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Abstract: The study of pig bones, due to their similarity with human tissues, has facilitated the
development of technological tools that help in the diagnosis of diseases and injuries affecting the
skeletal system. Radiomic techniques involving medical image segmentation, along with finite
element analysis, enable the detailed study of bone damage, loss of density, and mechanical function-
ality, which is a significant advancement in personalized medicine. This study involves conducting
experimental tests on L3-L6 pig vertebrae under axial loading conditions. The mechanical properties
of these vertebrae are analyzed, and the maximum loads they can sustain within the elastic range
are determined. Additionally, three-dimensional models are generated by segmenting computerized
axial tomography (CAT) scans of the vertebrae. Digital shadows of the vertebrae are constructed by
assigning an anisotropic material model to the segmented geometries. Then, finite element analysis
is performed to evaluate the elastic characteristics, stress, and displacement. The findings from the
experimental data are then compared to the numerical model, revealing a strong correlation with dif-
ferences of less than 0.8% in elastic modulus and 1.53% in displacement. The proposed methodology
offers valuable support in achieving more accurate medical outcomes, employing models that serve
as a diagnostic reference. Moreover, accurate bone modeling using finite element analysis provides
valuable information to understand how implants interact with the surrounding bone tissue. This
information is useful in guiding the design and optimization of implants, enabling the creation of
safer, more durable, and biocompatible medical devices that promote optimal osseointegration and
healing in the patient.

Keywords: computerized axial tomography; pig bone; image segmentation; finite element analysis;
lumbar vertebra; compression; trabecular bone

1. Introduction

The spine plays a critical role in the physical condition of human beings as it is highly
related to the nervous system. Deterioration of the spine can result in pain and loss of
mobility. These symptoms can be triggered by a variety of diseases, e.g., bone metastasis
associated with prostate cancer, and osteoporosis, which lead to a weakening of the bone
structure and increase the risk of failure due to compression and low-energy fractures [1,2].
Addressing these diseases and monitoring their progression calls for an integrated approach
combining concepts from mechanical engineering and medicine. This interdisciplinary
methodology contributes to biomechanics, exploring the physical interactions of living or-
ganisms through various approaches, including physical tests and numerical methods [3,4].
Studies focusing on the mechanical aspects of the human lumbar spine have been proposed
to aid in the treatment of degeneration processes and understanding the mechanical effects
under compression [3].

Due to the challenges associated with accessing human anatomical components, such
as ethical and legal issues, analyses have been carried out using bones from animals resem-
bling humans [5]. For studies related to the spine, Busscher et al. [6] found that pigs aged
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between 4 to 6 months serve as a suitable alternative due to their similarity to the human
spine of 72-year-old specimens in terms of size, shape, and function. Their resemblance
to the human spine can be observed in their morphology and biomechanical properties,
such as the number of vertebrae, the curvature, the disc height, and the stiffness. Moreover,
they showed that the width and depth of the end-plates in the human spine increase more
caudally, likely due to the upright posture, demanding relatively larger caudal vertebral
bodies to balance higher longitudinal loads. Similar to humans, pigs possess trabecular-
type bones that form a porous structure. This structural arrangement allows the vertebra
to have a lower mass while supporting mechanical stresses and absorbing shocks [7-9].
Therefore, pig bones are often used as a surrogate for human bones in experimental and
numerical studies of the spine.

Significant progress has been made in the biomechanical study of pig vertebrae in
recent years [10]. Experimental tests, including axial and radial tests, have been employed
to determine the material properties, which exhibit an anisotropic material behavior [11,12].
This characterization also allowed a comparative study of the various properties of porcine
bones compared to humans and other species [13,14]. However, not only can experimental
tests be utilized to characterize vertebrae, but in silico tests using numerical models have
also become valuable. These numerical models offer ease of data interpretation and the
ability to conduct more complex analyses [4,13]. In this context, radiomics is about obtaining
data from diagnostic medical imaging for the accurate representation of biological tissues,
and creating models adjusted to the profiles of individuals [15,16]. This approach enables
the creation of 3D models from 2D images of bones obtained through techniques like
magnetic resonance imaging (MRI) and computerized axial tomography (CAT) [17,18].
There is a wide variety of software to perform the segmentation process, some of which are
more accurate than others [19,20]. One of the most widely used is the freely distributed 3D
Slicer v 4.10 software [21], which provides tools to facilitate the segmentation process and
improve the quality of the reconstructed solids [19,22].

