modification of the alloys, or the development of new materials that would
mitigate the issues with standardised materials. As a result, new materials, including
stainless “surgical” steel, CoCrMo, and titanium alloys, were introduced to further allow
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the manufacture of implants characterised by much more suitable properties for medicine,
thus giving much better results for treatment. Nevertheless, those materials also exhibited
several disadvantages, proving the necessity to their further modification. Ideally, an
appropriate material would exhibit mechanical characteristics that closely resemble the
human bone and whose properties would enable the adoption of novel manufacturing
techniques such as laser-beam sintering to provide the possibility of three-dimensional,
personalised implants according to the patient’s stature and special requirements. More-
over, materials that could also serve as a carrier of molecular substances supporting and
regulating biological processes at the implant-bone interface, including fracture healing,
implant’s osseointegration, and regulation of the microbial growth, would highly advance
the orthopaedics field.

A very promising method for implant manufacturing is the use of a thin coating
layer covering the outer surface of the implant produced with less sophisticated, easier to
machine, and lower cost material. The possibility to modify and control surface properties
at the micro and even nano-level constitute one of the major breakthroughs, and can open
a new range of strategies for achieving the desired interaction with the biological environ-
ment. Another promising research direction includes the development of biologically active,
absorbable polymers, and composites, that could serve as substrates or scaffolds for biologi-
cally active substances that would be able to stimulate cellular processes, namely, adhesion,
activations, proliferation, and differentiation into a desired cellular lineage. Osteoblasts
and bony extracellular matrix, preferably enhanced by the support of angiogenesis that
would support skeletal tissue regeneration, would be desirable applications. An effective
cooperation between materials scientists, biologists, and orthopaedists may lead to the
development of new materials characterised by more desirable, effective, and, thus, more
attractive properties.

Nowadays, it is difficult to speculate whether metals and their alloys would be soon
replaced by polymers and composites. Presumably, titanium and its alloys would continue
to be accepted as a material suitable for orthopaedic purposes; however, steels and CoCr
alloys seem to have exhausted their capabilities due to a rising knowledge of unacceptable
side effects. Surface modifications may prolong their acceptance, although the need for the
development of more appropriate materials is clear.

5. The Limitations in Implant Manufacturing Technologies and Applications

As has been determined in Section 2, the suitability of a material for orthopaedics
requires extensive investigation, elaboration, and verification of all parameters that could
prove mechanically beneficial, but of high risk, to a medical setting. In the above section,
some of the most effective and widely used techniques to manufacture orthopaedic implants
have been discussed.

Initial implant technology focused on the shape and adequate mechanical strength,
with chemical content and microstructure being considered to be less important. How-
ever, the role of chemical composition increased in importance with the understanding of
biocompatibility. The production technology; microstructure; and, resulting from these
properties, durability, elasticity and stiffness, toxicity, and irritability became crucial issues
during the assessment of new implant materials. This importance increased further with
implants being utilised in much younger patients than in the past, with ages of approx-
imately 3040 years old, requiring even greater implant longevity. Younger patients are
presumed to use the implant much longer than older ones, thus succumbing longer and
more intensive intoxication with released metal ions. Moreover, being capable to procreate
may bring the risk of teratogenic complications.

Currently, the spectra of materials available for the production of orthopaedic implants
are very limited in number. Practically, every manufacturer offers implants produced with
at least three alloys, steel, cobalt-chromium, and titanium; as well as at least two types of
ceramic, alumina and zirconia, and polyethylene. PMMA bone cement practically closes the
short list of materials that are regularly used in orthopaedics. It should be noted that even
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though material candidates are limited, implant manufacturers could modify the chemical
composition, incorporate specific production technologies, and apply novel coatings or
surface finishing on the materials to further improve performance.

