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ABSTRACT

Finite element models of the female biofidel were developed using a specific combination of
segmentation with computed tomography and solid modeling tools capable of representing
bone physiology and structural behavior. This biofidel finite element (FEM) model is used to
evaluate the change in the physiological distribution of stress in the femoral prosthesis and to
evaluate the new design criteria for biopsy. Biomimetics, biomechanics, and tissue engineering
are three multidisciplinary fields that have been considered in this research to achieve the goal
of improving the reliability of prosthetic implants. The authors took these studies to gather the
untapped potential of such advanced materials and design technologies by developing finite
models of Biofidel elements capable of correctly mimicking the biomechanical behavior of the
femur. The new remodeling of the tetrahedral elements was performed in 3Matic looking for
the congruence of the node at the bone-implant interfaces, where the material was defined for
the new configuration of the finite elements. The evaluation of the mechanical properties was
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made taking into account the mechanical characteristics of the cortical and trabecular bone. For
biomechanical integration of the implant, a custom material with an improved combination of
strength and rigidity that matches the bone should be used. This greater biomechanical
compatibility will avoid weakening the implant and increase lifespan, avoiding additional
surgery for revision and allowing good biological integration (bone growth). Innovative
biomimetic materials for tissue engineering based on hydrophilic polymers were developed by
our research group and presented attractive physical, biological, and mechanical properties for
biomedical applications. For use with metal prostheses, the authors have developed a hybrid
biocompatible material, extremely biocompatible, based on hydrophilic chemicals and
hydroxy-ethyl-methacrylate type. The structural metal composition of the new prostheses will
be made of titanium alloys using additive technology based on melting thin layers of titanium
powder (about 50 microns) on each other until the desired component is obtained (sandwich
method). Then, the biomaterial and osteoconductive nanostructured material developed in our
previous studies can cover the titanium structural prosthetic skeleton. These hybrid biological
prostheses, which are made using synthetic materials capable of inducing the growth of
biological networks and structural steel scaffolding, may favor the emergence of new classes
of orthopedic hybrids in the medical field. The new hybrid bio-prosthesis could drastically
reduce protection against stress while providing an advantageous improvement in the life of
the prosthesis compared to traditional solutions. Recovering optimal joint functionality will
improve the patient's quality of life, which perceives a significant reduction in the risk of the
new surgery. The requirement to predict potential structural changes that could be induced by
improper use of biologically compatible prostheses in bone structure and morphology has
forced our studies to evaluate fictitious models that could be considered for efficient bone

distribution and orthotropic behavior.

Keywords: Biotechnology; Bioengineering; Biomaterials; Biomimetic; Biomechanics;

Trabecular prostheses

1. INTRODUCTION

An extremely interdisciplinary research group has been involved in the study of bone
as a living material. The main efforts were dedicated to the imitation of bone characteristics
and a process of its formations and behavior under physiological load (Apicella et al., 2010-
2011, 2015; Gramanzini et al., 2016; Kummer, 1986; Perillo et al., 2010; Sorrentino et al.,
2009, 2007).
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These investigations have led to advanced academic studies on the biomechanics and
biomimetics of implanted bones. This work project identifies a number of design criteria to
promote its potential to enable new medical therapies that contribute to personal health care

and to create and improve the technological basis for innovative prosthesis design.

The human femur is characterized by a specific internal structure (Oh & Harris, 1976;
Gottesman & Hashin, 1980) that gives the bone a great ability to withstand external stresses
while optimizing its mass distribution and morphology (Ashman et al., 1984; Dalstyra et al.,
1993). However, the physiological loss of bone mass occurs progressively at an older age,
reducing its resistance and ability to dissipate energy transmitted by external shock events, and
this feature is the cause of most pertrochanteric fractures of the elderly throughout the plan.

indicated in figure 1.

Aversa et al. (2016) successfully modeled this behavior. pertrochanteric fractures
require the application of a hip joint prosthesis (Ashman & Rho, 1988; Burnstein et al., 1976;
Carter & Hayes, 1977).

The change in the biomechanical behavior of aged or implanted bones can be correctly

predicted using finite element modeling (FEM) of the previously developed biofidel.

However, total hip replacement in patients under 65 years of age and therefore the
required prolonged durability of the orthopedic implant may not last more than 15 years.
However, this clinical scenario is changing now. Several technological developments in health
have increased life expectancy. In addition, the prognosis of physical trauma caused by sports,
excessive exercise, and or road accidents has improved. The new design then requires durable

and biomechanically compatible prostheses.

Orthopedic prostheses used today are made of metal alloys, plastics, and ceramics with
well-defined properties and characteristics. In particular, due to the biocompatibility of their
high mechanical strength and commonly used metal alloys, they are based on cobalt, titanium,
or chromium and represent almost all prosthetic components that are in direct contact with

human bone, as they could provide optimal bones for integration.

Implant defects are mainly due to incompatibility between prosthesis and bone
biomechanics, inadequate strength or rigidity, which is an inadequate bone for the implant,
causing bone discontinuities in the distribution of stress and biological strains. Current implants

(metal and ceramic) that are stiffer than bone, physiological changes in the strong blood
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distribution and prevent the transfer of stress to the adjacent bone (Apicella et al., 2010, 2011,

2015) to weaken the implant.

To predict the structural changes induced by changes in bone morphological and
mechanical characteristics, femoral models were developed (Aversa et al., 2016). The
development of these bio-models has already allowed us to strictly predict physiological stress
and strain distribution in mandibular and prosthetic implants (Apicella et al. 2010; Gramanzini
et al., 2016; Perillo et al., Sorrentino et al., 2009, 2007).

This paper developed a femoral EMF model developed in a previous paper, which is
the correct structural behavior of the femoral head (Aversa et al., 2016) for the distribution of
stress and tension on the stem and head and was modified to take into account resection femoral
head and replacement with a Titan hip prosthesis for femoral fracture (Figure 1). A comparison
of biological stress and strain distribution in the femoral neck and femoral femur could help to
understand the correct design procedures required for the design of new innovative biomimetic
prostheses (Abdul-Razzak et al., 2012; Annunziata et al. 2006, 2008; Apicella et al. 2010; 2011,
2015; Aversa et al., 2009, 2016 a-0, 2017; Beaupre & Hayes, 1985; Bonfield et al., 1981;
Comerun, 1986; Cepelak, 2013; Chen, 2013; Cormack, 2012; Davis et al., 1991; Dechow, 2003
; Filmon et al., 2002; Frost, 1964, 1990, 2004; Gorustovich et al., 2010; Gramazzini et al.,
2016; Halpin & Kardos, 1976; Heinemann et al., 2013; Hutmacher, 2000; Hoppe et al., 2011,
Hench & Wilson, 1993; Hench & Polak, 2002; Hench & Thompson, 2010; Huiskes et al., 1987,
Julien et al., 2007; Jones & Clare, 2012; Kim et al., 2004; Karageorgiou et al., 2005; Kabra et
al., 1991; Mano et al., 2004; Mirsayar et al., 2017; Morales-Hernandez et al., 2012; Mourifio
etal., 2012; Montheard et al., 1992; Petrescu, 2018; Petrescu & Calautit, 2016 a-b; Petrescu et
al., 2015, 2016 a-e, 2017, 2018; Perillo et al., 2010; Peluso et al., 1997; Prashantha et al., 2001;
Reilly & Burnstain, 1974, 1975; Schiraldi et al., 2004; Schwartz-Dabney & Dechow, 2003;
Sorrentino et al., 2007, 2009; Toyrésa et al., 2001; WOLFF, 1892).