The development of new models calibrated with real data, capable of accurately
capturing the complex mechanical behavior of bone tissue, holds significant promise for
addressing various issues related to bone health and diseases. The finite element method
(FEM) is a numerical technique that has been used to create three-dimensional (3D) models
that represent the physical behavior of porous materials such as bone tissues [23], rocks [24],
cellular structures [25], and more. These models include appropriate boundary conditions
and material models that account for the porosity, elasticity, plasticity, and fracture of the
porous materials for accurate numerical representations [26]. These numerical models
can then be compared to experimental studies that measure the mechanical response of
the porous bone materials under various loadings and environmental conditions [27,28].
Proposed numerical models offer predictive capabilities for various tumor growth scenarios
within vertebrae, serving as valuable clinical decision support tools [29]. In [30], a study
was conducted using compression tests on healthy vertebrae, fractured vertebrae, and
instrumented with transpendicular screws. This approach aimed to obtain the mechanical
properties, such as stiffness, strength, and strain, of the different vertebrae conditions
and compare them with the results obtained from a mechanical analysis using finite
elements. Another work performed experimental compression tests on the cartilages
between the L1-L2 vertebrae to determine stress—strain characteristics that reflect the
viscoelastic behavior of the cartilages [31]. The results were then compared to the numerical
values obtained from a finite element model, and close agreement was observed. These
works demonstrate the usefulness and effectiveness of the FEM for modeling and analyzing
the mechanical behavior of porous materials in different situations, such as biomedical,
geotechnical, and structural applications.

Regarding implant design, research aims for improved biocompatibility and seamless
integration into the intricate structure of bone tissue [32]. By refining materials and designs,
the goal is to promote enhanced bone growth while mitigating the risk of rejection or
associated complications from implanted devices [33]. Finite element modeling tailored
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to bone tissue dynamics plays a crucial role in iteratively designing and optimizing im-
plants [34,35]. This approach enables thorough evaluations across critical parameters like
load distribution and mechanical response, aiding in preemptively addressing potential
complications such as fractures or implant loosening. Virtual testing allows a systematic
evaluation and comparison of different implant options before real-world application,
identifying optimal characteristics for enhanced integration and accelerated healing within
the bone matrix. Furthermore, the customization afforded by finite element models ensures
implants can align with each patient’s unique anatomical and mechanical characteristics, ul-
timately enhancing patient outcomes and reducing costs associated with extensive physical
prototyping [36].

This paper presents a comprehensive analysis and comparison of the experimental
data obtained from compression tests conducted on porcine L3-L6 vertebrae, with nu-
merical models developed using finite element analysis. The objective of the study is
to utilize radiomic techniques and finite element analysis to comprehensively assess pig
vertebrae under axial loading conditions, aiming to advance personalized medicine, en-
hance accurate medical outcomes, and guide the design of safer and more biocompatible
medical devices for optimal osseointegration. The entire work is systematically divided
into three distinct stages, each contributing to the overall objective of the study. In the
first stage, the primary focus is on the acquisition of experimental data. This is achieved
through axial compression tests conducted on the vertebrae, following the guidelines and
recommendations of previously conducted research in this field. The data obtained from
these tests serve as a benchmark for evaluating the accuracy and reliability of the numerical
models developed in the subsequent stages. The second stage involves the post-processing
of diagnostic medical images. The vertebrae are segmented using the freely available soft-
ware, 3D Slicer. This software is capable of generating STL files that accurately represent
the bone tissues. These STL files serve as the basis for the development of the numerical
models in the next stage. The use of 3D Slicer ensures that the models are an accurate
representation of the actual bone tissues, thereby enhancing the reliability of the results
obtained from the numerical models. In the third and final stage, the numerical model is
created using finite elements. This model is designed to determine the elastic behavior of
the model, taking into account its specific geometry and the anisotropic nature of the bone
as a functionally graded material. The development of the numerical model involves a
detailed analysis of the bone structure and the mechanical properties of the bone tissues.
Once the numerical model is developed, the results obtained from the experimental com-
pression tests, including the elastic moduli and displacements, are compared with those
obtained from the numerical models. This comparison is carried out to demonstrate the
similarity between the experimental and in silico results. The close correlation between the
experimental and numerical results validates the accuracy of the numerical models, thereby
demonstrating the effectiveness of finite element analysis in predicting the mechanical
behavior of bone tissues.

