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Abstract
This study evaluates a range of materials that may be used to design prostheses for bone. It is found
that nanocrystalline ceramic-polymer composite could be the best material for prosthetic bone with
respect to biocompatibility, morphology, chemistry, and compatibility with the piezoelectric and

mechanical behavior of long human bones, such as the femur.
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1. Introduction

In the past decade, three dimensional images of long bones such as the human femur have been
commonly produced through computerized axial tomography (CT) scan and/or magnetic resonance
imaging (MRI) data™?. Direct conversion of these data into tailor-made bioimplants is a complex
phenomenon, since it is not only dependent on the structure of the bone to be repaired or replaced, but
is also closely associated with the composition, physical properties and anatomy of bone itself. In
terms of structure, the typical human femur (Fig. 1) is primarily composed of two separate types of
bone; compact or cortical and trabecular or cancellous or spongy bone, and is capable of
accommodating several modes of stress, from a stationary condition to brisk walking®. Trabecular
bone generally resides at the ends of bones and is porous (50-90%), lighter, and more energy absorbent
than compact bone, providing effective cushioning for bone impact!*®. The longevity of bone is
directly and/or indirectly related to bone composition and morphology; a typical bone matrix is
bundles of collagen fibers infiltrated by a crystalline bioapatite mineral (45% by volume, 65% by

weight), which resembles with synthetic hydroxyapatite (Hap), Caio(PO4)s(OH).1*®. The strength of
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bone is also dependent on bone porosity and elasticity. The modulus of elasticity has considerable
impact on the tensile and compressive strength of bone!®.. Currey observed that variations in the
mineral content of bone have significant effects on its mechanical propertiesi*®. The elastic modulus,
for instance, exhibits a monotonic increase with an increasing amount of mineralization (in this case,
the weight of Ca™"/dry weight of bone); whereas, the strain at failure shows a monotonic decrease
within the same range, while the bending strength and the area under the load-deformation curve reach
a peak and then decline™. In-vivo, ligaments and tendons experience a combined loading of tensile
stress and rubbing against bones or cartilage in a biological environment, which damage their surfaces
and reduce their tensile strength. Hence, the major cause of failure of applied prostheses is due to the
cellular events induced by the wear debris coming from the bearing surfaces™**3.. Another factor to be
considered the search for a material appropriate for use in bone prostheses is that the piezoelectricity of
bone is an indistinct feature, i.e., mechanical stress results in electric polarization, the indirect effect,
and an applied electric field causes strain, the converse effect!™*!. A recent thorough mechano-
transduction study suggests two different mechanisms are responsible for these effects: classical
piezoelectricity due to the molecular asymmetry of collagen in dry bone, and fluid flow effects due to
streaming potentials in wet bone®. Furthermore, the overall performance of bone also depends on
sex!". For example, women have a wider pelvis than men; therefore, the quadriceps angle is greater in
women (16°) than in men (12°), and the probability of rupture of women’s knee anterior cruiciate
ligament (ACL) is greater than for men*®l, Hence, a brief assessment of anatomy, chemistry and
mechanical properties can inform the choice of alternative materials for the development of

bioimplants.

2. Anatomy of the Femur bone

The histology of bone tissue offers a wealth of information to describe the anatomy of the
femur bone. The complicated structure of bone exhibits anisotropic mechanical stress with respect to
direction; hence, an introductory anatomical description on bone morphology is essential for material
scientists.

Bone is a natural nanocomposite biomaterial with a complex hierarchical structure. Several
organic — inorganic parts are encased in a strong collagen matrix with a blood circulation system. Fig
la and Fig 1b display the structure of a typical hip bone, where the femur is attached as a ball-and-
socket arrangement through a ligament. Fig 1c reveals the basic shape of the adult femur, which is
strongly influenced by cortical and trabecular bone. It has been noted that prior to puberty the
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epiphyseal disk itself converts into bone ™

. In this way, growth in bone girth happens prior to
lengthwise development, stimulated by growth hormone and inhibited by estrogens and progesterone.
The upper extremity of the femur presents a head, a neck, and a greater and a lesser trochanter. The
femur is the longest and the strongest bone in the skeleton and is almost perfectly cylindrical for the
greater part of its extent. In the erect posture it is not vertical, but inclines gradually downward and
medialward, which facilitate the knee-joints being near the line of gravity of the body. A tissue called
the periosteum covers the bone and brings in blood, lymph vessels and nerves. The central cavity of
the femur is filled with bone marrow, where stem cells gives rise to all the types of blood cells.

