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Prostheses

Introduction

The validation of the clinical efficiency and the
estimate the long-term reliability of prosthetic
restorative systems  need  the appropriate
understanding of the physical variables that influence
the biomechanical behavior of the material for
biomedical advanced applications.

The tool of the Finite Element Analysis (FEA) is
allowing  biomaterials  researchers  to  attain
comprehensive evaluation of the biologic and
mechanical behaviors of advanced restorative systems,
even in the case of not homogeneous systems.

If validated by proper experimental procedures, the
FEA turns useful in the optimization of the restorative
design criteria and in the choice of the materials to be
used. Moreover, this method allows the estimate of the
location of fractures under given loading circumstances
(Aversa et al., 2016; Mullender and Huiskes, 1995).

New fabrication processes based on additive
manufacturing technologies and studies on biomechanics
and biomimetics (Annunziata et al., 2006; Apicella et al.,
2010; Aversa et al., 2009) could enable the set-up of new
design criteria for human prostheses. The Authors have
taken up these studies to gathering the unexploited
potential of such advanced materials and design
technologies by developing biofidel Finite Element
models able to correctly mimic the femur biomechanical
behavior (Fig. 1).
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Abstract: New biomechanical criteria for the design of biomimetic hip
joint prostheses are presented. Biofidel Finite Element Models have been
used both to correctly analyze femur physiological and structural behavior
and to assess a new design criterion for the development of innovative
hybrid biological hip prostheses. Proper identification of isostatic lines and
isorigidity regions for the sintered metal trabecular lattices distribution
between the proximal and distal part of the stem has been carried out. The
faithful models enables us to properly take into account not-isotropic
properties of the femur proximal end, while clarifying the critical
mechanical role of the trabecular bone that should be taken into account to
design new innovative prosthetic system.
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Although human femur has an internal structure that,
through the evolutionary optimization of the mass and
disposition of the cortical and trabecular bone types
(Gottesman and Hashin, 1980; Oh and Harris, 1976), is
able to bear high external stresses (Ashman ef al., 1984;
Dalstyra et al., 1993). The progressive physiological
bone mass loss occurring in elderly people or in presence
of prolonged inactivity, leads to the bone toughness
weakening and to a reduction of its ability to resist to
mechanical shocks. This reduced resilience is the main
cause of elder people pertrochanteric femur fracture
(Ashman and Rho, 1988; Burnstein ef al., 1976; Carter and
Hayes, 1977). The reduction of these fractures and
recovery of the hip joint functionality needs the
application of special prosthesis.

Fig. 1. Fracture plane of a pertrochanteric femur fracture (left)
and FEA from Aversa et al. (2016)
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Presently, total hip replacements performed on patients
younger than 65 and therefore with a higher life
expectation time needing a longer durability of the
orthopedic implant, do not endure for more than 15 years.

The orthopedic prostheses used today are made of
metal alloys, plastics and ceramics materials with well
defined properties and characteristics. In particular, due
to their high biocompatibility and high mechanical
strength, some metal alloys based on Titanium or Cobalt
Chrome are commonly used and they represent almost
all of the prosthetic components. These traditional
prosthetic products are made from assessed technologies
such as metal forgings or melting followed by
mechanical machining. These processes do not allow the
optimal design solutions for a better biomechanical bone
integration. The application of other scaffolding material
on the surfaces to create a more osteoinductive and
osteoconducive substrate for a healthy bone in growth
has to be necessarily undertaken (Schiraldi et al., 2004;
Gramanzini et al., 2016). However, these processes,
even if very expensive, do not provide a sufficient
structural support and, often, they are not mechanically
adequate. Full Metal implants, on the other hand, can
allow a quick and satisfactory structural restoration of
functional mobility while maintaining acceptable
running costs. However, other than the high
invasiveness, these implants do not represent the ideal
solution, especially for younger patients who have high
life expectation, both in terms of duration and
biomechanical osteointegration. This first-generation of
prostheses, in fact, do not technically represent the
optimal structure for a good osseo and bio-mechanical
integration with the bone living tissues of the area
surrounding the implant.

Comparing a metal prosthesis with a human bone at a
radiographic examination it is evident the difference in
density and mass that can induce not healthy bone
growth (Apicella ef al., 2015).