2. Materials and Methods
2.1. Compression Tests

The vertebrae were extracted from the spine of three healthy specimens of Piettrain
Sus scrofa domesticus, with ages between five and six months [6]. The vertebrae are part
of the lumbar section, from L3 to L6. The samples for the three specimens were prepared
and visually inspected to confirm that they did not have infections, fractures, or wear. The
experiment was carried out on the same day that the fresh bone was obtained to avoid
poor refrigeration, which could affect its physical properties. Transport from the laboratory
was facilitated by using a refrigerator kept at a constant temperature of 8 degrees Celsius.
The vertebrae were cleaned, and the remains of muscle and soft tissues were removed
with surgical instruments, in this case scalpels, reiterating each part with extreme care.
The possibility of removing the soft tissues with heat was discarded since it modifies the
physical properties of the bone. Figure 1 shows different views of the vertebra L4 for
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specimen 1. Table 1 shows the average measurement values of the height, width, and
depth of the L3-L6 vertebrae belonging to the three back spines and the mass values for
each sample.

15 mm
15 mm

(b) (c)
Figure 1. Swine vertebra L4, S1: (a) frontal, (b) transverse, and (c) sagittal planes.

Table 1. Average of the dimensions of the vertebrae and mass in grams of each vertebra.

Vertebra Height (mm) Width (mm) Depth (mm) Mass (g)
L3 304 35.5 20.3 33.8
L4 30.5 35.5 21.0 35.6
L5 30.7 359 21.7 35.6
L6 334 35.9 21.9 35.0
SD 1.44 0.23 0.73 0.76

The compression tests with loads normal to the transverse plane were performed
on an MTS Bionix test machine [37], Figure 2, with a vertical displacement speed of
2 mm/min, measured by an LVDT (Linear Variable Differential Transformer). The force
and displacement values of the vertebrae in the linear elastic zone were obtained. The
consideration of linear elasticity for bone in the vertebra is a common and reasonable
assumption in biomechanics studies. Linear elasticity is a simplifying assumption that
implies a linear relationship between stress and strain, making the analysis more tractable
mathematically. In many cases, bones exhibit linear elastic behavior within certain ranges of
loading, particularly at low-to-moderate strain levels, where bone remodeling occurs. From
the experimental test, the elastic modulus E for a linear elastic behavior was calculated
using the constitutive relation ¢ = Ee, where ¢ is the compression stress, and € is the
Cauchy strain obtained from the ratio between the displacement to which the vertebrae
were subjected and the initial length. The compression stress is obtained from the applied
force F and the apparent area A,p, which varies for each vertebra and is calculated from
the segmented images using;:

)

2.2. 3D Segmentation and Material Model

For the medical imaging, computerized axial tomography (CAT) scans of the spines
were obtained using a Toshiba Aquilion 64 tomograph, with 12 slices/second contrast, a
thickness of 0.5 mm, and 64 simultaneous detector rows. Imaging parameters include a
resolution of 512 pixels by 512 pixels, with a bit depth of 16. A peak kilovoltage of 120 kV
was used during the acquisition of the CT, with a data collection diameter of 500 mm. To
define the numerical models, computerized axial tomography scans were performed on
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the set of spines. CATs were obtained in a DICOM format, and the 3D segmentations of
each vertebra were reconstructed in an STL format using the 3D Slicer software [21].

Figure 2. Compression test of porcine vertebrae.

Material properties, such as density and elastic modulus, were assigned considering a
functionally graded material model using the Hounsfield scale. This approach is based on
the fact that the bone is an organic material that exhibits changes in the elastic modulus,
from areas characterized by bone with high elastic modulus to those with lower values.
Thus, we define a finite element model that changes the elastic modulus of the elements
based on the Hounsfield units (HU) measured in their spatial location of the CT scan. The
HU has been correlated to the values of bone density and elastic modulus. The HU is not
constant at the element level, thus, we consider an integrated average intensity value for
the current element [38]. Information from available studies [39] was used to define the
material model in the software Bonemat [38]. In Bonemat, both the mesh model and the
DICOM file containing the Hounsfield scale (HU) are used for the purpose of fitting the
equations and assigning the elastic modulus value element-wise in the mesh. The apparent
density p[kg/m?] was adjusted to the specific range (1250-147) of the HU present in the
bone tissues [23] for densities in the range (725-690) kg/ m?, and coefficients of 0.0226 and
696.66 were obtained in (2) for a linear fitting:

p = 0.0226 HU + 696.66 2

For each vertebra, the HU and apparent density values vary inside the bone, with a
functionally graded structure typical of biological tissues. This suggests that the distribution
of HU and bulk density values are not uniform throughout the bone, but varies in a graded
or functional manner, which is characteristic of the structural complexity. Linear isotropic
values of elastic modulus E [MPa], within the range (20-100) MPa, were also calculated
element-wise using the information obtained from the CT scans and the apparent density
from Equation (2). The expression reads:

E =12,003,626.5 + 54,397.1p 3)

The final distribution of the elastic modulus for vertebra L5 in specimen 1 is shown in
Figure 3a. Figure 3b shows the internal variation of the elastic modulus.
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Figure 3. Values of elastic modulus distributed within vertebra S1 L5. (a) External view and
(b) internal view.