As with all biological tissues, cortical bone contains many different structures that exist at
many levels of scale. It is much denser than other types of bone and is found primarily in the shaft of
long bones, forming the outer shell around cancellous bone at the ends of joints and around vertebrae.
The cylindrical Haversian canal (~10um to ~30um in diameter) controls the transportation of blood,
lymph vessels and nerves within cortical bone (Fig. 2a). Around the Haversian canal a group of
concentric circular lamellae present, these lamellae are roughly 3um to 7um thick. Moreover, within
and between lamellae are found small hollow gaps (~10um in diameter) that are interconnected by
small canaliculi (~1pum in diameter), usually running perpendicular to the circumference of the
Haversian systems™. These gaps are called lacunae. The cortical bone is mainly composed of a three-
layered structure packed with mineral and collagen fibrils. The first-level structure including the
central blood vessel and surrounding concentric bone tissue is called an osteon. This first level is
organized into woven bone, primary bone, plexiform bone, and secondary bone. One of the most
intriguing second-level structural entities, from a mechanical point of view, is the cement line. Recent
research suggests the cement lines are compliant, allowing them to absorb more energy and to arrest
crack growth in bone?®. Below this level, there is little quantitative information on the structure of
cortical bone due to the difficulty of measuring both bone structure and mechanics at increasingly
small levels. The third-level cortical bone structure may be separated into two basic types, lamellar and
woven. Each type contains the type | collagen fiber/mineral composite. The lamellar and woven bones
can be distinguished by the interior packing of their collagen fibers and minerals. In woven bone, the
collagen fibers are randomly organized and very loosely packed. A thorough analysis of bone structure
by Wiener and Traub illustrates the orientation of mineral collagen composite into lamellae®®!. A
distinct gap or hole-zone can be seen within the packing of the collagen fibers, which are filled with
crystal and developed with a hexagonal carbonate hydroxylapatite mineral called dahllite *?)(Fig 2b).

As shown in Fig 2c, the apatite crystals fit snugly within the ‘hole-zone’ of collagen fibers along the



side-to-side lattice. However, the packing of molecules in three dimensions is still a mystery. Fig. 3a
illustrates that cancellous bone has an interconnecting porous architecture made up of curvilinear struts
called trabeculae. The trabecular bone appears at the ends of long bones and the vertebral body. Its
basic first-level structure is the trabeculae!®®!. Trabecular bone contributes about 20% of the total
skeletal mass within the body, while the remaining 80% is contributed by cortical bone. However,
trabecular bone has a much greater surface area than cortical bone. Table 1 demonstrates the general
features of cortical bone and trabecular bone, including volume fraction and surface area®. Except for
the third level of the structure, there is no significant difference within cortical and trabecular bone.
Trabecular bone is more compliant than cortical bone and is believed to distribute and dissipate the
energy from articular contact loads.