2. METHODS AND MATERIALS

The CT-derived segmentation was performed using the Mimics software (Materialize,
Belgium) to process the patient's CT. The solid anatomical pelvis and femur, see Figures 1-2,
were obtained by processing CT data.
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Figure 1: Fracture planes (red line) of a pertrochanteric femur fracture (left CT) and
solid modeling from software for CT segmentation in the proximal epiphysis — pelvis
region.

New prosthetic models using the combined use of the Mimics and 3-Matic programs

(Materialize, Belgium) can be obtained from the biomechanical study of these bone marrow.

The combined model of solid modeling and finite element analysis was developed in a previous
paper by Aversa et al. (2016).

These methods simulate the structural morphology of the femur, as has already been
done for other complex bone structures, which take into account the orientation and trabecular
bone densities (Apicella et al., 2010, 2011, and 2015, Aversa et al., 2016, 2009; Beaupre et al.,
1985; Reilly & Burstein 1974, 1975; Huiskes et al. 1987; Taylor et al., 2007; ROHLMANN et
al., 1982). Several recent studies have highlighted the importance of GEF analysis in clinical
applications and the development of new prosthetic systems (Mirsayar & Park 2016, Mazaheri

et al., 2016), and the use of innovative materials and surface treatments (Kumar et al., 2016).

The methodological procedure is illustrated in Figures 3 - 6. The external geometry of

the femur and pelvic portion were reshaped creating a 3D volume of CT scans (Figure 3).
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Figure 4: Mesh

The models were imported into 3Matic software to create and optimize the surface and
solid location, which was necessary to prepare the finite element model and to designate the

properties of the material (Aversa et al., 2016).

The results of the distribution of the material of the tetrahedron elements are presented
in Figure4. The same procedure was applied to the preparation of the FEA model of the femur
with head resection (Figure 5), which was practically related to the fracture plane reported in
Figure 1 and for traditional prostheses in the titanium hip joint (reported on the left side of
figure 6).
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Figure 6: 3D meshing optimization of a Titanium traditional prosthesis

The model of the resected femur and the titanium prosthesis was made by defining the
optimization of the 3D tetrahedral meshes of distribution and size, as indicated in the right part

of Figure 5 and in Figure 6, respectively.

The solid mesh elements of the resected femur were associated with bone densities,
such as measured by a Hounsfield (HU) scale, which calculates linear X-ray attenuation
coefficients in tissues, using Mimics software (bottom of Figure Solidly placed models of
resected femoral prostheses and Ti were assembled to correctly position the implant using

Mimics software (Figure 7).
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: i
Figure 7: Assembly and material properties definition associated to the patient femur
cortical and trabecular bone densities and to the Titanium prosthesis

The new remodeling of the tetrahedral elements was performed in 3Matic (figure 8)
looking for the congruence of the node at the bone-implant interfaces, where the material was
defined for the new configuration of the finite elements. The evaluation of the mechanical
properties was made taking into account the mechanical characteristics of the cortical and

trabecular bone.

o

S 2 '
0 e 1 B dm

Figure 8: Assembly of the resected femur and Titanium rigid hip prosthesis and
tethraedric mesh congruency verification

In the Hounsfield scale (HU), the trabecular bone is in the range of 100-300, while the
cortical bone covers values from 200 to about 2000, which corresponded in our skeletal systems
with the elastic modulus between 0.87 and 15.0 GPa. The value of fat is about 110, of muscles
about 40. Finally, the mechanical properties of the prosthesis alloy Ti are: the elastic modulus
is equal to 124 GPa and the Poisson's ratio 0.3.

FEM analysis: sound and femoral prosthesis based on 3D models of the sound femur
and resected femurs implanted with a traditional rigid prosthesis, a structural evaluation was

performed under the same loading conditions and the results were critically compared.
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The personal characteristic biometric parameters of the patient's femoral-hip system
were performed before performing the structural analysis; 3Matic software was used to identify
the direction of the loading axis, the center of the proximal sphere of the epiphyseal head and

the center of the articular epicondyle, and the mechanical axis of rotation of the knee.

Namely, the following parameters were measured: the mechanical axis between the
centers of the proximal and distal epiphyses, the angle of 143.40 ° between the femoral neck
and the diaphysis axes, and the divergence of 36.65 ° between the neck axis and the epicondyle
axis. Finally (before performing FEM structural analyzes) physiological tasks and constraints

were assessed.

As a condition for limiting bone load, the one-legged balance position was chosen in
which the muscular force of the glute balances the moment of the force of the body weight. For
a bodyweight of 100 Kg and according to the biometric parameters defined above, the muscular
force of the glute applied to the great trochanter is about 1800 N, and the reaction force at the
joint is 2740 N (Kumar et al. 2016, Annunziata et al. 2006).

The steady-state and loading pattern of the femur is illustrated in Figure 9. The reaction
forces generated by the gluteus were evenly distributed over 100 nodes with a large trochanter
surface. The reaction forces acting on the femoral joint are distributed on 50 nodes of the

femoral head (as shown in the upper left of Figure 9).

FEM simulation for Physiological stress
. distribution evaluation

L

e
=<

Von Mises Equivalent Stress distribution

Figure 9: Phisiological Equivalent VVon Mises stresses in the femur from our biofidel
Finite Element Model

This study defines a biophysical model to investigate the structural behavior of the
femur. The Von Mises strain criterion was used to compare the stress distributions in the femur
and prosthesis under the previously defined loading conditions. This Von Mises is an energy
criterion that can better quantify the femur's ability to withstand heavy loads (right side of

Figure 9).
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At the back, the stress distribution confirms the presence of bending effects with the
highest homogeneous values distributed in the regions of the anatomical tree (right side of
Figure 9), with a maximum of 90 MPa. The same structural analysis was performed on the FE
model of the prosthetic femur described in Figures 7 and 8. The results of the analysis are
compared in Figure 10 with those evaluated for the femur.

Figure 10 shows a significant change in the distribution of tension in the left femur
(femur) and resected femur with rigid Ti prosthesis (right). Compared to the physiological
tensions in the femoral shaft, the prosthetic femur induces a concentration in the median region,
while it is completely absent in the proximal end. This event is called the "stress protection
effect” and is due to the high rigidity of the metal stem of the prosthesis that does not allow the

physiological flexion of the diaphyses.

