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ABSTRACT

This paper reviews the most relevant achievements and new developments in the field of nanomaterials and
their possible impact on the fabrication of a new generation of reliable and longer lasting implants for joint
replacement. Special emphasis is given to the role of nanocomposites with different microstructural
designs: micro-nano composites, nano-nano composites, macro-micro-nano composites as well as
bioinspired hierarchical composite materials. These nanostructured materials have opened up an exciting
avenue in the design of non-metallic biocompatible, crack growth resistant, tough and mechanically
resistant implants with a lifespan close to the life expectancy of the patients.

INTRODUCTION

Nowadays, the medical device market is immersed in ongoing continuous development, including
approximately 5000 different types of products, and covering a broad range of technologies from
Microelectronics to Microbiology. This growing market will always depend closely on the development of
new concepts with regard to materials and technologies.

Firstly, as far as materials are concerned, much of this success has been traditionally achieved through the
appropriate selection of existing materials, designed for different applications other than biomedical. For
instance, many of the metal alloys typically used in prosthetic implants such as Ti-6Al-4V alloy were
developed for the aircraft industry. However, at present, current research specifically on novel material
concepts is already having an enormous impact on health care, and is widely used in prosthetic and drug
delivery devices [1]. These novel material concepts are shaping the future direction of Biomaterials
Science.

Nanotechnology is expected to become the transformational technology of this century, and therefore,
along with other emerging technologies, it is also considered likely to enable the development of
increasingly new concepts in medical device technology [2]. The possibilities for using engineered
nanomaterials with diameters of <100 nm in imaging and diagnoses, anticancer therapy, drug delivery,
gene therapy and other areas have advanced rapidly. The potential for nanoparticles in these areas is
infinite, with new applications constantly being explored. However, research into the possible toxic health
effects of these nanoparticles associated with human exposure is still at a very early stage and needs to be
pursued aggressively. Rigorous assessment is needed before some of the nanoparticles could be used with
humans. [3-6]

Together with dentistry, orthopedics is one the medical fields to profit most from nanotechnologies, mainly
in the field of implants for total joint replacement and resurfacing. Apart from mechanical stability,
nanotechnology can provide some other necessary functionality to these devices (Figure 1).
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Figure 1 . Apart from mechanical stability, nanotechnology can provide other functionalities to
medical implants.
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These functionalities can consist of engineered surfaces for fast integration, high fatigue resistance enabling
new, optimal designs, certain specific surface properties, such as low roughness (below 1 nm), etc. This
paper describes the most relevant developments achieved during the last ten years in the field of
nanomaterials and which will certainly have a strong influence on the development of new, more reliable
and long lasting joint replacement implants during the next ten years.

Nanocomposites promise an exciting future. New developments have shown the potential of ceramic
nanocomposites, not only in orthopedics, but in the general field of implants. With only a reduction in size,
an adequate microstructural design and no change in substance, nanocomposites can exhibit new properties,
such as durability, wear resistance, greater strength, fatigue resistance, and greater reactivity —
characteristics that the very same substances do not exhibit in micro or macro scales.

This fact, coupled with the possibility to create bioinspired nano-architectures, opens the possibility to
design new nanostructured bioinspired devices for total joint substitution with a lifetime higher that the life
expectancy of the patient.

JOINT REPLACEMENT BASICS

Hip and knee joints are so-called cartilaginous joints. The joint surface is covered by a smooth articular
surface that allows pain-free movement in the joint. The cartilage cushions the joint, and allows the bones
to move smoothly. This surface can wear out for a number of reasons; often the real underlying cause is not
known. When the articular cartilage wears out, the bone ends rub on one another and cause pain. Arthritis is
the general term covering numerous conditions where the joint surface (cartilage) wears out [7].

Total Joint Replacement (TJR) procedure replaces all or part of the joint with an artificial device
(prosthesis) to eliminate pain and restore joint movement. Today, orthopedic implants such as hip and knee
prostheses have an average lifetime of about 10 to 15 years. However, considering an ageing population
and the growing demand for orthopedic surgery from younger patients, implants should have a lifetime of
more than 30 years.

Although over the past decade primary joint replacement has established a success rate of nearly 95 per
cent, (i) the number of revision of total joint replacements (TJR) is increasing; (ii) the annual growth rate
for revision implant products during the past several years has been estimated at nearly 12-15% - more than
twice the growth for primary implants during the same period.