Osteonal bone is the combination of concentric rings of bone tissue and blood vessels, as
described in Fig 3b. The size and shape of bones not only changes during growth, but bones are
continuously being remodeled in response to the stresses put on them throughout life. Approximately
10% of bone mass is removed and replaced each year. The remodeling of bone requires the
simultaneous coordinated activities of osteoclasts and osteoblasts. Osteoclasts are multinucleated cells
that are found on calcified bone surfaces. They degrade bone mineral and collagen by releasing mass
and produce free calcium (Ca). The dissolved mineral is then released into the bloodstream in order to
satisfy other bodily needs and to provide space for newer mineral deposits. In addition, osteoclasts
release matrix-bound growth factors that attract osteoblasts. It is important to note that osteoclastic
differentiation is usually balanced with bone formation to preserve bone architecture over many cycles
of bone replacement. However, excess activity of osteoclasts (common after menopause in women)
produces osteoporosis™. Bones become weaker as the cortical bone gets thinner and the spaces in
spongy bone get larger, upsetting the normal remodelling balance and leading to a decrease in bone
density and strength. Additionally, this destruction and formation of bone may produce wear particles
and reduce the longevity of bone™. On the other end, osteoblasts are bone-forming cells that convert
free calcium (Ca) to new bone. Osteoblasts contain an organic bone matrix that is heavily cross-linked
with type-I collagen. The bone matrix is aligned along the lines of stress and osteoblasts deposit the
hydroxyapatite mineral into the gaps of the matrix, resisting compression. According to Wolff’s Law,
osteocytes are responsible for growth and changes in the shape of bone, where they function as
neurotransmitter cells and determine the response of bone to its mechanical environment®!. Hence, the
study of the hierarchical organization of bone has two purposes: first, it provides a consistent way to
compare the properties of different tissues with respect to morphology and constituents; second, it

provides a consistent scheme for defining levels for computational analysis of tissue micromechanics.
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3. Femoral Minerals and Chemistry

The major constituents of bone tissue are minerals, organic material and water; the organic
material is mainly collagen and the mineral is mainly HAp. Collagen makes bones flexible (elastic),
mineral makes bones rigid, and water in the interstitial space stores nutrients. In an excellent ternary
diagram, Rogers et. al demonstrate how the content of different constitutes are responsible for
morphology and texture with respect to mammalian group and agel®. As depicted in Fig 4, the content
of the mineralogical phase (HAp) of human femur is well matched with earlier clinical data for human
bone. In bone the nanocrystalline carbonated bioapatite mineral (dahllite) resembles synthetic
hydroxyapatite [Caio(PO4)s(OH),], which is snugly arranged within collagen fibrils (Fig 2c). These
collagen fibrils come together and form a collagen fiber, which is woven in a triple-helix to form a
cylinder, 80-300nm x 1.5nm. Along with the content of these two inorganic and organic phases, water
also contributes the durability of bone.

Research over the past two decades has focused on preparing synthetic HAp, since it closely

resembles bone apatite and exhibits excellent osteoconductivity!’

. Usually, defective or poorly
crystallized natural bioapatite exhibits broad diffraction lines, making it difficult to determine the exact
phase through XRD technique. The remarkable property of synthetic hydroxyapatite is its bioactivity,
particularly its ability, after implantation, to form chemical bonding with surrounding hard tissues.
However, most synthetic apatites are formed via high temperature processes that result in a well-
crystallized structure, which has low bioresorption in contrast to natural nanocrystalline bio-crystal
apatite®”. Recently, Dalconi et al compared the XRD patterns of foetal bone, adult bone and synthetic
HAp, where the crystallographic analysis exhibits a relationship between the structures of bone
bioapatite and synthetic hydroxyapatite®. Fig 5a illustrates that the diffraction lines of foetal bone
samples are broader than those of adult bone, suggesting that the diffracting particles (crystallites) in
the younger bone are smaller and/or have more defective crystal structure than adult bones. A typical
crystal structure of synthetic HAp is represented in Fig 5b®%. The unit cell parameters of foetal
bioapatite are higher than those of synthetic HAp, whereas the reverse is true of adult bone apatite.
Hence, the c/a ratio of HAp crystal could be seen as a function of age.