(a) (b)

Figure 10: Equivalent Von Mises stresses distribution in the proximal femur epiphysis
for (a) sound femur, (b) rigid Ti prosthesis

The absence of stress (and state-related state) could induce a significant change in bone
structure over time (bone resorption). In fact, bone modeling and remodeling processes allow
themselves to grow, renew, and repair (Gottesman & Hashin, 1980; Huiskes et al., 1987; Taylor
et al., 2007; Weinans et al., 1992). The mechanical adaptation of trabecular density and
architecture could be explained in terms of mechanical-sensory and signaling functions for
osteocytes (Mullender & Huiskes, 1995).

The mechanism of mechanical regulation leading to bone remodeling uses mechanical
stress and micro-damage as a stimulus that determines cellular responses and consistent
changes in bone density and geometry. The absence or modification of the biomechanical

stimuli shown in Figure 10 for the femoral shaft after implantation of the prosthesis is then
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expected to lead, over time, to bone remodeling and reabsorption due to the absence of adequate

stress and tension.

Validating the clinical efficacy and estimating the long-term reliability of restorative
prosthetic systems requires an adequate understanding of the physical variables that influence
the biomechanical behavior of the material for advanced biomedical applications.

The Finite Element Analysis Tool (FEA) allows biomaterials to obtain a complete
assessment of the biological and mechanical behaviors of advanced restoration systems, even
for inhomogeneous systems. If validated by appropriate experimental procedures, the FEA
becomes useful for optimizing the design criteria for restoration and the choice of materials to
be used. Moreover, this method allows estimating the location of the fracture in the

circumstances of data loading (Aversa et al., 2016).

New manufacturing 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 allow the establishment of new design criteria for human prostheses.
The authors took these studies to gather the untapped potential of such advanced materials and
design technologies by developing finite models of Biofidel elements capable of correctly
mimicking the biomechanical behavior of the femur (Figure 11).

Figure 11: Fracture plane of a pertrochanteric femur fracture (left) and FEA
Source: Aversa et al. (2016)

Although the human femur has an internal structure capable of withstanding high
external stresses (Ashman et al., 2004), the evolution of mass and the arrangement of cortical
and trabecular bone types (Tamar & Hashin, 1980; Oh & Harris, 1978, 1984, Dalstra et al.,

1993), the progressive loss of physiological bone mass in the elderly or in the presence of
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prolonged inactivity results in bone weakness and reduced ability to withstand mechanical
shocks. This reduced resistance is the main cause of pertrochanteric femoral fractures in the
elderly (Ashman & Rho, 1988; Burstein et al., 1976; Carter & Hayes, 1977).

Reducing these fractures and restoring the functionality of the hip joint requires the
application of a special prosthesis.It is currently possible to completely replace the hip in
patients under the age of 65 and therefore a longer life expectancy, which requires longer

durability of the orthopedic implant (which now does not support more than 15 years).

Orthopedic prostheses used today are made of metal alloys, plastics, and ceramics with
well-defined properties and characteristics. In particular, due to their high biocompatibility and
high mechanical strength, certain metal alloys based on titanium chromium or cobalt are
commonly used and represent almost all prosthetic components. These traditional prosthetic
products are made from valuable technologies, such as forging or smelting metals, followed by

mechanical processing.

These processes do not allow optimal design solutions for better biomechanical bone
integration. The application of other structures on surfaces to create a more osteoinductive and
osteoconductive substrate for healthy bone growth should necessarily be done (Schiraldi et al.,
2004; Gramanzini et al., 2016). However, these processes, although very expensive, do not
provide sufficient structural support and are often not mechanically adequate. Metal implants,
on the other hand, can allow for a rapid and satisfactory structural restoration of functional

mobility, while maintaining acceptable operating costs.

However, in addition to high invasiveness, these implants are not the ideal solution,
especially for younger patients with long life expectancy, both in terms of duration and
biomechanical osseointegration. This first generation of the prosthesis is not technically the
optimal structure for optimal optical and biomechanical integration with the bone tissue in the

area around the implant.

By comparing a metal prosthesis with one with human bones on radiographic
examination, the difference in density and mass that can induce healthy bone growth (Apicella
et al., 2015) is obvious.

Frost (1987) states that the adaptive properties of bones depend on the range of
physiological strains to which the bone is subjected. The location of the implant can promote

resorption processes that lead to a larger and more unstable state until the prosthesis shows
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signs of weakness, will move from its position, causing serious consequences and pain for the

patient. In more severe cases, the implant fails, requiring immediate replacement.

2.1. Biomechanics and biomimetics: a way to promote advanced materials and

advanced technologies.

Implants are then expected to last a much longer period without failure or surgical
revision. The design and improvement of appropriate combinations of prosthetic materials and

systems that demonstrate enhanced strength and biocompatibility become mandatory.

The prosthetic bone of the resected bone is expected to provide an "equivalent rigidity"
(the combination of the elastic modulus of the material and the shape of the prosthesis) that

matches that of the missing bone and the prosthesis in which it is implanted.

Due to the orthotropic density and the different density of the structure, the elastic bone
modulus can vary from 4 to 20 GPa, which depends on the type of bone and the direction of
loading. The metallic materials and ceramic implant adopted today, characterized by a higher
rigidity than bone at implantation, strongly modify the local stress of the physiological
distribution of unwanted bone resorption through the implant and, therefore, the increased risk
of implant failure. This biomechanical mismatch reduces the level of biological demand for
healthy bone growth (Frost, 1994) and bone loss due to this reduced load, known as stress

protection.

For biomechanical integration of the implant, a custom material with an improved
combination of strength and rigidity that matches the bone should be used. This greater
biomechanical compatibility will avoid weakening the implant and increase lifespan, avoiding

additional surgery for revision and allowing good biological integration (bone growth).

Innovative biomimetic materials for tissue engineering based on hydrophilic polymers
were developed by our research group and presented attractive physical, biological, and
mechanical properties for biomedical applications (Schiraldi et al., 2004). For use with metal
prostheses, the authors have developed a hybrid biocompatible material, extremely

biocompatible, based on hydrophilic chemicals and hydroxy-ethyl-methacrylate type.

The structural metal composition of the new prostheses will be made of titanium alloys
using additive technology based on melting thin layers of titanium powder (about 50 microns)
on each other until the desired component is obtained (sandwich method). Then, the biomaterial
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and osteoconductive nanostructured material developed in our previous studies (Schiraldi et

al., 2004) can cover the titanium structural prosthetic skeleton.

These hybrid biological prostheses, which are made using synthetic materials capable
of inducing the growth of biological networks and structural steel scaffolding, may favor the
emergence of new classes of orthopedic hybrids in the medical field. The new hybrid bio-
prosthesis could drastically reduce protection against stress while providing an advantageous

improvement in the life of the prosthesis compared to traditional solutions.