Therefore in recent years, research has basically concentrated on three different issues: (i) the materials that
can function safely and effectively as biomaterials in long-term implants; (ii) the right interface between the
implant and the bone, termed fixation; and finally (iii) avoiding wear and debris of the bearing surface [8].

Regarding the interface between implant and bone, the focus of research in many laboratories around the
world is the study of new methods to functionalize implant surfaces in order to improve their
osseointegration. This property can be promoted by specific modification of material surface
characteristics, thus improving beneficial interactions at the interface with the biological environment [9].
Many chemical and mechanical treatments are commonly applied to produce desirable features, even onto
the surface of commercially available devices. Recent studies have shown that osteoblasts are sensitive to
surface roughness, exhibiting decreased proliferation and a more differentiated phenotype on rougher
surfaces. This can be considered as the “traditional approach” to design endosseous device surfaces. A new
strategy to improve endosseous implant integration is based on preparing biomimetic surfaces able to
present adhesive factors to cells. Osteoblast adhesion takes place by at least two different mechanisms: the
most investigated one implies the interaction with RGD sequences via cell-membrane integrin receptors; a
further mechanism concerns the interaction between cell-membrane heparan sulfate proteoglycans and
heparin-binding sites of extra-cellular matrix proteins. The “biochemical approach” towards the design of
endosseous devices opened the way for the search for biomolecules which are able to promote cell adhesion
and adhesion strength onto the implant surface.

The implantation of synthetic materials into the body also elicits inflammatory host responses that limit
medical device integration and biological performance. This inflammatory cascade involves foreign body
reaction, fibrous encapsulation of the implant which eventually may become loose and leads to implant
failure. This foreign body reaction might be controlled by the presence of protective coatings which provide
long-term mechanical stability at the attenuate biofouling, leukocyte adhesion and activation interface, and
adverse host responses to biomedical and biotechnological applications [10].

A forth issue related to non-invasive surgery has been addressed. Metal-on-metal total hip resurfacing has
recently gained tremendous popularity as another hip replacement method. Metal-on-metal resurfacing in
general involves a one-piece acetabular cup that is similar to that used in total hip replacement, and a
femoral cap. The femoral resurfacing component is applied to the top of the femoral head with a minimal
loss of bone. This technique is a bone-conserving alternative to conventional Total Hip Replacement
(THR). Unlike Total Hip Prosthesis (THP), hip resurfacing does not involve the removal of the femoral
head and neck or removal of bone from the femur. The head, neck and femur bone is rather preserved to
facilitate future surgery, if necessary, and to enable the patient to take advantage of newer technology or
future treatments. In the ‘70s and early ‘80s a metal-on-polyethylene design was used with poor results.
Although recommended for the younger patient for whom future revision could be expected [11], rates of
failure of up to 34% were reported at 30 months [12]. By the mid-1980s many articles describing the
complications and failures of the procedure had been published [13-15]. Enthusiasm for resurfacing
disappeared, although it was felt that the root of the problem may have been the materials used rather than
the technique itself [16], and that new materials should be considered. Now, after around 20 years, a
cumulative survival rate of 99.8% at four years for metal-on-metal hip resurfacing practice has been
reported [17].

Nevertheless, the metal-on-metal surface of hip resurfacing leads to circulation of metal in the bloodstream.
Cobalt and chromium ions can be detected throughout the body in patients who have had metal-on-metal
hip replacements or hip resurfacing surgery and the possible negative effects are not yet completely known.
Recent publications [18-19] express large concerns over hypersensitivity reactions and possible
carcinogenic effects in the medium-short time.

Using ceramic surfaces could remove the problem of the metal ions. However, resurfacing techniques
require more demanding design challenges, i.e. the thickness of the implant being too small for
conventional ceramic materials.

Something similar happens in the case of knees. Not all patients need total knee replacements. Some
patients with arthritis involving only part of the knee may benefit from unicondylar knee replacements. The



advantages of using such replacements are the possibility of a shorter hospital stay, a smaller incision, and
no replacement of the patella. Nonetheless, once again, the use of ceramics has been restricted for this
application.

MONOLITHIC MATERIALS AND COMPOSITES FOR HARD ON HARD
JOINTS OBTAINED BY CONVENTIONAL ROUTES

Hard on hard ceramic materials for Total Joint Arthroplasty have been produced for over 30 years, in an
attempt to find an alternative to the CoCr—-UHMWPE-bearing couple.