Synthetic HAp is an alternative choice as inorganic phase in bone, but requires a strong
association with a mechanical load bearing and biocompatible fibril structure to produce a prosthesis.
Presumably, the fibril array patterns are generally of four types, as indicated in Fig 6a — 6d: (a) parallel
fibrils, (b) woven fiber structure, (c) plywood-like structure and (d) radial fibril arrayst®. It has been

observed that there are two possible collagen fibril arrangements in apatite crystal; parallel crystal



layers and non-parallel crystal layers. However, the fibrils are not distinct; they often merge with
neighboring fibrils. In a similar manner, collagen, a common protein constituent of muscular arteries,
provides great tensile strength in molecular and fiber form. Among the 20 types of collagen, the human
body is mainly composed of collagens type I, Il and Ill. Collagens type | and I11 are the major fibrillar
collagens in blood vessels, where they represent 60% and 30% of vascular collagens, respectively™?.
The basic unit of fibrillar collagens is the triple helix formed by three intertwining amino-acid chains
(Fig 6e) . Each chain is roughly 330 amino acids long and the overall molecule, called
tropocollagen, is 300nm long and has a diameter of roughly 1.5nm. The strength of collagen fibers is
attributed to their stable intermolecular covalent bonds and cross linking between adjacent
tropocollagen molecules. Cross-linking of collagen is a progressive and continuous process. However,
the oxidative deamination, which decreases bone toughness with age, initiates the cross-linking
through lysyl oxidase or due to a deficiency of copper ionst®. The development and maintenance of
bone mineral involves complex processes and a continuous turnover of mineral and organic parts
deriving from metabolic activity, ageing and disease.

In short, human bone tissue is a composite comprised of a collagen matrix reinforced with 40—
50vol% apatite crystals. The apatite crystals are elongated along the c-axis, with a preferred orientation
in the directions of principal stress, such as the longitudinal anatomic axis of long bones. Several
questions about the processes related to the evolution and growth of bone mineral still remain

unanswered.

4. Piezoelectric Behavior of Bone

The less informative piezoelectric behavioral feature of bone is not clearly understood. In
general, the deformation and subsequent separation of charge symmetry enhances the piezoelectric
effect of the crystalline structure of bone®®, The magnitude of the piezoelectric sensitivity coefficients
of bone depends on frequency, direction of load, and relative humidity. The piezoelectric coefficient of
bone is 0.7pC/N (IN/m? of stress produces 7x10™ Coulombs/m?of charge on the surface), which is
analogous to that of the asymmetric HAp crystal. Theoretical analyses of bone piezoelectricity are
relevant to the topics of osteogenesis, bone remodeling, and bone metabolism. Osteogenesis is a
formation process of bone initiated by connective tissue or cartilage. Osteogenesis promotion and bone
metabolism regulation are mediated by electrical current generated by piezoelectric materials due to
changing pressure. Electrical potential is generated between the compressive and tensile sides of bone
when dry bone is subjected to a shearing force!®). The developed negatively charged compression
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side is associated with bone resorption and production. Hence, the magnitude of this charge is
dependent upon the angle at which the load is applied and the charge symmetry of the crystals; thus,
the lower the charge symmetry, the higher the piezoelectric effect upon deformation. However, this
hypothesis is not supported in wet bone (in-vivo), as water molecules increase the symmetry of the
charge[38]. Hence, to illustrate the mechanotransduction effect of wet bone, the entire mechanism has
been categorized into four distinct steps: (1) mechanocoupling — the detection of environmental
mechanical loads by sensory cells which, in turn, produce a local mechanical signal, (2) biochemical
coupling — conversion of the local mechanical signal into a biochemical signal, (3) transmission of
signal from the sensory cell to the effector (osteoblasts and osteoclasts) cell, and (4) effector cell
response (i.e. bone production) B%. Undoubtedly, the complete cycle is useful for understanding the
piezoelectric mechanism of wet bone, where it can be stated that bone formation and resorption are

linked to the magnitude, rate, and duration of the applied mechanical load.