Recovering optimal joint functionality will improve the patient's quality of life, which
perceives a significant reduction in the risk of the new surgery. The requirement to predict
potential structural changes that could be induced by improper use of biologically compatible
prostheses in bone structure and morphology has forced our studies to evaluate fictitious
models that could be considered for efficient bone distribution and orthotropic behavior
(Aversa et al., in 2016).

The development of loyal models has already allowed us to prepare prostheses that
could restore natural stress and physiological bone strains (Apicella et al., 2010; Gramanzini et
al., 2016; Perillo et al., 2010).

In this study, a femoral FEM model was developed that was developed in a previous
paper to represent the exact structural behavior of the femoral head (Aversa et al., 2016) for
stress distribution and strains along the stem, head resection femoral and Titan, joint
replacement. A comparison of biological stress and strain distribution in the femoral neck and
femoral bone could help to understand the correct design procedures needed to design new

innovative biomimetic prostheses.

Medical image segmentation was derived from CT using Mimics software (Materialize,
Belgium) to process a medical image of the patient. As shown in Figure 2, CT processing led
to a solid model of the patient in the pelvis and femoral anatomy. New applications of prosthetic
engineering through the combined use of the Mimics and 3-Matic programs (Materialize,

Belgium) could be derived from the biomechanical study of these bones.

A 3D model with solid finite element (FEM) was developed in a previous paper that
simulates internal and external femoral morphology, as has already been done for other
complex bone structures corresponding to the orientation and densities of the trabecular
systems of the head (Aversa et. al., 2016; Apicella et al., 2010; Beaupre & Hayes, 1985; Reilly
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& Burstein, 1974; 1975). The procedure is illustrated in Figures 3-6. The external geometry of
the femur and pelvis was reconstructed by generating a three-dimensional volume that

interpolated CT scans (Figure 3).

The results were then imported into 3Matic software for optimizing surfaces and solid
surfaces, modeling finite elements, and defining material properties (Aversa et al., 2016;
Apicella et al., 2010; 2015).

The results of the distribution of the material of the tetrahedral element have already
been presented in Figure 4 (yellow corresponds to the different rigidities of the mechanical
properties of the cortical bones, while the green ones are the trabecular bone of different
densities). The same procedure was applied to the FEM model for resection of the femoral
head, practically performed on the fractures reported in Figure 1 and for traditional titanium

prostheses.

Internal modeling of the resected femur and meta-prosthesis was performed by defining
the three-dimensional distribution of internal language optimization and language size, as
shown at the top of Figure 5. Massive femoral cross-links were sequentially associated with

patient bone densities, according to the Hounsfield scale (HU).

This scale quantifies the X-ray attenuation coefficients in the tissues, assigning (using
Mimics software) the elastic modulus corresponding to the corresponding elements of the FEM
model (bottom of Figure 5). Massively resected femoral models and Ti prostheses were
assembled to position the implant correctly using specialized Mimics software (easily handled
by our colleague Aversa).

The new mosaic of tetrahedral elements was made in 3Matic in search of nodal
congruence at the implant-bone interface. The mechanical properties were assigned taking into

account the cortical and trabecular bone characteristics.
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Figure 12: 3D meshing optimization of a Titanium traditional prosthesis

In particular, the systems were considered isotropic materials, and the mechanical
properties were coupled to each tetrahedral element characterized by the equivalence of the
Hounsfield (HU) density scale. The elastic and shear modules of the trabecular bone were
derived as a fraction of those of the cortical bone with a direct proportionality to the porosity

measured by axial tomography.

In this scale, the value of fat is about -101, muscles around 40, trabecular bone remains
between 100 and 300, while the cortex covers the values between high-density cortical bone
(300) and about 2000, which fall into the bone systems at the elastic modulus ranging from
0.87 to 15.0 GPa. The solid mesh elements of the trabecular-oriented material were assigned
by operating on the internal structure that explains the actual trabecular morphology of the bone

that we found at the proximal end (Figure 12) as indicated in Aversa et al. (2016).
2.2.  Ti prosthesis design with variable rigidity

To avoid the excessive protective effects of stress on the resected femoral shaft (shaft),
the trabecular hip joint prosthesis has been properly designed according to the characteristic

and specific rigidity of each section of the diaphysis affected by the prosthesis.

The mechanistic model of the proximal hip epiphysis proposed by Kummer (1986) was
transferred to the design of the hip joint prosthesis where the presence of isostatic lines

characterizing the oriented trabecular systems is reported in Figure 13 from the left).

Furthermore, the biomimetic prosthesis should have stiffness along the isostatic lines
that match those of the bone where it is placed. Five regions of the prosthesis were chosen to

assign differentiated decreasing stiffnesses (right side of Figure 13).
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Isostatic lines

Isorigidity regions
4

Figure 13: Left, Isostatic lines (Kummer, 1986) and right, Isorigidity regions chosen for the
biomimetic prosthesis trabecular structure design

The stress of the state acting on the system and the observation of the isostatic lines
described by Kummer (1986) was used to define the porosity morphology that characterizes

the trabecular structure of the stem and head of the prosthesis in different areas.

These regions should be characterized by variations in stiffness that progressively
decrease from a very rigid head (region 1 in Figure 13) to extremely flexible (region 5 in Figure
13).

The isostatic lines and morphological differences of the trabecular regions of iso-
rigidity are better appreciated by comparing the trabecular structure of the isostatic and iso-
rigid regions (Figures 14b and 14c).

@) ; (5

Figure 14: 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 obtained by additive sintering of Ti
powders
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The orientation and different shapes of the porosity of the titanium cigar are evident in

the internal structure shown in Figures 10b and 10c.

An example of a trabecular iso-rigidity structure obtained by sintering Ti alloy powder
through the electron beam is shown in Figure 10d. Apparent elastic patterns of trabecular
structures in iso-rigidity regions range from 20 GPa for regions 1 to 11, 8, 4, and 1 GPa for

regions 2, 3, 4, and 5, respectively.

The orientation of the trabecular system visible in the lower left of Figure 14b seen in
the area of the prosthetic stem corresponding to the femoral-tibial epithelium during tension
would maintain and ensure the necessary continuity of stiffness in each specific region shown
in Figure 14a. The previously calculated CT values of bone densities were then correlated with
the isostatic lines of cortical and trabecular bone of femoral and femoral bone resection, taking
into account each tetra-medley-oriented mesh along the isostatic stress directions observed in
the proximal femoral epiphysis. Similarly, the same criterion (isostatic orientation) was used

to define titanium titanium titanium titanium titanium.
2.2.1. FEM analysis: femoral teeth and tears and femoral teeth.

Based on 3D models of the femur and femur, resected with rigid and flexible prostheses,
a structural evaluation was performed under the same loading conditions and the results were

critically compared.