A great deal of research effort has been put into reducing debris generation and fracture risk. All these
investigations were mainly devoted to two monolithic oxide ceramics, alumina and zirconia; consequently
only those materials have been commercialized until now.

Recently, ceramic manufacturers have paid attention to ceramic composites [20], with alumina and zirconia
as the main constituents of these materials. Since alumina and zirconia have demonstrated to be
biocompatible ceramics, the main efforts have focused on the processing and reliability of such materials
rather than a new microstructural design or the search for new materials and compositions.

In order to try to improve the characteristics of the monolithic ceramic materials, the focus shifted to the
search for effects based on the reduction of the alumina and zirconia grain size. Currently, nanostructured
raw materials with a crystal size of some nanometers are available; however if the nanostructure is to be
maintained, serious problems exist during the conventional processing of these nanopowders into dense
compacts.

Nevertheless, new sintering techniques for the reduction of the grain size are available [21]. For example,
Figure 2 (position 2 of micro-micro composites) shows the microstructure on an alumina hip socket,
obtained by near net shape spark plasma sintering, carried out in collaboration with M. Nygren at
Stockholm University. Although the grain size is very small and the density is the theoretical value, the
mechanical properties are not those deemed appropriate due to the fundamental fact that the strength (and
toughness) of alumina depends very much on its grain size. Grain boundaries of sintered alumina contain
tensile residual stress resulting from anisotropic thermal expansion, Young’s modulus along the crystal
axes, and show signs of crystallographic misorientation across grain boundaries. Therefore, in the case of
sintered polycrystalline alumina, cracks can more easily propagate through grain boundaries than across the
crystals. Consequently, when increasing the grain size of alumina, an increase in fracture toughness is
observed, also due to the appearance of a reinforcement mechanism related to wake effects like bridging,
crack deviation, etc. All these mechanisms disappear when reducing the grain size below a critical value. In
this case grain boundaries are free of stresses, but contain numerous defects or dislocations, and the average
fracture energy through grain boundaries can be higher than for the weakest alumina planes, normally the
(0001) planes. Therefore this type of alumina with very small grain size presents a completely transgranular
fracture surface, similar to glass. In this particular case, it thus makes no sense to fabricate nanostructured
alumina compacts as structural monolithic material, unless other functionalities, such as high hardness (Hv
about 23 GPa), translucency or transparency in the visible range are sought.

In the case of zirconia Y-TZP (Figure 2, position 3 of micro-micro composites), a very different analysis is
required, although the final conclusion is the same. The mechanisms for operational reinforcement in the
case of zirconia Y-TZP depend on the transformability of the zirconia grains, and therefore directly on the
grain size if the quantity of the doping agent is not modified (for biomedical applications this is 3 mol % of
Yttria). Additionally, the ISO standard 13356 establishes the range of grain size of these materials for
biomedical applications. An extra problem exists, as the same physical-chemical martensitic transformation
process, which serves as a reinforcement mechanism, is responsible for the damage by the hydrothermal
degradation or “ageing” of zirconia [22-23]. It was precisely this last mechanism which was responsible for
the withdrawal from the market of one of the main producers for femoral heads worldwide. The addition of
alumina to Y-TZP increases the mechanical performance of zirconia (Figure 2, position 4 of micro-micro
composites), but does not resolve the ageing problem.

In summary, the reduction of the grain size in the nano range (100 nm) does not only result in a non-
improvement for the monolithic alumina and zirconia materials, but severely damages their behavior
(Figure 2).



Figure 2 Vertical evolution from micro-nano to bioinspired hierarchical composites. Each horizontal
line shows the evolution of each kind of composites as they try to ameliorate the mechanical
performance of materials for medical devices.

Many attempts have been undertaken to increase the fracture toughness of alumina. Three decades ago,
Garvie [24] published the first work on increasing the high fracture toughness of composites in the Al,Os-
ZrO, system by means of transformation toughening. Nowadays it is well known that this reinforcement
mechanism depends on several factors, such as the zirconia content, the tetragonal-to-monoclinic zirconia
ratio and other microstructural features. It has been shown that homogeneous microstructures with small
zirconia particles and narrow particle size distribution of both alumina and zirconia particles [25] lead to
important improvements in mechanical properties (see Figure 2, position 5 of micro-micro composites). On
the other hand, the presence of agglomerates in the final compact decreases their mechanical performance
drastically.