5. Tribological Behavior of bone

A common problem with hip and knee arthroplasties frequently originates from the formation
of wear debris through biological processes. Unbalanced osteoclast and osteoblast mechanisms
provoke the loss of bone mineral and the subsequent formation of ultra fine debris particles that
contribute to nano-scale tribological wear™. Recent studies confirm that wear particles profoundly
alter the differentiation, maturation and function of osteoprogenitors, thereby contributing to the
osteolytic process by decreasing bone formation. Modern progress in regenerative surgery raises the
hope of repairing bone defects with a combination of biomaterials offering non-toxicity, growth factors
contribute to the growth of bone growth factors, and tailor made properties. However, the surgical host
bone grows in close contact to the implant and experiences some degree of micro-movement™®’. Under
physiological loads, the biological thresholds for micro-movements at the bone implant interface are
found to be in the range of 150 — 200um. This displacement has deleterious effects on the function of
prostheses. The resulting damages to bone or implant are related to low amplitude reciprocal
oscillatory movement at the interface, and cause failures through an accumulation of micro cracks and
other damages. This phenomena of wear induced by friction over small displacements is often referred
to as fretting™*"*?. The mechanism of fretting damage to the living tissue of cortical bone is completely
different from that occurring in metal, ceramic or polymer counterparts, and this wear mechanism at

the bone interface can be considered, evaluated and compared using Hertz’s method.



6. Choice of Material

Biocompatibility is a general term used to describe the adaptability of a material for exposure
to the body or body-fluids. Biocompatible materials are generally non-inflammatory, non-toxic, non-
carcinogenic and non-immunogenic, or have other suitable physical properties. The specific meaning
of biocompatibility is dependent on a particular application or circumstance. In fact, there are no
completely biocompatible materials. However, the continuous success of many medical devices and
bone implants is contingent upon successful interaction of the biocompatible materials and various
bodily tissues.

Traditionally, metallic materials, such as stainless steel, Ti alloys and cobalt—-chromium alloys,
have been widely used as bone implants in orthopedic applications!*“*). The use of materials stiffer
than bone tissue may lead to mechanical mismatch problems (e.g., stress shielding) between the
implant and the adjacent bone tissue, where the integrity of the bone/implant interface may be
compromised due to the resorption of bone tissue. On the other hand, most polymers, by themselves,
do not posses sufficient mechanical properties to bear physiological loads. In order to minimize the
stress-shielding effect while maximizing resistance to fractures, a polymer matrix based material is a
possible alternative. Ceramic reinforced (e.g HAp) polymer composites for different load-bearing

orthopedic applications have been significantly developed recentlyt®.

7. Prospects of Ceramic — Polymer Composite as bone

The human femur bone is a classical example of a nano-composite material, having strength
that is higher than either of its components, apatite or collagen. The introductory part of the paper
illustrated the anistopic mechanical response of bone Shortly, the failure mode of bone under
circumstances of catastrophic overload is directly related to the loading mode of the bone. Hence,
elastic modulus is an important aspect of a bone or implant when it is placed under load. Interestingly,
the tensile strength of hard tissue bone does not match its compressive strength. Because compact and
trabecular bones are different in structure, they have very different values for Young’s Modulus of
elasticity?®, as shown in Table 2. In a recent article, Reilly et. al also reported that the elastic moduli
of human cortical bone in the longitudinal and transverse directions are typically in the range of 16-23

[51]

and 6-13 GPa, respectively™™. Bone typically also exhibits R-curve behavior like other ceramic

materials and experiences oblique, comminuted, spiral, compound, greenstick, transverse and simple

§[52°54]

types of fracture . Hence, orthopedic application demands that the biocompatible prosthesis



material possess an excellent combination of elastic modulus, moderate fracture resistance, and
compressive and tensile strength, with a reasonable growth factor. Therefore, synthetic biomaterials
that are biocompatible, bioactive and capable of being tailored to mimic the mechanical properties of
bone tissue may be advantageous for implant fixation, synthetic bone graft substitutes, tissue
engineering scaffolds, and other orthopedic applications®®>>%.