The characteristic biometric parameters of the patient's hip system were performed
before the structural analysis. 3Matic software was used to identify the direction of the loading
axis, the center of the proximal sphincter of the headspace and the common center of the

epicondylar axis, and the mechanical axis of rotation of the knee.

The following parameters were measured: The mechanical axis between the centers of
the proximal and distal epiphyses, the angle of 143.4 ° between the femoral axis and the
diaphysis axes, and the divergence of 36.65 ° between the neck axis and the epicondyle axis.

Finally (before the FEM structural analysis) physiological tasks and constraints were assessed.
2.2.2. Load condition and constraints imposed

The balance of the steady-state was considered a very serious loading condition, with a
rotation around the center of the hip joint when the gluteal muscle force balances the pulse
transmitted by body weight. Given the patient's weight of 100 kg, the gluteal muscle force
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applied to a large trochanter is 1800 N, and the hip response force is 2740 N (these values were

calculated based on biometric data in Figure 15).

T T
2 3 3 4 5

Figure 15: Biometric analysis: 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)

Source: (Aversa et al., 2016)

(a) (b) ()

Figure 16: Equivalent Von Mises stresses distribution in the proximal femur epiphysis for (a)
sound femur, (b) rigid Ti prosthesis and (c) flexible trabecular prosthesis

The resistance of the gluteus muscle could be evenly distributed around 100 nodes in
the larger FEM trochanter, while the common hip response force could be spread over 50
nodules of the femoral head (see Figure 9 above). In this study, we defined the procedure for
preparing a biophysical model of the femur capable of correctly describing its structural
biomechanical behavior. The Von Mises strain criterion was used to compare and validate new
flexible trabecular projections. Von Mises is an energy criterion that can accurately quantify
the ability of bones to withstand heavy loads (Figure 9).
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The different structural behaviors of the two models are also evident in the distribution
of Von Mises stress, clearly different in the posterior and anterior part (right end in Figure 9
and Figure 16a). The distribution of posterior tension confirms the presence of bending effects
with the highest homogeneous values distributed in the regions of the anatomical diaphysis
(Figure 16a).

3. RESULTS

Biomimetics, biomechanics, and tissue engineering are three multidisciplinary fields
that have been considered in this research to achieve the goal of improving the reliability of
prosthetic implants. Because testing and mathematical methods are closely linked, a promising
approach seemed to be the combination of in vitro and in vivo experiments with computer

simulations (in silico).

An innovative approach to biomimetics and biomechanics is presented, as well as a new
synthetic structure that ensures a microenvironment that is mechanically coherent and promotes
tissue osteoblastic cell cultures used in regenerative medicine. The new ceramic-polymer
hybrid nanocomposites are mutually researched by biomimetic modeling of finite element
analysis (FEA), anatomical reconstruction, quantitative-computerized characterization of
tomography, computerized design of the tissue scaffold.

The raw materials are a class of extremely bioactive hybrid ceramic-polymeric
materials, established by the proposing research group, which will be used as a bioactive matrix
for the preparation of bio-mineralized tecto-structured porous nanocomposites in situ. This
study treats biomimetics, biomechanics, and tissue engineering as strongly correlated
multidisciplinary fields combined for bone tissue scaffold design. Bone growth, maintenance,
and ossification are fundamental and are regulated by mechanical indices imposed by physical
activities: this biomimetic/biomechanical approach will be pursued in the design of

experimental procedures for in vitro mineralization and scaffold ossification.

Mathematical modeling of biological tissues serves as a central repository for interface
design, simulation, and tissue fabrication. Finite element computerized analyzes will be used
to study the role of local tissue mechanics on endochondral ossification patterns, skeletal
morphology and mandibular thickness distributions using representations of continuous single-
phase and multiphase material of clinical cases of patients implanted with traditional protocols.
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The new protocols will be hypothesized for the use of new biologically tecto-structured
hybrid materials.Medical Image Segmentation for Engineering application has been derived
using the Mimics software (Materialise, Belgium) for processing patient medical image coming
from CT. As reported in Figure 17, the processing of CT resulted in a highly accurate 3D model
of the patient pelvis anatomy.

This patient-specific model has been processed to develop new prosthetic engineering
applications through the combined use of Mimics and 3-Matic (Materialise, Belgium) software.
Namely, 3D solid and Finite Element Models (FEM) have been developed to simulate the
external and internal morphology of the femur and other complex bone structures accounting
for the orientation and densities of the head trabecular systems (Aversa et al., 2009; Apicella
et al., 2010; Beaupre & Hayes, 1985; Reilly & Burstein, 1974; Reilly & Burnestain, 1975).

The procedure is illustrated in Figures 18 to 21. The external geometry of the femur has
been reconstructed by generating a three-dimensional volume that interpolates the CT scans
(Figure 18). The results were then imported in the 3Matic software for surface and solid
meshing optimization as indicated in Figure 19. Internal modeling of the entire femur has been
realized by defining three-dimensional internal tethrahedric meshing distribution and size
optimization (Figure 20).

117.76

Figure 17: Biofidel medical Irﬁage from omputerized Tomography (CT) of a patient pelvis:

Point clouds raw data

527

[https://creativecommons.org/licenses/by-nc-sa/4.0/]
Licensed under a Creative Commons Attribution 4.0




INDEPENDENT JOURNAL OF MANAGEMENT & PRODUCTION (IJM&P)
http://www.ijmp.jor.br v. 13, n. 2, March-April 2022
ISSN: 2236-269X

DOI: 10.14807/ijmp.v13i2.1585

.3-".
B

Figure 18: CT segmentations and Biofidel 3D solid modelling: Transverse (upper right),
medial (upper left), frontal (lower left) and bone solid reconstruction of a patient femur
(lower right)

e

Figure 19: Preliminary triangle surface meshing optimization of the biofidel patient femur
model

dm

0

0

Logger

Figure 20: Tethraedric 3D solid meshing optimization of the biofidel patient femur model
(detail of the proximal end)
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Figure 21: Material properties definition associated to the patient femur cortical and
trabecular bone densities (left) and material properties assignation to HU bone densities

(right)
A correlation of the mesh solids was ensured, being successively associated with the
bone densities measured according to the Hounsfield scale (HU), by quantifying the linear X-
ray attenuation coefficients in the tissues and then assigned to the FEM model by the Mimics

software (Figure 21).

The evaluation of the mechanical properties was made taking into account the
characteristics of the trabecular bone. The systems were considered transverse isotropic
materials, with elastic and shear modulus expressed in terms of cortical bone values, and elastic
modulus and shear values were then evaluated by multiplying cortical bone values by the
defined porosity for each tetrahedral element with the Hounsfield density scale (HU). On this
scale, as already mentioned in the paper, the thickness is about 110, the muscle is about 40, the
trabecular bone is between 100 and 300, and the cortical bone extends beyond the values of the

trabecular bone to about 2000.