Conventional processing routes involve either dry milling [26] or wet milling [27] of a mixture of alumina
and zirconia powders. By using these conventional processing techniques it is difficult to avoid the
presence of some agglomerates and the microstructural homogeneity is limited, being detrimental to
mechanical behaviour and the necessary reliability of the final components.

Nowadays, interest focuses on new powder processing techniques, like sol-gel, [28] where starting
precursors are in a dissolved state, in order to obtain smaller particles with narrow particle size distributions
and therefore better microstructures. However, low producing rates and other economical aspects make it
unattractive from an industrial point of view.

In any event, by using powder mixture processing routes, alumina-zirconia composite materials have been
studied [29] as an alternative to monolithic materials. However, it has been clearly demonstrated that when
the amount of zirconia exceeds the percolation threshold estimated at 16 vol. %, ageing phenomena
reappear [30-32]. In a recent publication, Nakanishi et al [33], using commercial hip prosthesis with 13 vol.
% zirconia content, have observed that no zirconia transformation took place. Conversely Pezzotti [34] et
al. have shown transformation in commercial hip prosthesis with 18 vol. % zirconia content. These results
strongly confirm the prediction of the research by Pecharroman et al. [30].Therefore, the latest
developments by Ceramtec with zirconia contents of about 17-25 vol. % should be carefully studied at long



term [34]. However, alumina-non stabilized zirconia materials with zirconia contents below 12 vol. %
resulted in a considerable improvement in mechanical behavior, without the associated ageing problems
[30-32]. Nevertheless, it has to be taken into account that the materials with reinforcement mechanisms
based on zirconia transformation are thermodynamically unstable and as a consequence the lifetime will be
always under suspicion when compared to other more stable materials.

NANOCOMPOSITES FABRICATED FROM NANOSTRUCTURED POWDERS
OBTAINED BY COLLOIDAL ROUTES

Micro-Nano Composites

Micro-nano composites present mainly two phases: the matrix with a crystal size in the micron range of
microns and a second phase constituted by nanometer sized nanoparticles located in intra- and intergranular
positions. Nanocomposites yield dislocations around the particles and these dislocations release residual
stress in the matrix. The dislocation field depends not only on the thermal expansion and elastic properties
mismatch between the matrix and the nanoparticles, but also on the differences between surface energy and
interface energy. In this way, alumina nanocomposites with SiC (lower thermal expansion coefficient
(CTE), higher Young modulus (E)), YAG (similar CTE, similar E) and ZrO2 (higher CTE, lower E) have
shown improved mechanical properties compared to monolithic alumina [35]. The important breakthrough
of the nanomaterials and the effects associated to the nanostructure however, has been reached with
alumina-zirconia nanocomposites.

A fundamental design parameter which is directly related to the lifetime or fatigue resistance, static or
dynamic, of an implant is the threshold for the stress intensity factor Kjo, a security factor below which no
subcritical propagation of defects or cracks occurs, and therefore an important parameter when designing a
new ceramic material for structural applications, as in the case of hip or knee implants [36].

In order to obtain alumina-based nanocomposites, colloidal routes to obtain nanostructured multiphased
powders have opened up a new avenue of research [37]. Starting from tailored alumina-nano zirconia
powders following the aforementioned colloidal route (see Figure 3), researchers have developed a new
class of dense nanocomposites with a microstructured alumina matrix and a second distribution of very
small zirconia particles located at both grain boundaries and intragranular positions (Figure 2, positions 1
and 2 of micro-nano composites). It has been demonstrated that these nanocomposites present a unique
property due to their nanostructure. It has in fact been discovered that they present a compressive residual
stress field around zirconia nanoparticles embedded inside alumina crystals, retarding the crack front
opening when applying an external stress, to stand in competition with the stress corrosion. It seems that
the relative effect of the residual stress intensity factor is higher for lower applied stress intensity factors.
Therefore, a higher slope in the nanocomposite V-Kj/K;c curve is obtained, similar to the ones observed in
covalent materials (Figure 3). The immediate implication of this increase of the V-Ky/K;c curve slope on
ceramic on ceramic implants is a lower sensitivity to delayed failure, as slow crack growth occurs for larger
applied Ki/K|c values.
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Figure 3 Slow crack growth curve showing lower sensitivity to delayed failure (slow crack growth
occurs for larger applied K,/K,c values in the case of micro-nano composites Alumina-1.7 vol.%
Zirconia).