Section 3 demonstrates that the bone matrix is mainly composed of inorganic — organic
constituents, which resembles the synthetic combination of HAp as an inorganic constituent and a
biocompatible polymer with organic phase as an organic constituent. Among several candidate
polymers, synthetic biocompatible polymers, including polyether ether ketone (PEEK) and high
density polyethylene (HDPE), have been successfully reinforced with bioactive hydroxyapatite (HAp)
for replacement or healing of bone. Similarly, the ultra-high molecular weight polyethylene
(UHMWEPE) is also employed in acetabular cups and several kinds of joints®™"*®\. Hence, selection of
polymer is mainly determined according to fulfiliment of the physical properties of the composite or
particular real life applications. A quick review of the characteristics of polymer and synthetic HAp
can justify the material selection procedure and subsequent applications. For example, PEEK is a
significantly low temperature synthetic polyaromatic semicrystalline thermoplastic polymer with a
basic formula of (-Ce¢H;—O-CgHs~O-CeHs~CO-), having a melting temperature of 343°C, a
crystallization peak of 343°C and a glass transition temperature of 143°C. The high-temperature
performance makes it a stable material in the human body™. In addition, its superior combination of
strength, stiffness, toughness and elasto-plastic deformation, as well as outstanding chemical,
hydrolysis and wear resistance, together with its extensive biocompatibility with collagen, have
enabled it to be suitable for in-vitro load-bearing medical device applications. Moreover, PEEK is non-
cytotoxic and can be repeatedly sterilized using conventional steam, gamma and ethylene oxide
processes without evident degradation of its mechanical properties. Thus, it has become an option for
long-term medical implants in orthopaedic, cardiovascular and dental markets®®®*!. Moreover, HDPE
has a low degree of branching and, thus, stronger intermolecular forces and tensile strength. HDPE has
a density of greater than or equal to 0.941g/cc with a melting temperature of 120-130°C and an
excellent chemical resistivity. Another high molecular weight polymer, UHMWRPE, is less efficient in
packing but possesses excellent toughness. On the other hand, synthetic nanocrystalline HAp is
biocompatible with hard human tissues and possesses osteoconductive properties. The high-modulus
HAp particle in biocomposites usually undergoes elastic deformation and seldom suffers crack failure
during a load-bearing process!®?. However, the deformation behavior of the HAp reinforcement

polymer biocomposite is able to satisfy the general Hooke’s law %,



The functions of composites are dependent on their chemical composition, processing
conditions and microscale structure. Homogenization of insoluble ceramic-HAp phase within a
polymer matrix is a challenging job. Except for filling the bone cavity, the shape and size of the
bioimplant could be synchronized through several processes such as injection molding, compression
molding and extrusion methods. Through injection molding (IM), up to 41vol% or 63wt% HAp phase
can be homogenously dispersed within a PEEK matrix. Fortunately, this volume and percentage
weight is well matched with the natural bone composition®. However, processing parameters such as
melt temperature, residence time and cooling rate affect the crystallinity of the composites. Findings
suggest that an increase in these parameters resulted in a decrease in crystallinity, which affects the
composites” mechanical properties® . The processing details of the composite, which was prepared
from spray-dried HAp powder with a density of 3.154gm/cc and a mean particle size of 19.94um, are
beyond the scope of this analysis and can be found in other studies®®. Another group of researchers
produced a 0-50vol% HAp dispersed PEEK composite through compression molding (CM), where the
particle size of commercially available PEEK was 26um®”. More recently, a HAp whisker reinforced
HDPE composite was produced through a conventional powder processing and compression molding
technique, and exhibits acceptable mechanical properties when compared with bone®!. Another
interesting organic compound polyamide (PA) has a similar structure as bone collagen, while
nanohydroxyapatite (n-HAp) has high surface activity and its size is similar to the mineral found in
human hard tissues. In this context, Yubao et. al synthesized a novel composite HAp-PA/HDPE
through a combined extrusion and injection molding method®®. Table 3 shows a brief comparison of
the mechanical properties of ceramic-polymer composites with those of natural human bone, where
composites were prepared from different synthetic polymers by different processing techniques. The
elastic modulus of HAP-PEEK composite exponentially increased with increasing HAp content when
the specimen was prepared by the injection molding method. This is obvious since the moduli of HAp
and PEEK are 85 and 3, respectively. Above 20% HAp content, the moduli exhibit a range of 4.3 to
11.4GPa, which falls within the low to middle range of the modulus of cortical bone. The modulus of
HAp-PEEK could be altered with synchronization of the processing method and parameters. Roeder et.
al illustrated that as-molded and annealed PEEK composites reinforced with 40vol% HAp whiskers
exhibited elastic moduli in the order of 17GPa, which is a quite close to natural bone. They also
pointed out how the anisotropy of mechnical properties of bone varied with the synthetic composites.
Interestingly, 40vol% HAp reinforced HAp—PEEK composite exhibits a Vicker’s microhardness of
~38VHN, which decreases up to ~12VHN with reduction of HAp (0 vol%) content. Similarly, the