Frost (1994) reports that bone adaptive properties
depend on the ranges of physiological strains to which
bone is subjected. Implantation of the prosthesis could
than favor reabsorption processes leading to more and a
more insecure and unstable condition that, until the
prosthesis shows signs of weakness, will move from its
location producing serious consequences and pain to the
patient. In more severe cases the implant breaks down,
making it necessary for its immediate replacement.

Biomechanics and Biomimetics: A Way to Foster
Advanced Materials and Technologies Potentials

The implants are then expected to serve for much longer
period without failure or surgical revision. The design and
improvement of correct combinations of materials and
prosthetic systems showing higher endurance and improved
biocompatibility becomes mandatory.
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The prosthetic implant replacing the resected bone
should expected to ensure an “equivalent stiffness”
(combination of material elastic modulus and prosthesis
shape) matching that of the missing part of the bone and
that of the residual osseous region where it is implanted.

Due to its orthotropicity and differently density of the
structure, the elastic modulus of the bone may vary from
4 to 20 GPa, which depends on the bone type and
direction of loading. The metal and ceramic implant
materials adopted today, which are characterized by
stiffnesses higher than those of bone where they are
implanted, strongly alters the stresses physiological local
distribution of the deformation with the unwanted bone
reabsorption around the implant and, consequently, with
an increase of the risk of implant failure.

This biomechanical mismatching leads to the lowering
of the biological strain level needed for healthy bone
growth (Frost, 1994) and to the loss of the bone mass due
to this low level of loading know as stress shielding.

A customized material with improved combination of
the needed strength and stiffness that match that of the
bone has to be used for biomechanical integration of the
implant. This higher biomechanical compatibility will
avoid implant loosening and will increase the its service
lifespan avoiding additional surgery for revision and
permitting a good bio-integration (bone growth).

Innovative ~ biomimetic = materials for tissue
engineering that are based on hydrophilic polymers have
been developed by our research group and have shown
attractive  physical, biological and mechanical
properties for applications in the biomedical field
(Schiraldi et al., 2004). Highly biocompatible novel
hybrid scaffolding materials based on fumed silica and
hydrophilic poly-(Hydroxyl-Ethyl-Methacrylate)
(pHEMA) to be used in concurrence to metal
prostheses have been developed by the Authors.

The structural metal scaffold of the new prostheses
will be made of Titanium alloys using the additive
technology based on the principle of melting thin layers
of Titanium powder (about 50 microns) one over the
other until the achievement of the desired component is
completed (see lower right of Fig. 9). Then the
nanostructured and osteoconductive biomimetic material
developed in our previous studies (Schiraldi et al., 2004)
can cover the Titanium structural prosthetic scaffold.

These biological hybrid prostheses, which are made
using synthetic materials able to induce the growth of
biological networks and a metal structural scaffold, may
favor the birth of new classes of hybrids orthopedic
solutions in the medical field (Huiskes et al., 1987).

The new hybrid bio-prosthesis could drastically
reduce the stress shielding phenomena while providing
an advantageous improvement of prosthesis lifetime
compared to traditional solutions. The recovery of
optimal joint functionality will lead to the improvement
of the quality of life of the patient, who perceives
significantly abating the risk of new surgical operation.
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The requirement of envisaging the potential structural
alteration that can be induces by the inadequate use of
not biologically compatible prostheses in the structure
and morphology of the bone, has forced our studies in
the direction of the assessment of faithful models of the
femur that could account for real bone type distribution
and to its orthotropic behavior (Aversa et al., 2016).

The development of faithful models has already
enabled us to prepare prostheses that could restore the
natural physiological stresses and strains patterns in the
bone (Apicella et al., 2010; Gramanzini et al., 2016;
Perillo et al., 2010; Sorrentino ef al., 2007; 2009).

In this study a femur FEM model, which has been
developed in a previous work to correctly represent
structural behavior of the femur head (Aversa ef al.,
2016), has been analyzed for the stress and strains
distribution over the entire bone stem and head and it has
been modified to account for femur head resection and
substitution with a Titanium hip joint prosthesis. A
comparison between the biological stress and strain
distributions in the femur models of the sound and
prothesized femurs could help in the understanding of
the correct design procedures needed to design new
innovative biomimetic prostheses.

Materials and Methods

Medical Image Segmentation has been derived from
CT using the Mimics software (Materialise, Belgium) to
process a patient medical image. As reported in Fig. 2,
processing of CT resulted in a highly accurate 3D solid
model of the patient pelvis and femur anatomy.