Near net shape acetabular components from nanostructured powders obtained by colloidal routes have been
achieved by the authors of the present work in collaboration with M. Nygren at Stockholm University, by
spark plasma technique. Figure 2, (position 3 of micro-nano composites) shows the obtained
microstructure. The intricate microstructure with very small zirconia nanoparticles well distributed in the
microstructure and originating a network of subgrains in the alumina matrix can be observed. This
nanocomposite shows interesting mechanical properties and extremely high hardness (Hv=24.3 GPa).

This result gives new insights for the development of biocompatible oxide ceramic-based nanostructured
composites for implantology since they offer crack resistance similar to covalent materials without their
major drawbacks associated with processing and machining [38-40].

Nano-Nano Composites

Nawa et al. [41] developed a Ce-TZP/Al203 nanocomposite (with both phases being on the 250-300 nm
range) that exhibits an extremely high resistance to low-temperature degradation (ageing), a good
biocompatibility and high wear resistance (Figure 2, position 1 of nano-nano composites) [42-44]. A recent
work [45] has also shown that phase transformation is the main toughening mechanism operating in these
nanocomposites and there is no need to highlight any ‘nano’ effect to account for the excellent crack
resistance of the present nano-structured material. Nevertheless, these authors also pointed out that the
Kic/Kjp ratio in the case of these nano-nano composites is higher than in the case of micro-nano composites
mentioned above [39] where an important “nano” effect has been observed (Figure 4). This is clearly due to
the fact that transformation toughening, and internal stresses produced when a nano phase is located inside
another crystal, does not affect alike the Kic and K;o values. In the case of the nano-nano composite,
although this microstructure has been described as an interpenetrated microstructure, the amount of
nanoparticles found inside other crystals is quite low and as a consequence the K;o value is not affected by
the effect associated with a network of dislocations in the sample. Additionally, as Ce-TZP presents a very
important plasticity, which is at the same time the responsible for the observed important increase of
toughness, stresses are relaxed during cooling after sintering. Then only the alumina grains containing
isolated zirconia nanoparticles can contribute to the so called “nano effect”. There is therefore a
compromise between a transformation toughening effect, due to Ce-TZP, and the ability to induce internal
stress capable of affecting the stress intensity factor threshold.



Torrecillas et al. [46] have recently proposed a combined solution to obtain a nano-nano composite in this
system, but using a colloidal route (Figure 2, position 2 of nano-nano composites). As a consequence, both
Ce-TZP and alumina starting nanopowders (80 and 140 nm in size respectively) are coated with an alumina
and zirconia precursor respectively. After processing, the obtained nanocomposites show a very fine
nanostructure where the matrix is formed by Ce-TZP crystals showing a clear sub-grain structure
constituted by the former crystals. Small alumina crystals (<20 nm) are retained inside Ce-TZP grains and
other alumina grains (200-300 nm) are homogeneously distributed in the Ce-TZP matrix. These nano-nano
composites obtained by conventional processing techniques using specially tailored nanocomposite
powci;ers, show flexural strength values in the range of 950-1000 MPa and fracture toughness around 12
MPavm.

Aluming-Zrd;

Figure 4 Alumina-1.7 vol.% nanocomposite powders obtained by a colloidal processing route from
two different starting powders [37].

Macro-Micro-Nano Composites

There is still a clear need for more crack-resistant or crack-tolerant designs in TJR ceramic devices. In these
components, strength is determined by intrinsic flaws within the microstructure which may have been
introduced into the material during processing [47,48]. Little attention has been paid to short crack growth
resistance properties in terms of extrinsic flaw states. The same initially well-polished component may
accumulate substantial damage during fabrication, machining or finishing [49,50], heat sterilization
(ageing) [51], and even surgery (prosthesis handling and insertion procedures). Flaws can also be produced
as a result of in vivo corrosion or degradation. Any imperfections will cause stress concentrations, and
hence will cause one or more cracks to grow, causing fracture of the component [52]. Revision operations



for fractured ceramic components are difficult, because the surgeon must carefully remove all fragments of
the broken ceramic component. This is major surgery and the failure rate of these operations has been high,
for instance up to 31% in Total Hip Arthroplasty revision [53]. We must take into account that for a
structural life exceeding patient lifetimes, a minimum required detectable defect size is computed, which
must be detected by quality-control procedures prior to the device entering service; this defect size is
typically of the order of tens of microns for such ceramic implants, compared to sizes in the hundreds of
microns for corresponding metal prostheses.