10



compressive strength is also found to increase as the amount of HAp in the PEEK composite increases.
In comparison to the compressive strength of cortical bone, which lies in the range of 106-215 MPa!®",
PEEK polymer, by itself, has matching properties and can further be improved by progressive addition
of HAp. For as-molded HAp-PEEK composite, there is a slight increase in tensile strength up to an
additional 10vol% of HAp particles. Beyond this, however, tensile strength begins to decrease in
almost a linear fashion!®®. The decrease is attributed to the weak adhesive interaction between the HA
grain and the PEEK matrix. Additionally, to a lesser extent, cohesive failure could also be noticed
through fracture of the HAp grain. The tensile strength of the HAp-PEEK composite ranged from 49.0
to 83.3MPa; indicates the lower limits of tensile strength of cortical bone!®. A similar trend could be
observed for the compression molded specimens. However, the tensile strength of the compression
molded specimens was higher than that of the injection molding specimens. PEEK reinforced with 30—
50 vol% HA whiskers exhibits virtually no plastic deformation. PEEK matrix phase dramatically
increases elastic modulus and ultimate tensile strength, but reduces work-to-failure compared to HAp
whisker-reinforced HDPE. HAp-whisker-reinforced HDPE achieved an elastic modulus similar to the
transverse direction of human cortical bone, in the range of 9 — 11GPa, while HAp-whisker-reinforced
PEEK exhibited an elastic modulus similar to that of human cortical bone in the longitudinal direction,
within the range of 17 — 23GPa at similar reinforcement levels®®. Similarly, the ultimate tensile
strength has been dramatically improved, up to three-fold, using PEEK, compared to HDPE, at similar
reinforcement levels. The inferior mechanical properties of the HDPE matrix limited the application of
these composites to non-load-bearing devices!’”. The adhesive force within reinforced particulate and
organic material is noticeably improved when nano-HAp particles act with the polar group of PA
polymer. Such adhesion could undergo large local deformation, resulting in the high mechanical
strength of the composite. As a result, most of the mechanical properties improved in the presence of
nano-HAp phase. However, a higher content of HAp (50% weight fraction) enhances the
agglomeration and decreases the mechanical strength®. A similar trend could also be observed for
other ceramic phasest’™. A recently investigated HA-UHMWPE nanocomposite exhibits a modulus
value two orders higher in the range of 4GPa as compared to UHMWPE"!, The bending strength (25-
66 MPa) and fracture toughness of a MWCNTs/HAp composite sintered in a vacuum or in Ar together
with heat treatment are also higher than those of pure hydroxyapatite. The increment of the fracture
toughness is most obvious and its maximum value reaches up to 2.4 MPam*?, which is about eight
times higher than that of pure HAp, but only about half that of human bonel?.

To justify the mechano-transduction effect of bone, Jianging et. al developed a novel
biocompatible Hydroxyapatite — Barium Titanate (HABT) composite, which exhibits significant
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osteogenesis in comparison to HAp phase alone!™

. This can presumably be attributed to the
piezoelectric properties of biocompatible nano-BaTiO3; phase. They also demonstrated that the tissue
growth on the surface vertical to the polarized direction is faster than that on the surface parallel to the
polarized direction. However, detailed study on piezoelectric effects is required to understand the bone
growth mechanism. The composite exhibits mechanical properties of a lower order of magnitude than
those of the human femur. This shortcoming may be overcome through proper combination with a
polymer matrix.