New prosthetic engineering applications through a
combined use of Mimics and 3-Matic (Materialise,
Belgium) software’s could be derived from the study of
the biomechanics of these bone districts.

A 3D solid and Finite Element Models (FEM) have
been developed in a previous work to simulate the
external and internal morphology of the femur as already
done for other complex bone structures accounting for
the orientation and densities of the head trabecular
systems (Aversa et al., 2016; 2009; Apicella et al., 2010;
Beaupre and Hayes, 1985; Reilly and Burstein, 1974;
1975). The procedure is illustrated in the Fig. 3-6. The
external geometry of femur and portion of the pelvis have
been reconstructed by generating a three-dimensional
volume that interpolates the CT scans (Fig. 3).

The results were then imported in the 3Matic software
for surface and solid meshing optimization, Finite element
model preparation and material properties definition
(Aversa et al., 2016; Apicella et al., 2010; 2015).

The results of tethraedric element material
distribution are shown in Fig. 4 (the yellows correspond
to different stiffnesses cortical bone mechanical
properties while greens are relative the trabecular bone
of different densities).
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Fig. 2. Biofidel medical Image Segmentation of a patient pelvis
and femur joint

The same procedure was applied to the preparation of
the Finite Element Analysis (FEA) model of the femur
with the resection of the head, which has been virtually
done at the fracture plane reported in Fig. 1 and for the
Titanium traditional prosthesis.

Internal modeling of the resected femur and the of the
meta prosthesis have been realized by defining three-
dimensional internal tethraedric meshing distribution and
size optimization, as indicated in the upper part of Fig. 5
and 6, respectively.

The solid mesh elements of the resected femur have
been sequentially associated to the patient bone densities
according to the Hounsfield (HU) scale. This scale
linearly quantifies the X-rays attenuation coefficients in
the tissues, assigning, by using the Mimics software, the
proper elastic moduli to the corresponding elements of
the FEM model (lower part of Fig. 5).

The meshed solid models of the resected femur and
of the Ti prosthesis were assembled accounting to the
correct positioning of the implant using the Mimics
software (Fig. 7).

New remeshing of the tethraedric elements were run
in 3Matic (Fig. 8) searching for the node congruency at
the bone-implant interfaces.

The mechanical properties have been assigned
considering the cortical and trabecular bone characteristics.

In particular, the systems have been considered as
isotropic materials and the mechanical properties have
been coupled with each single tethraedric element
characterized by equivalent Hounsfield (HU) densities
scale. The elastic and shear moduli of the trabecular
bone were derived as a fraction of those of the cortical
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bone cortical bone with a direct proportionality with the
porosity measured by the axial tomography. In this
scale, the value of the fat is about -110, the muscles
around 40, the trabecular bone stay between 100 and

300 while the cortical one covers the values between
the high density cortical bone (300) and about 2000,
that matched in our bone systems to Elastic moduli
ranging from 0,87 to 15.0 GPa.
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Fig. 3. Biofidel 3D solid modelling of a patient femur
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Fig. 5. 3D meshing optimization of the biofidel patient femur model

280



Raffaella Aversa et al. / American Journal of Biochemistry and Biotechnology 2016, 12 (4): 277.285
DOI: 10.3844/ajbbsp.2016.277.285

% FULL - Femur.mcs - (Lossless Compression) - Mimics Research 19.0 (not intended for clinical use)

PEGEA W US KR QR GR

2| (i oes s = InspectonPage
Otject e Inspection Page

B

d

5-

[

@ L‘ 8 Viudhzaton

Y Coonaaiytones [
d | ——
: L

No Popeties Acible

Logger ax
" [SaingRecoen Fle CUsers ANTON kpp0ataLocal Temp-imal,fecoen,_feseard

|Rotate St Ker. <RightNouse> Buten

{200 ShrcatKey: <Contol Co> + Right Mouse> Butons

< >

GEHBEBUR & AR 6,

Fig. 6. 3D meshing optimization of a Titanium traditional prosthesis
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Fig. 7. Assembly of the FEM model for element congruency and material properties definition (Green, trabecular bone, Yellow,
cortical bone, Blue, Ti
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Fig. 8. Assembly of the resected femur and Titanium rigid hip prosthesis
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The solid mesh elements of the trabecular-oriented
material have been assigned by operating on the internal
structure accounting for the real bone trabecular
morphology that we found in the proximal end, (Fig. 6)
as indicated in Aversa et al. (2016).