In designing damage-resistance bioceramic microstructures, it is important to distinguish between two
philosophies: crack initiation and crack propagation. In this regard, it is often useful to partition the
mechanisms of fracture into “intrinsic” and “extrinsic” processes [54]. Intrinsic mechanisms evolve ahead
of the crack tip (independent of crack size) like the compressive residual stress in the case of alumina-
zirconia micro-nanocomposites described above. These micro-nanocomposites, with toughening
mechanisms operating on a scale smaller than that of the matrix microstructure, can display a greater
threshold for the stress intensity factor (Kjo), under which crack propagation does not take place. But
damage tolerance in these materials is low [55]. On the other hand, extrinsic mechanisms invariably evolve
behind the crack tip. The aim of such latter mechanisms is to inhibit the propagation of existing cracks,
either by enhancing crack bridging to increase alumina monolithic ceramics toughness, by transformation
toughening mechanisms in zirconia ceramics or by both mechanisms in alumina-zirconia composite
ceramics. One of the most effective methods to incorporate these mechanisms is by introducing a ductile
metal secondary phase, such as particles, plates or fibres in ceramic matrix [56-59]. It is then possible to
increase toughness with crack extension (R-curve) [60]. Such an increase in fracture resistance provides
damage tolerance characteristics to composites and narrows their strength distributions [61]. However,
these improvements are often achieved at the expense of strength for small flaws. Therefore, in terms of
microstructural design, requirements for high strength are often different or even contradictory to those for
high fracture toughness. As mentioned above, monolithic nanoceramic composites improve strength, but
decrease toughness due to the lack of crack bridging. On the other hand, ceramic composites improve
toughness and flaw tolerance, but give low strength. Some researchers have suggested that a compromise
must be made between these requirements. Here the dilemma is whether to sacrifice strength to gain some
flaw tolerance, or to improve strength at the expense of some flaw tolerance or toughness.

Recently a new macro-micro-nano composite has been manufactured [62], where toughening and
strengthening are achieved through the incorporation to Al,O; matrix of both Nb lamellar shape
macroparticles and ZrO, nanoparticles. Figure 2, position 1 of macro-micro-nano composites shows the
microstructure of these composites. Niobium, being a refractory metal, was chosen because of its ductile
constitutive behaviour and its biocompatibility. Niobium has been implanted in human tissue without
causing inflammatory or allergic reactions. Along with its good radiopacity, niobium produces few
magnetic resonance (MR) imaging artefacts [63]. It is important to point out that the paramagnetic nature of
stainless steel and cobalt-chromium implants provokes an interaction with the magnetic fields present
during MR imaging. This may result in device movement, device heating or development of an artefact on
the collected image. This artefact problem is more critical on spinal implants.

The design of Al,0;-ZrO,;n-Nb macro-micro-nanocomposites opens the possibility to tailor new materials
with toughening mechanisms operating at different scales, as in the case of natural bone, on a scale smaller
than that of the matrix microstructure, that enhances the “intrinsic” fracture properties of the material. This
intrinsic increase of resistance to crack initiation and propagation due to a structural synergism between the
matrix and dispersoid phases, should lead to an increase in the catastrophic failure strength. On the other
hand, extrinsic mechanisms, such as the bridging of ductile metallic elongated particles, can enhance crack
growth resistance (R-curve) and flaw tolerance. In other words, in this case the increase in strength and
toughness are compatible.

The knowledge of the respective influence of nano-, micro- and macro-scale mechanisms during crack
initiation and propagation allows strategies to be defined for better crack growth resistance materials. These
improvements in mechanical properties of macro-micro-nanocomposites turn them into promising
candidates for new biomedical applications such as spine and knee components, as well as larger and
thinner versions of existing components, such as ball heads and inserts.



BIOINSPIRED HIERARCHICAL MATERIALS

The materials used in TJR are designed to enable the joint to move in the same way as the normal joint.
Materials and surgical techniques are improving rapidly because of the efforts of orthopedists working with
engineers and other scientists. Metals such as stainless steel, as well as cobalt, chrome, and titanium alloys
have been successfully used for decades in fracture fixation, joint replacement, and dental applications [64].
Metallic orthopedic implants have serious shortcomings related to their osseointegration. Recent advances
can be found in the literature regarding the fabrication of novel glass coatings to improve the bone/implant
interface [65-70]. The glasses could be combined with other organic or inorganic materials to tune the
coating resorption rates or to fabricate therapeutic coatings.