Unfortunately, even though contemporary biomaterials are suitable for the vast major-
ity of cases, limitations exist that may compromise performance. All implants may break,
exhibit dislocation or peri implant bone fracture that clearly demonstrate the challenges
at the interface between a viable human bone and physical implant, commonly resulting
from an unfavourable distribution of mechanical loads (Figures 5-7). Figure 5 shows
an example of destruction (grinding) of the acetabular cup (Munich II; Ti6Al4V Isotan-P,
Aesculap) and its UHMWPE insert by Al,O3 ceramic head during decades-long weight
bearing. The vast area of metallic inlay on ceramic head increases the net volume of metal
ions released into surrounding tissues during this process. The range of destruction of
Ti6 Al4V and UHMWPE components by a macroscopically intact ceramic head proves the
differences in mechanical properties between materials used to manufacture each part of
the implant. On the other hand, Figure 6 presents a break of the stem of the hip prosthesis
and macro-photograph of the surface of its break-through, where areas of brittle and fatigue
fractures of the stem could be observed. The last example presented in Figure 7 shows
a broken stem of the Mittelmeier Autophor hip prosthesis. Areas of brittle and fatigue
fractures could be observed identifying mechanical overloads that destroyed the implant.
One should mention that septic and aseptic loosening or the bacterial loads on the implant
itself may stimulate osteolytic bone destruction. Sensitiveness, toxicity, irritancy, and even
mutagenic and teratogenic capabilities corresponding with net volume of ions accumu-
lating in-between viable tissues, as well as a conflict with magnetic resonance imaging,
also exhibit further risks with implant materials. The use of implants made with metal, to
which the patient is sensitive, should be avoided. The problem usually occurs when the
patient is sensitive to chromium, excluding the possibility to apply implants manufactured
with steel and CoCrMo alloys, or nickel (steel). In those cases, an application of implants
made with titanium should be preferred. Titanium is still considered to be non-allergic,
but sensitisation to this metal is also plausible, especially when multiple implantations are
taken under consideration. Due to its attractive mechanical and biological properties it
seems to be one of the most appropriate materials for orthopaedic purposes, and one of the
safest. On the other hand, it may not pertain to recently introduced alloys that contain other
metals, including niobium (Nb), tantalum (Ta) strontium (Sr), and yttrium (Y) [103], as well
as antimicrobial properties of silver and copper in TiCu and TiAg coatings [104-106], and
even newly introduced, mixed-metals, superelastic Ti1l6Nb3Mo15Sn and Ti1l9Zr10Nb1Fe
alloys [107,108].

One can indicate that being sensitive to the particular metal is not equivalent to the
activation of the immune reaction after its implantation. Since this reaction belongs to a
type IV cell-mediated hypersensitivity, its activation is possible, when metal ions released
from the implant (serving as a hapten) binds to epidermal proteins, forming conjugates that
could be internalised by antigen-presenting Langerhans cells. Those cells transport antigens
via lymph to the regional lymph node, where they are presented to naive T-lymphocytes.
As a consequence, proliferating and differentiating T-lymphocytes give rise to several
populations of effector cells, including cytotoxic, natural killer, regulatory, helper, and
memory (central, effector, tissue resident, and virtual) T-lymphocytes [109,110]. When
released from the node via the lymphatic system to the circulation, they mount and regulate
immune response.
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Figure 5. An example of the acetabular cup grinding and its UHMWPE insert by Al;O3 ceramic head
during decades-long weight bearing.
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Figure 6. Break of the stem of the hip prosthesis and macro-photograph of the surface of its breakthrough.

Figure 7. Broken stem of the hip prosthesis.
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Since the presentation of metal ions to Langerhans cells is crucial for the immune
response, it can be mounted only when the implant contacts with skin. The reaction could
also be potentially mounted by the presentation of metal ions to lung, intestine, or mucous
dendritic cells, but it is practically very seldom, as orthopaedic implants are not implanted
in such environments. Nevertheless, an implant’s migration may potentially be responsible
for activation of the immune reaction mediated by dendritic cells. When covered with a
thick layer of soft tissue or implanted deeply into the bone, e.g., as an intramedullary nail, it
is unlikely that there would be an activate immune reaction. This fact explains clinically the
mute courses of implantations of alloys, to whom the patient is unquestionably sensitive.

6. Summary and Perspectives

In summary, the characteristics of the most extensively used materials and methods
used in implants have been presented and the direction of future investigations is proposed
with the emphasis on novel materials to provide tailor made and highly durable bio-
inert implants. Nowadays, the vast majority of implants are based on metals, due to
their high durability, widespread availability, and standardised technology and knowhow
for their production. Nevertheless, further improvements, such as structure or surface
modification, or the reinforcement with more elastic and durable materials possess practical
limitations. Polymers and composites may be found to be more suitable in the future as
there many candidates that surpass metals in terms of elasticity and durability, without the
risk of sensitisation and intoxication. Polyethylene is a promising material as it is bio-inert,
well-tolerated in the viable tissues, and is corrosion and abrasion resistant. Moreover,
the production is relatively cheap with a great number of possibilities to synthesise new
polymer materials. Thus, presumably, polymers could serve as an alternative to metals and
their alloys, for orthopaedic purposes in the near future.
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