2.3. Finite Element Model

In the finite element method, we are interested in evaluating the displacement field,
while considering a specified set of boundary conditions. Then, we can evaluate strain
and stress fields during postprocessing. Let u"denote the finite element approximation of
displacements at point x, representing the calculated estimate for the displacement at that
point. N; stands for the interpolation functions corresponding to node i, with I being the
set of all nodes in the mesh, and u; being the value of the solution at node (i). Then, the
approximation of displacements at a given point x is obtained from the contributions from
all nodes in the mesh, weighted by their respective interpolation functions such that:

u'(x) = ) o Ni(xw (4)

The solution is sought within a functional space V" C V associated with a mesh of
isoparametric finite elements of characteristic size h. This solution satisfies the condition
thatforallv € V", a(u®, v) = I(v). Using a variational formulation of the elasticity problem
and the finite element approximation u" = Nu®, where N denotes the basis polynomial
functions of second order, we obtain a system of linear equations to solve the displacements
at nodes u®:

KU=f ®)

Here, K is the stiffness matrix, U represents the vector of nodal displacements, and f
is the load vector. The finite element analysis involves defining the analysis type, bound-
ary conditions, material model, and mesh generation. Post-processing evaluates results,
followed by an analysis of their implications. To ensure the reliability and accuracy of
the analysis, a mesh independence test is conducted, verifying the convergence of dis-
placement solutions. This iterative process ensures the robustness of the finite element
method and the consistency of results, providing a comprehensive understanding of the
studied phenomena.

A linear elastic model with a Galerkin-type finite element formulation was used to
solve the problem under consideration. Once the 3D models of the vertebrae were available,
the meshing of each segmentation was carried out, as shown in Figure 4. The numerical
model is prepared in the software Ansys 2021R2 [38], defining a linear static structural
analysis. During the compression test, the bone tissue experiences loading that is applied
slowly or at a constant rate, and the response of the material is observed under this quasi-
static condition. For a linear analysis, the displacements are solved under the following
assumptions: The stiffness matrix K is essentially constant, such that the materials have
linear elastic behavior and small deformations theory is used. The load vector f is statically



Inventions 2024, 9, 36

7 of 15

applied, i.e., no time-varying forces are considered, and no inertial effects are included.
Moreover, since vertebrae are characterized by trabecular bone tissue, the elastic modulus
is assigned taking into account that its value is not uniform throughout its volume, thus
having a lower elastic modulus in the central part of the vertebra and higher values in the
parts close to the exterior [8].

0,00 20,00 40,00 (mm)
I I
10,00 30,00

Figure 4. A tetrahedral mesh of the porcine vertebra S1 L4.

A mesh composed of second-order tetrahedral elements was used, with 26,089 nodes
and 16,896 elements. For mesh independence, Table 2 displays the convergence of the
displacement solution with respect to the number of elements for h-adapted meshes, for
a final variation of less than 0.1% in the last iteration, which indicates asymptotic range.
It is noteworthy that all computer setups used for the computations were the same and
the time taken for solving the finite element meshes was found to be minimal in this
analysis. Quality control procedures for the mesh were put into place by confirming that
each element has skewness values less than 0.95.

Table 2. Convergence of the mesh in displacements.

Nodes Elements Total Displacement (mm) Time (Min) % Error
11,258 7623 5.3356 33 0.37
26,089 16,896 5.3154 55 0.09
64,548 36,485 5.3202 85 -

To evaluate the mechanical response of the numerical model, the elasticity problem
involves Neumann and Dirichlet boundary conditions. For the Neumann condition, a
remote load in the linear elastic range was applied, which is a type of load that is applied
at a distance, rather than directly on the structure, to avoid stress concentration effects. In
this case, a vertical axial load in the z-direction with a uniform value of 1000 N was applied
remotely in the upper area of the vertebra. The choice of the load value was deliberate,
not primarily because it represents a critical threshold, but rather due to its positioning
within the elastic zone of the bone as depicted in Figure 5. The load of 1000 N is a value
obtained from the experimental results that allows calibration to be carried out, and it is
not the maximum value of the elastic zone. The use of a remote load can be beneficial in
situations where it is difficult to apply a load directly to a structure or when the load is
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distributed over a large area. It allows for a more realistic simulation of the forces that the
vertebra would experience in real-world conditions.