This brief analysis illustrates that an appropriate ceramic-polymer composite could be an
acceptable alternative material for use as prosthetic bone in terms of accommodating growth and
maintaining the necessary physical properties. Moreover, selection of material and synchronization of
properties are clearly key elements for the further development of bone implants or bone repair

materials.

8. Concluding Remarks

The similarities between the elastic modulus, compressive strength and tensile strength of
human cortical bone and HAp-whisker-reinforced polymer composite suggests the latter as a probable
candidate for orthopedic implants which may bear physiological levels of load. Osteogenesis under
mechanical loading and osteoconductivity could be controlled through the addition of nano-HAp
phase. Hence, a good understanding of relevant material selection can inform the search for new
strategies in bone tissue engineering and the transplantation of next-generation biomaterials.
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List of Tables

Table 1. Comparison of the structural features of cortical and trabecular bone®*

Structural Feature

Cortical Bone

Trabecular Bone

Volume Fraction (mm*/mm?)

0.80 (0.85 — 0.95)

Surface/Bone Volume (mm?%mm®) 2.5
Total Bone Volume (mm?®) 1.4 x 10°
Total Internal Surface (mm?) 3.5x 10°

0.20 (0.05 — 0.60)
20
0.35 x 10°

7.0 x 10°

Table 2: Tensile, Compressive Strength and Young’s Modulus for Compact and Trabecular Bone

Tvoe of Bone Compressive Breaking Tensile Breaking Stress Young's Modulus
yp Stress (N/mm?) (N/mm?) (10°N/mm?)

Compact 170 120 179

Trabecular 2.2 - 0.76
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Table 3: Comparative mechanical properties of ceramic-polymer composite for bone scaffold

Elastic Modulus

Compressive Strength

Tensile Strength

Material (GPa) (MPa) (MPa)
HAp-PEEK [Polyetheretherketone, (-CsH;s—O- CsHs~O-CsH,~CO-),]
HAp ( 0 30 (IM), 4.7 113 (IM) 79.6 (IM), 100.0(CM)
3.3 (IM), 7.3 125 (1IM) 83.3 (IM),
Vol%)
4.3 (IM), 9.5 139 (IM) 62.8 (IM),
(10 85 (IM), 13.0 - 60.2 (IM),
11.4  (IM), 17.0 - 49.0 (IM),
Vol%) )
(20 230 (Cm) 44.5(CM)
\/0l04)
HAp-HDPE (High Density Polyethylene)
HAp (10 2.2 (CM) - 27.0 (CM)
Vol%s) 4.8 (CM) - 29.0 (CM)
(20 8.9 (CM) - 22.5 (CM)
11.3 (CM) - 20.4 (CM)
Vol%)
HAp-PA (Polyamide) /HDPE
HAp (0 Wt%) 5.0 (EM+IM) 45 (EM+1M) 25.0 (EM+IM)
20 4.5 (EM+IM) 55 (EM+IM) 35.2 (EM+IM)
( 5.0 (EM+IM) 62 (EM+IM) 30.5 (EM+IM)
W) 6.0 (EM+IM) 58 (EM+IM) 22.8 (EM+IM)
(40
Compact Bone 16-30 (longitudinal) 106 - 215 50 - 150
(Human)

6-13  (transverse)

IM = Injection Molding, CM = Compression Molding, EM = Extrusion Mechanics

CM64

EM+IM®8

[51]
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Fig 5: (a) Comparative XRD patterns of foetal bone, adult bone and synthetic HAp (b) typical Crystal

structure of HAp®
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Fig 6: Schematic of fibril array pattern: (a) parallel fibrils, (b) woven fiber structure, (c) plywood-like

structure, (d) radial fibril arrays and (e) the structure and orientation of collagen
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