Bone tensions can be modulated by choosing the thickness of the scaffold swelling for
healthy bone growth. In vivo tests performed using these new modified oral implants confirmed
the improved capacity of these implants in promoting early osseointegration (GRAMAZZINI
et al. 2016).

3.1. Biomimetic / biomechanical approach: hybrid ceramic-polymer surface design

and bulk properties to improve osseointegration

Bio-prosthetic devices are a reconstructive therapy widely used in clinical practice in
many areas of rehabilitation surgery, such as dentistry, maxillofacial surgery, orthopedics. The

interface between bone and implant has been a subject of study for many years, as we try to
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move from bioinert to bioactive biomaterials. In fact, the histological analysis performed in
these years does not allow the confirmation of theories about a possible contact, through
junction systems and others. However, there is fluid contact between the osteocytic canalicular

surface and the implant surface.

Bioactive biomaterials could promote and improve the differentiation from an
osteoblastic phenotype, which becomes during surgical healing of wounds caused by the
implant, thus having a better osseointegration in shorter periods. Recent studies describe the

characteristics of nanostructured materials that could promote osseointegration:

e Carbon and alumina nanostructures, which mimic the nano-dimensional geometry of
hydroxyapatite, increase osteoblastic activity and thus produce greater bone deposition
when applied to orthopedic implants.

e Nanostructured biomaterials, which mimic the bioactivity of the hydroxyapatite crystal,
promote the adhesion and production of alkaline phosphates in osteoblast-like cells

So further studies on these materials could lead to better and shorter healing, to promote
protocols that ensure early and immediate loading. The composition and properties of the
surface appear to be important because they appear to modulate the response of the osteoblastic
cell that affects tissue healing (Davis et al. 1991, Gramazzini et al. 2016, Aversa 2016b).

Periimplant tissue adjusts its composition and architecture according to its functional
capacity (Apicella et al. 2011, 2015). Therefore, a key to the success of the titanium implant in
bone integration appears to be whether the bone is adequately reshaped at the periphery of the
implant (Aversa et al. 2016b).

Figure 22 shows the result of "in vivo" experiments performed on dental implants
placed on a white rabbit femur. In particular, the experiment described in Aversa et al. (2016b)
consisted in evaluating the osteoinductivity and osteoconductivity of Ti implant surfaces

without and with a thin coating of 100 microns from our ceramic-polymer hybrid material.

Bone implant placement or bone growth (Comerun, 1986), which is defined as the
percentage of osseointegrated implant length for biomimetically coated implants and found in

six-month in vivo tests, shows a significant improvement.
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Micro-CT bone reconstruction of bone growth around the implant was validated using

FEA-calculated physiological strain distributions. The maps of the colored strains around the

bone surrounding the implant confirmed the critical role of the Ti-Bone bioactive interface.

Osteoblast proliferation and bone growth in the implanted rabbit femur is clearly
favored and accelerated by the presence of the nanostructured hybrid layer. The biomechanical
approach using the adaptive properties of bone describes the biomimetic behavior of the
proposed perimeter hybrid scaffold, as it can predict areas of bone resorption (FEA model
elements with strains below physiological lower limits were removed in the image, right side
of Figure 22).

Research has shown that mechanical stimulation can have a profound effect on the

differentiation and development of mesenchymal tissues.

Figure 23 illustrates the adaptive properties and values of the stem threshold for healthy

bone growth.

Orthotrapic Cortical b < -
Thatropls L‘:E gne Biofidel FEA Models
. —

\“15pmgeous bone

Still overloaded

in vivo tests

¥
reabsorption

Figure 22: in silico and in vivo validation for Osteoconduction of Titanium implants coated
with a nanostructured hybrid osteoactive (left side) and without (right).

Adaptive properties of bone:
strain ranges for

Bone reabsorption
- bone reabsorption (< 50pe blue),
.S00E-02

- remodelling (50-1500 pe light blue-green) Healthy bone growth
015

- organized growth (1500- 3000pe yellow-red),

Uncontrolled reabsorption

- reabsorption {> 3000pe).

Figure 23: Frost (1990) adaptive window of bone physiology: Structural adaptations to
mechanical usage
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According to Frost (1990), who quantified Wolff's (1892) observations, above (> 3000
microepsilon) and below (<50 microepsilon) critical levels of the strain, bone growth is
affected. In the light range of strains, healthy bone growth and regeneration is favored. In fact,
in order to maintain the stability of the implants under load, it is of major importance for the
osteoblast that forms the bone to promote the extracellular matrix in the vicinity of the implant.

3.2.  Mechanisms of osseointegration to be considered in biofidel models

Implant osseointegration is essential for prosthetic rehabilitation. Achieving and
maintaining stable functional ankylosis has the following morpho-structural characteristics,

namely:
e Direct contact between bone and implant, in the absence of an adequate tissue interface;
e the existence of the primary bone in contact with the surface of the biomaterial,

e deposition, outside the primary bone layer, of the secondary lamellar bone in contact

with the titanium surface;

e total increase in peri-implant bone density compared to the normal bone architecture of

the region;

e increased spinal cord space, which is necessary to deplete the metabolic need of the

tissue in the region less involved in pregnancy dissipation;

e Condensation of the compact bone, which can be related to the load propagation

patterns determined by the specific morphology of the implant;

e Organizing a strong trabecular structure that starts radially from the compact peri-
implant bone;

e The presence of a crystal bone wall at the level of the subepithelial conjunctiva, which

can allow the junctional tropism of the formation of the sulcular epithelium.

The mature mineralized matrix, which has been described as appearing in dental and
orthopedic clinical trials, is expected to ensure the mechanical stability of the implant even in
the early stages of osseointegration (primary stability). In fact, due to the hydrophilic nature of
the hybrid material, high levels of liquid are absorbed from the liquid external environment
leading to significant swelling and an increase in the volume of the initially glassy hybrid

material (Figure 24).
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The active biomechanical and biomechanical scaffold, therefore, fulfills two
biomechanical functions, the first being strictly related to the stabilization of the prosthetic

system after implantation (the prosthesis can be loaded early one hour after implantation), while

the second function is the bone growth stimulus exercised the bony area around the implant.

Two biomechanical functions:
- Implant fixture
- Bone growth stimulus

Dry glassy Swollen rubbery FEM simulation of
13.5% linear swelling stresses

Figure 24: Mechanisms of primary stability and osteoinduction improvements in Hybrid
swellable scaffold modified Titanium implant. Glassy dry scaffold (left)

3.3. A computed tomography scan confirmed these expectations

Figure 25 shows the micro CT of these volumes.