Variable rigidity Ti prostheses Design

In order to avoid excessive stress shielding effects on
the resected femur diaphysis (shaft), trabecular hip joint
prosthesis has been properly designed according to the
characteristic and specific rigidity of each diaphysis
section interested by the prothesization.

The mechanistic model of the hip proximal epiphysis
proposed by Kummer (1986) has been transferred to the
hip joint prosthesis design where the presence of
isostatic lines that characterizes the oriented trabecular
systems, is reported in Fig. 9 (left hand side).

Moreover, biomimetic prosthesis should present
rigidities along the isostatic lines that match those of the
bone where it is placed.

Five regions of the prosthesis have been chosen to
assign differentiated decreasing rigidities (right hand
side of Fig. 9).

The state stress acting on the system and the
observation of the isostatic lines described by Kummer
(1986) has been used to define the morphology of the
porosity characterizing the trabecular structure of the
stem and head of the prosthesis in different zones.

These regions should be characterized by different
rigidities that progressively decrease from the highly
rigid head (region 1 in Fig. 9) down to the highly flexible
(region 5 in Fig. 9).

The isostatic lines and the morphology differences of
the isorigidity trabecular regions are better appreciated
by comparing trabecular structure of isostatic and
isorigidity regions (Fig. 10b and 10c).

The diverse orientation and shape of the Titanium
trabecular porosity is evident in the internal structure
reported in the Fig. 10 b and c.

Isostatic lines

lines

Fig. 9. Left, Isostatic

(Kummer,
Isorigidity regions chosen for the biomimetic prosthesis
trabecular structure design

1986) and right,
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An example of isorigidity trabecular structure
obtained by Ti alloy powder sintering by Electron Beam
is reported in Fig. 10d. The apparent elastic moduli of
the trabecular structures in the isorigidity regions vary
from 20 GPa for region 1 to 11, 8, 4 and 1 GPa for
regions 2, 3, 4 and 5, respectively.

The orientation of trabecular system observed in the
lower left of Fig. 10b, which is observed in the area of
the prosthesis stem corresponding to the femur epiphysis
subjected to tensile stresses, would preserve and provide
the requested continuity of the rigidity in each specific
region reported in Fig. 10a.

The previously CT computed values of bone
densities have been then related to the isostatic lines of
cortical and trabecular bone of the sound and resected
femur epiphysis by considering each tethraedric mesh
element oriented along the stress isostatic directions
observed in the femur proximal epiphysis.
Analogously, the same criterion has been applied
(isostatic line orientation) for the biomimetic trabecular
Titanium prosthesis material definition.

FEM Analysis: Sound and Prothesized Femur, with
Traditional Rigid and New Flexible Ti Prostheses

On the basis of the 3D models of the sound femur
and the resected femurs prosthesized with rigid and
flexible stem prosthesis, a structural evaluation under the
same loading conditions has been developed and the
results critically compared (Rohlmann et al., 1982).

The characteristic biometric parameters of the patient
femur-hip system have been carried out before running
the structural analysis. The 3Matic software has been
used to identify the direction of the loading axis, the
center of the proximal epiphysis head sphere and the
center of the joint epicondyle and mechanical axis of
rotation of the knee. Namely, the following parameters
have been measured: The mechanical axis between the
centers of the proximal and distal epiphyses, the angle
of 143.40° between the femoral neck and diaphysis
axes and the divergence of 36.65° between the neck
axis with the axis of epicondyles (Taylor et al., 2007,
Weinans ef al., 1992).

Finally (before running the FEM structural analyses) the
physiological loads and constrains have been evaluated.

Loading Condition and Imposed Constrains

The equilibrium monopodalic posture has been
considered as an extreme severe loading condition with a
rotation around the center of hip joint where the gluteus
muscular force equilibrates the moment imparted by the
body weight force. Considering the weight of the patient
of 100 Kg, the gluteus muscular force that is applied to
the great trochanter is of 1800 N and the hip joint
reaction force is 2740 N (these values have been
calculated using the biometric data of Fig. 11).
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Fig. 10. Flexible trabecular hip joint prosthesis with different
stem and head rigidities and orientations. (a) region of
equivalent stiffness, (b) the overall flexible prosthesis,
(c) internal trabecular structure, (d) Orthotropic
trabecular structure obtain

N é ﬁ /,\ : s %?