Despite this solution, current implants still have a fundamental flaw: The use of bioimplant materials with
Young modulus higher than that of human bone produces negative effects of stress shielding and the
corresponding bone loss. Flexible stems would be a possible solution, however they increase proximal
interface stresses. Hence, the cure for bone resorption they represent may develop into increased loosening
rates because of interface debonding and micromotion. The relationship between implant flexibility and the
extent of bone resorption around hip stems does suggest that the changes in bone morphology are an effect
of stress shielding and a subsequent adaptive remodeling process. This is a problem that still needs to be
addressed [71]. Therefore, it is necessary to develop new materials specifically designed for orthopedic
applications: bone-like biomaterials that will be treated by the host as normal tissue matrices, and induce
cell penetration and proliferation after implantation, while their properties match those of the tissue to be
repaired. This challenge could be met by novel hybrid organic/inorganic composites with an architecture
controlled from the nano to the mesolevel. Tomsia et al have reviewed some of the recent efforts in the
development of metallic and ceramic implants, and the most recent research in the field of organic-
inorganic hybrid composites for bone replacement [64].

It is worthwhile mentioning that, simultaneously, more research is devoted to a deeper knowledge of the
natural material bone, as Ritchie et al show in a recent work [72]. Bone is a complex hierarchical composite
of collagen and hydroxyapatite imbued with mechanisms to resist fracture at different size scales [73].
These size scales relate to the characteristic structural dimensions in bone, which vary from the nanoscale
(twisted peptide chains) to the several hundred micrometers (the lamellar structure of collagen fibers). It is
the simultaneous operation of toughening mechanisms at these various length scales that provides bone
with its enduring strength and toughness. Taking into consideration this structure, the ideal bone substitute
is a material that will form a secure bond with the tissues by allowing, and even encouraging, new cells to
grow and penetrate. In this sense, nowadays there is ongoing research into several technologies seeking to
obtain bioinspired hierarchical materials for implants. With the development of Tissue Engineering, the
concept is changing from replacement to regeneration: it is necessary to fabricate bioresorbable three-
dimensional (3D) scaffolds (Figure 2, position 1 of bio-inspired-hierarchical composites). Two
considerations must be taken into account to address the problem, which are, firstly, the material used and,
secondly, the technique to obtain the structure as discussed in the following paragraphs.

First, regarding the material, it must be osteophilic and porous, so that new tissue, and ultimately new bone,
can be induced to grow into the pores and help to prevent loosening and movement of the implant. E. Saiz
et al [74] have recently pointed out the great effort which has been made in the development of porous
scaffolds for bone replacement and tissue engineering [75-76]. Synthetic hydroxyapatite (HA) has been one
of the materials of choice for the fabrication of inorganic scaffolds due to its close relationship with the
mineral component of the bone and its excellent osteophilic properties [77].

Secondly, regarding current techniques, there is ongoing research into several technologies working
towards obtaining bioinspired hierarchical implant materials. Direct ink writing (DIW) techniques offer a
powerful route for producing complex 3D structures, including space-filling solids and structures with
high-aspect ratio walls or spanning (unsupported) elements. The term °‘direct-write assembly’’ [78] broadly
describes fabrication methods that use a computer-controlled translation stage, which moves a pattern-
generating device, e.g., an ink deposition nozzle or laser writing optics, to create materials with controlled
architecture and composition. Several direct ink writing techniques have been introduced that are capable of
patterning materials in 3D, including 3D-printing, direct ink-jet printing, hot-melt printing, robocasting,
fused deposition and micropen writing. In DIW, 3D structures are built layer-by-layer through the
deposition of colloidal- or polymer-based inks. This approach allows ceramic materials in complex 3D
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shapes to be designed and rapidly manufactured without the need for expensive tooling, dies, or
lithographic masks.

For instance, the use of computer-driven rapid prototyping techniques to produce porous ceramic with
anisotropic microstructures is being investigated by several groups. Robocasting is a simple technique to
produce porous ceramic parts with complex shapes. In robocasting, a ceramic ink is extruded through a thin
nozzle to build a part layer-by-layer following a computer design. The ink must exhibit a controlled
viscoelastic response. It should flow through the nozzle and subsequently settle very fast, bonding to the
previous layer so that the part maintains its shape while printing (Figure 2, position 1 of bio-inspired-
hierarchical composites).

The ideal fabrication technique should produce complex shaped scaffolds with controlled pore size, shape
and orientation in a reliable and economical way [79]. However, all porous materials have a common
limitation: the inherent lack of strength associated with porosity. Hence, their application tends to be
limited to low-stress locations, such as broken jaws or fractured skulls. Therefore, the unresolved dilemma
is how to design and create a scaffold that is both porous and strong.