Figure 25: The Bone to Implant Contact (BIC) and the relative bone density have shown
similar characteristics at cortical (a) and medullar levels (b), Bone near to the implants shows

similar characteristics (c)
Source: Gramanzini et al (2016)

At the top of the figure is reported the external volumetric reconstruction of the bone
and implants, while at the bottom is the 3D reconstruction of the volume surrounding an

implant.
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Bone implant contact (BIC) and relative bone density showed similar characteristics at
the cortical (a) and medullary (b) levels indicating good osseointegration of the implant with
the original bone. The newly formed bone close to the implants has surprisingly similar
characteristics to the previous one (c), indicating that a biomechanical stimulating effect of the
swollen hybrid scaffold material.

4. DISCUSSION

The field of interdisciplinary research of materials for biomedical applications is

strongly based on the study of bone tissue repair.

Bone is considered a hybrid biological material composed of an organic component,
collagen, and an inorganic component of nanocrystalline hydroxyapatite. Both phases are
integrated at the nanoscale level so that morphological and physical variables such as crystallite
size, nanofiber orientation, short-term order between the two components determine its
nanostructural characteristics and therefore functional and mechanical properties. of different
bone types (Frost 1964,1990, 2004).

Based on bone regeneration criteria, we have developed new bioactive biomaterials.
These materials are expected to promote bone formation, favoring the proliferation and
differentiation of osteoblasts (Schiraldi et al. 2004).

The use of nanostructured materials similar to that of natural bone tissue is one of the
most promising options in bone healing. Nanotechnologies for the implementation of hybrid
organic-inorganic materials offer excellent chances for improving the performance of existing

conventional bone implants.

This research evaluates the progress made in nano-silicate-polymer hybrids for bone
repair, as well as the chemical procedures that allow the control of the nanostructure of the

material.
The objective of the paper is inherent in the following scientific fields;
e Biomechanics and Biofidelity of human bone modeling,
e Biomimetics: nanotechnologies in medicine for nature-inspired materials

e Bioactive scaffolds that promote osseointegration into porous structural
nanocomposites and hybrid matrices
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4.1. Biofidelity is advancing

Recent studies on the mandible (Apicella et al. 2010; Aversa et al. 2009, 2016a, 2016b)
and FEM modeling of teeth (Apicella et al. 2011; Apicella et al. 2015) suggest that
biomechanical investigation of bones could be applied with Successful orthopedics to provide
a means to predict the clinical outcomes of implant-based restoration procedures.

Knowledge of the mechanical and adaptive characteristics of bone is a critical issue in
the design of new biomimetic prostheses to replace a bone with minimal biological and

biomechanical invasiveness.

Biomimetics is the science that investigates such problems and can be considered the
natural junction between biology and engineering. This convergence of competence allows the
development of biological principles and models needed to produce bio-inspired materials that

can be used for the complete design of tissues and prosthetic systems.

New generations of concepts could be generated by the conscious investigation of
biomimetics, which can provide the clinical tools to restore the structural, biomechanical, and

aesthetic integrity of bone functions.

Recent technological advances in cellular and molecular biology and materials
engineering science (nanotechnology) have established that biomimetics and tissue engineering
appear to contribute to improving the complete integration of restoration and prosthetic
implants (Aversa et al. 2009, 2016; Perillo et al. 2010; Annunziata et al., 2006; Apicella et al.
2010).

Since the last century, many parts of our body have been replaced with artificial
prostheses. The materials used for these devices have been chosen so as not to produce adverse

responses in contact with human body tissues and physiological fluids.

The criteria for choosing a specific biomaterial were related to its biocompatibility and
functionality, which could be directly associated with bone/implant interface interactions at the
nanomedical level. It was not until the 1990s that the study of these interface effects was

enhanced by the use of thin nanometer coatings and surface changes.

Then there was a great commercial interest in the orthopedic market to adopt new
modified implants with surface nano treatment that promote hard and soft tissue engineering
(Annunziata et al. 2008; Comerun, 1986).
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4.2.  New classes of biomaterials

There are several ways in which living tissues can react to the synthetic materials of

implants, but they are essentially limited to their responses to the interface material.

Three main terms could describe the behavior of biomaterials, as defined by JONES et al.
(2012), Hutmacher (2000), and Hoppe (2011).

Namely, tissue responses are divided into:

e Bioinert
e Bioresorbable

e Bioactive

Another classification of ceramic-based biomaterials can be made according to their
reactivity to physiological fluids;

e Dbioinert, such as alumina for dental application),
e bioactive materials, such as hydroxyapatite used as a coating on metal implants,
e active on the surface, such as organic glasses or A-W glasses,

e bio-resorbed, it is tri-calcium phosphate

Further improvement of these material properties can be achieved using nanostructured
bioceramics that can be used as interactive materials, helping the natural tendency of tissues to
heal by promoting tissue regeneration and restoring physiological functions (Schiraldi et al.
2004, Mano et al. 2004; Morales - Hernandez et al. 2012; Mourinho et al. 2012).

This approach was investigated in this study to develop a new generation of nano-
structured bio-ceramic-polymeric hybrids that can be used in a wider range of medical

applications.

Porosity is one of the keys to the success of these materials and is increasingly adopted

when natural bone growth and strong implant stability are required.
4.3.  Tissue engineering new perspectives

For several years, tissue engineering has benefited from the combined use of living stem
cells seeded in three-dimensional ceramic scaffolding. This strategy is completed to provide
healthy cells directly to the affected site (Bonfield et al. 1981; Hench 1993, 2002, 2010).
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By combining the traditional bio-ceramic implant, with the already assimilated
knowledge about the growth and differentiation of stem cells into an osteogenic one, practical

and productive clinical strategies have been developed.

Stem cells cultured in ceramic nano-biocomposites could be adopted for extensive bone
repair, with excellent prospects for good functional recovery and integration of hybrid bone

scaffolds.

Synthetic hydroxyapatite (Hap) has been described in the literature as an attractive

material for bone implants (Kim et al. 2004; Morales-Hernandez et al. 2012).

Since its adoption, the most widely used and simplest production method for synthetic
HAp is the solid-state reaction between calcium and phosphate ions, leading to the formation
of powdered compounds that can be sintered and cooled to a high temperature to form a

structure. . . compact polycrystalline (Julien 2007).

HAp bioactivity is governed by processing parameters, such as the initial compounds,
the size of the crystal granules, their purity, and the ratio between calcium and phosphorus
atoms. In particular, nanocrystals showed improved bioactivity due to the increased surface
area. The use of hydroxyapatite nanoparticles has been proposed as a valid solution for the
reinforcement of low-strength polymer scaffolding.