Fig. 11. Biometric analysis (Aversa et al., 2016): Mechanical
axis of the femur (left); Angle of the femoral neck
(143.40°, Center); Angle of divergence of the neck
with the axis of epicondyles (36.65°, Right)

FEM simulation for Physiological stress
distribution evaluation

= e
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Von Mises Equivalent Stress distribution

Fig. 12. Phisiological Equivalent Von Mises stresses in the
femur from our biofidel Finite Element Model
(Aversa et al., 2016)
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(a) (b) (c)

Fig. 13. Equivalent Von Mises stresses distribution in the
proximal femur epiphysis for (a) sound femur, (b)
rigid Ti prosthesis, and (c) flexible trabecular

prosthesis

The reaction force of the Gluteus muscle has been
uniformly distributed around 100 nodes of great
trochanter FEM model area, while reaction force in the
hip joint has been spread over 50 nodes of the femur
head (see upper left in Fig. 12).

Results and Discussion

In this study we defined the procedure to prepapre a
biofidel model the femur able to correctly describe its
biomechanical structural behavior. Von Mises strain
criterion has been used to compare and validate the new
designed trabecular flexible prostheses. Von Mises is an
energetic criterion that can properly quantify the ability
of the bone to withstand high loads (Fig. 12).

The different structural behavior of the two models is
also makes evident by the Von Mises stress distribution,
clearly different at the posterior and the front level (right
hand end of Fig. 12 and 13a). Posteriorly, strain
distribution confirms the presence of bending effects,
with the highest values homogeneously distributed in the
anatomical diaphysis regions (Fig. 13a).

Figure 13 clearly shows the significant modification
of the stress distribution in the sound femur (Fig. 13a),
the resected femur with the rigid Ti prosthesis (Fig. 13b)
and with the flexible stem prosthesis (Fig. 13c). As
already specified in a previous paper, the rigidly
prosthesized femur misses the physiological flexural
stresses distribution of a sound diaphysis (Fig. 13a)
leading to a stress concentration only in the medial region
a “stress shielded” proximal (due to the stem high rigidity
that does not allow diaphysis physiological flexure).

The absence of stress (and related strains state) could

induce, over the time, significant bone structure
modification (bone reabsorption).
Conversely, the biomimetic flexible trabecular

prosthesis model, realizes a more uniform strains
distribution (Fig. 13c) that better mimics in terms of
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stress distribution and intensities the action of the load
on a sound femur (Fig. 13a).

Conclusion

The innovative aspects of our work resides in the
fact that, contrariwise to the currently used prosthesis
that are only designed for the replacement of a
damaged hip joint, the proposed biological hybrid
prostheses are able to be completely biomimetic since
mimicking biological stress distribution that stimulates
physiological tissues regeneration.

The average life of a prosthesis today is about 10/15
years, while the new “biomimetic prosthesis” will have a
longer life that can be estimated to be over 20/25 years.

This aspect is very important because the average
human lifespan is progressively increasing and this
consequently increases the number of orthopedic surgical
operation and social and health care related costs.

The design and fabrication of customized different
densities trabecular porous structures of innovative “hip
joint biomimetic prosthetic systems”, which could better
integrate with the physiological biomechanics of the
femur where they are implanted, is then possible by
correctly using such biofidel models.

The aim of the investigation presented here is to
create added value by combining the existing research on
biomechanical results with innovative prosthesis design
and structural simulation activities.

Transfer results across academic and industrial
research on biomechanics and clinical studies lead to an
acceleration of the innovation and creation of the profit
while improving the quality of life of the patients with
prostheses.

This work identifies a number of design criteria to
foster the potential to enable new medical therapies
contributing to customized health care, to create and
improve the technological basis and to increase the
resource efficiency in the context of industrial and
manufacturing processes.

The new type of biomimetic implants can find
applications in orthopedics of knee, ankle, hip, shoulder
and spine.

A further field of application of the product is surgical
oncology to support and facilitate bone regeneration
resulting in massive losses due to interventions of removal
of both primitive and metastatic tumors.

The prosthetic system might allow a better functional
recovery by promoting bone recreation to ensure a good
hold of the load, even going to impact on the quality of
life of the individual patient, already seriously
compromised by the basic oncological pathology.

The concept of combining a metal support structure
(to guarantee the resistance to the load) with a
biomimetic scaffold (which promotes regeneration) finds
application in all those sectors of the therapeutic surgery
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involving the removal of bone and requiring a
stimulation of the regeneration of resected tissue.
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