Freeze casting [80] is a simple technique to produce porous complex-shaped ceramic or polymeric parts
(Figure 2, position 2 of bio-inspired-hierarchical composites). In freeze casting, ceramic slurry is poured
into a mold and then frozen. The frozen solvent acts temporarily as a binder to hold the part together for
demoulding. Subsequently, the part is subject to freeze drying to sublimate the solvent under vacuum,
avoiding the drying stresses and shrinkage that may lead to cracks and warping during normal drying. After
drying, the compacts are sintered in order to fabricate a porous material with improved strength, stiffness
and desired porosity. The result is a scaffold with a complex and often anisotropic porous microstructure
produced during freezing. By controlling the growth direction of the ice crystals, it is possible to impose a
preferential orientation for the porosity in the final material. Recently, Deville et al [38] have obtained
porous hydroxyapatite scaffolds by freeze drying. The scaffolds have subsequently been infiltrated with a
second organic phase with tailored biodegradability. Because the biodegradation rates of the scaffold and
the infiltrated compound can be designed to be different, porosity can be created in situ to allow bone
ingrowth. By using this approach, they have been able to fabricate HAP-based composites with stiffness
(10 GPa), strength (150 MPa), and work of fracture (220 J/m?) that match the one of compact bone for an
equivalent mineral/organic content (around 60/40 vol. %).

FUTURE TRENDS

Very recently, studies have pointed out that approximately 1% of patients with a metal-on-metal (Co-Cr
alloy) resurfacing will develop a pseudotumour within five years [18, 19]. These alarming results, together
with reports of sensitization and/or elicitation of contact allergy to orthopedic metallic implants [81-83], are
a clear indication that in the near future any toxic metal-containing implant has to be avoided. The trend is
towards ceramics and ceramic/non-toxic biocompatible metal (Nb, Ta, Ti, Zr) composites. In this regard,
nanotechnology offers a vast array of possibilities as we have indicated above. No simple solution exists.
Hierarchical materials with complex microstructures like bone clearly emerged as the more appropriate
approach. In Figure 5 we have selected two macro-micro-nanocomposites with high microstructural
complexity obtained by two different methods (a) ice templated [80] and (b) powder processing with
lamellar metal particulate [62]. In both cases the strength and toughness values have been drastically
improved. Conversely to the monolithic, nano-nano and micro-nano composites, these complex materials
offer high flaw tolerance behavior [59], similar to that of natural bone. On the other hand, these complex
nanostructured materials are thermodynamically stable in vivo conditions. Then aging and slow crack
growth problems can be drastically minimized.
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Figure 5 Macro-micro-nanocomposites with high microstructural complexity obtained by two
different methods A) ice templated [80] and B) powder processing with lamellar metal particulate
[62].

CONCLUSION

The future of joint replacement may see the implementation of a variety of materials specifically designed
to fulfill the functionalities of the different natural materials constituting the natural joints.

The solutions which are currently used are not acceptable for many reasons: (a) some of them are made of
non biocompatible metallic materials, produce debris due to wear and, as a consequence, have a short
lifetime requiring several revisions (b) magnetic and non-magnetic metallic devices of certain geometries
interact with the magnetic field when the patients are observed by MRI causing heating and even
movement of the implant. Of secondary concern is the possibility of image artifacts that can compromise
the procedure and image quality. Finally (c) there is an important mismatch between the elastic properties
of currently-used materials and those corresponding to bone and cartilage. As a consequence there is not a
good interface between implant and bone.

Taking into account the aforementioned reasons for a malfunctioning implant, a final solution based on a
single material cannot be expected. While tissue engineering will not be able to give a final solution for
artificial joints, different approaches start to achieve encouraging results: a) bioinspired hybrid organic-
inorganic hierarchical structures have shown to be serious candidates to replace Ti stems b) multi-scale
modeling and design of composite multi-materials provide a combination of interesting functionalities. The
control of the nanostructure can provide ceramic materials with better fatigue resistance in static and
dynamic conditions. The control of the macrostructure can provide flow tolerant materials. The future
combination of both materials and the customized search for adequate interfaces between dissimilar
materials will crystallize in a new generation of longer-lasting implants for joint replacement, giving rise to
aggressive geometries and designs that allow a less invasive surgery and a better quality of life for the
patients.
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