By using nanoparticulate HAp, new classes of implants, biocompatible coatings, and

high-strength nanocomposites can be developed (Gorustovich et al. 2010).
4.3.1. Biomimetics

A characteristic feature of several hard natural hybrid materials, such as bone, sea
urchin tooth, mother-of-pearl, is the strong nanometric-scale interaction between inorganic and
organic phases. This feature allows the organic phase to act at the nanomedical level as an
extremely energy dissipating plastic network that inhibits crack propagation (high resistance);
In situ synthesis techniques have been adopted to mimic natural processes. In particular, the
precipitation of hydroxyapatite (or another crystalline compound) in a polymeric matrix has

been considered a viable way to produce biomimetic composites.
4.3.2. Organic-inorganic hybrid biomaterials

An approach to the development of bioinspired material, given the formation of the
organic-inorganic self-assembled hybrid, will favor the use of hybrids in biomedical
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applications. The high versatility of these hybrids offers the main functional and structural
advantages that lead to the possibility of customizing materials in terms of shape and chemical

and physical properties.
4.3.3. Bioengineering and bioactive scaffolding

For bioengineering with micro and nanomaterials, nanotechnology is increasingly
adopted for emerging applications such as coatings or three-dimensional scaffolding (tecto)
(Awversa et al. 2016a; Karageorgiou et al. 2005; Sorrentino et al. 2007). Decisively, micro and
nano-technologies show the potential to be used to manufacture advanced models for
fundamental studies, such as commissioned tissue engineering structures or bio-molecular

devices.

The ideal material for bone scaffolding has always been a hot topic for research. An
ideal scaffold should provide a sufficiently rigid but strong network to temporarily replace
damaged bone.

Highly bioactive amorphous fumed silica nanocomposites have been synthesized in our
laboratory. A new class of hybrid polymer-ceramic materials that mimic the mechanical

behavior of bone has been used as a potential scaffolding material.

The result of these self-assembled nanostructured composites was micro-foamed and
tested as a new perimeter scaffold that can accommodate osteoblast growth factors or stem

cells to differentiate osteoblasts.
4.3.4. Biofidelity models and FEM analysis

Understanding the biological mechanisms of healthy dynamic bone growth is an
iterative process between biology and engineering. During this process, the knowledge that
reverse engineering of a biological system can bring can have positive feedback back in
biology, allowing a more complete and more secure understanding of the potential path of
further developments in applied medical engineering.

The most important question is how the clinician's interference with biological systems
can be optimized to improve treatment modalities so that the effectiveness of the treatment

increases and leads to a more stable result.

The use of newly developed combined diagnostic and engineering tools, such as those
used in our research (e.g., maxillofacial MRI segmentation or CT segmentation and solid CAD

538

[https://creativecommons.org/licenses/by-nc-sa/4.0/]
Licensed under a Creative Commons Attribution 4.0




INDEPENDENT JOURNAL OF MANAGEMENT & PRODUCTION (IJM&P)
http://www.ijmp.jor.br v. 13, n. 2, March-April 2022
ISSN: 2236-269X

DOI: 10.14807/ijmp.v13i2.1585

IIM&P

reconstruction) can detail the anatomy of hard and soft textures in an extremely precise way.
smaller standard deviations. Therefore, the integration of biological knowledge and clinical
possibilities is essential. A more reliable and biofidel model begins with biomechanical
modeling of bones, ligaments, and alveolar bone, using finite element analysis to gain insight
into the biological response to changing biomechanical circumstances.

Because current tests and numerical methods are closely linked, an appropriate
methodological approach is to combine in vitro and in vivo experiments with computer
simulations (in silico). There are, however, a number of incentives involved in creating the
mathematical model and achieving it. The simultaneous interaction of several variables that
influence the prosthetic system was investigated by simulation in the mathematical modeling

of finite elements.

Finite element analysis (FEA) involves dividing a geometric pattern into a finite number
of elements, each with specific mechanical properties. The variables to be investigated are
guessed with mathematical functions. Specific math programs assess the distribution of stresses

and strains in response to changing load conditions.

A complete assessment of the mechanical behavior of a solid or protected biological
structure is feasible, even in inhomogeneous bodies. When properly validated by in vivo or in
vitro tests, finite element analysis is useful in defining optimal restorative design criteria and
material selection criteria, while allowing the prognosis of a potential fracture under given

conditions.
5. CONCLUSIONS

The innovative aspects of our work are that, unlike currently used prostheses, which are
only intended to replace a damaged hip joint, the proposed prosthetic prostheses can be
completely biomimetic because they mimic the distribution of biological stress stimulates

tissue regeneration physiology.

The average lifespan of a prosthesis today is about 10/15 years, while the new
"biomimetic prosthesis™ will have a longer life expectancy, which can be estimated over 20/25

years.

This is very important, as the average life expectancy increases progressively and, as a

result, the number of orthopedic surgeries and the costs of social and health care increase.
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The design and manufacture of customized structured structures of innovative
biomimetic systems that could be better integrated with the physiological biomechanics of the
femur in which they are implanted are possible through the correct use of these biophilic

models.

The aim of the study is to create added value by combining existing research with

biomechanical results with the innovative prosthetic design and structural simulation activities.

The transfer of results in academic and industrial research on biomechanics and clinical
trials leads to an acceleration of innovation and profit while improving the quality of life of
patients with prostheses.

This paper identifies a set of design criteria to stimulate the potential to enable new
health therapies to contribute to personalized healthcare, create and improve the technology
base, and increase resource efficiency in the context of industrial and manufacturing processes.
The new type of biomimetic implants can find applications in the knee, ankle, hip, shoulder,

and orthopedic spine.

Another field of application of the product is surgical oncology to support and facilitate
bone regeneration, resulting in massive losses due to primary and metastatic interventions to

remove the tumor.

The prosthetic system could allow better functional recovery by promoting bone
recreation to ensure good maintenance, even if it will have an impact on the quality of life of

the individual patient severely compromised by the underlying oncological pathology.

The concept of combining a supporting metal structure (to guarantee load resistance) a
biomimetic scheme (which promotes regeneration) applies to all areas of surgical treatment

that involve the removal of bones and requires the regeneration of regenerated tissue.

It is necessary to develop new technologies in the field of biomaterials, in order to obtain
bone scaffolds and substitutes that could play a fundamental role in bone regeneration. Bone
scaffolding must have special intrinsic characteristics to function as a real bone substitute that

satisfies biological, mechanical, and geometric constraints. Such features include:

e Biological requirements - the calculated scaffolds must allow cell adhesion and

homogeneous distribution, growth of regenerative tissue, and help the passage of
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nutrients and chemical signals. This achievement was achieved by controlling the
porosity of the scaffold;

e Mechanical requirements - estimated scaffolds must retain the mechanical and strength
properties that allow osteoblast colonies to experience controlled physiological and
bioactive deformities. This was achieved by the corresponding modification of the
ceramic-hybrid polymer compositional ratio (in our case, 10% by volume of amorphous

nano-silica).

The combined clinical observation of traditional implant behavior will be used to
validate the biofidelity of FEM models, while the comparison between in vitro and computer-
assisted simulation of osteoblast colony growth can then allow us to explore many new ideas
in modeling, design, and production we are nanostructured scaffolds with improved
functionality and improved interaction with cells; this becomes especially useful in the design

and direct manufacture of complex bone scaffolding.
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