0,00 20,00 40,00 (mm)

10,00 30,00

Figure 5. Loading condition of the 1000 N compressive load in the z-direction on the upper face of
the porcine vertebrae.

In addition to the remote load, Dirichlet boundary conditions were also imposed
restricting displacements on the lower face of the vertebra, and preventing rigid body
motion. This is crucial in ensuring the accuracy of the simulation, as these boundary
conditions mimic the constraints that the vertebra would experience during the exper-
imental tests. Furthermore, these boundary conditions replicate the compressive loads
experienced within the body. These techniques, when combined, provide a comprehensive
and realistic simulation of the mechanical behavior of the vertebra under load. This can be
important in understanding the effects of various diseases on the spine, implant design,
and in developing effective treatments.

3. Results and Discussion
3.1. Compression Tests

Compression tests were performed on each of the vertebrae of the three spines. The
output data were the applied force (N) and the displacement (mm). Figure 6 shows that the
behavior between load and displacement is linearly related and was similar before reaching
the pre-fracture magnitude. The compression test results resemble the results presented
in the literature, where the value obtained for the maximum force applied to individual
healthy vertebrae of the thoracolumbar region was 2.577 kN [30]. The displacements of the
vertebrae with the applied force of 1000 N (it is not the elastic limit) vary between 4 mm
and 5.5 mm, as shown in Table 3. Figure 7 shows the stress and strain relationship for
vertebrae L3 to L5. The values of stress were calculated using the average cross-section of
the vertebrae, and the strains were calculated using the average height for each set.

3.2. Numerical Model

For the finite element model, we applied a load of 1000 N to replicate the conditions of
the experimental compression tests. In silico FEM tests yielded the elastic modulus, shown
in Table 4. These results were compared with those calculated in the experimental tests
for the same loading condition. Notice that both results present a maximum difference
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of 1.58% for the set of vertebrae studied. The values are similar to those obtained in the
literature [40], where the elastic modulus was reported between 69 MPa and 81 MPa. The
standard deviation indicates that the experimental elastic modulus and FEM values were
in a similar range. The mechanical response of the porcine vertebrae agrees with the
conditions of a cancellous bone. A difference is observed due to the size of the vertebrae
analyzed since, in our study, they had a larger area.
—o— le 1
1000 Sample ; 1000 —e—sample |
200 sampre 200 —0—sample 2
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< 600 £ 600
g 3
S 1S
400 — 400
200 200
0 0
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(a) (b)
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Figure 6. Load (N) vs. displacement (mm) of the vertebrae compression test for the different samples:
(a) L3, (b) L4, (c) L5, and (d) Leé.

Table 3. Displacement of the vertebrae in the experimental compression tests for a load of 1000 N.

Vertebra S1 (mm) $2 (mm) S3 (mm) Average (mm)
L3 5.18 5.52 4.86 5.19
L4 5.45 4.75 5.92 5.37
L5 4.64 5.17 4.97 4.92
L6 5.01 4.59 4.58 4.73
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Figure 7. Stress vs. strain of the vertebrae compression test for the different samples: (a) L3, (b) L4,

(c) L5, and (d) Lé.

Table 4. Mean values and standard deviation (SD) of elastic modulus and areas of L3, L4, L5, and L6
vertebrae obtained with FEM and experimental compression tests.

Elastic Modulus (MPa) L3 L4 L5 L6 SD
Experimental 62.41 65.57 51.80 50.07 7.68
FEM 61.44 66.15 51.87 49.53 7.86

% Difference 1.57 0.87 0.13 1.09 1.58
Area (mmz) 974.2 1039.1 1109.5 1124.9 69.42

Other factors that influence the results are the species of the pigs and their age, as well
as the health and feeding conditions received [41]. Figure 8 shows the displacement of the
L4 S1 porcine vertebra using the FEM model. The behavior of the vertebra is demonstrated
for the load of 1000 N, resulting in 5.49 mm of displacement.

Figure 9 shows a section cut in the z-direction to observe the distribution of internal
stresses, where the maximum value was 33.883 MPa. This value aligns with the optimal
behavior of porcine vertebrae in the thoracolumbar area.
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Total Deformation
Unit: mm

5.4947 Max
N 46476
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I 4920
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Figure 8. Distribution of porcine vertebral displacements under an axial load of 1000 N for S1 L4.

D: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

33,8834 Max
I 14,0844
5,8545
| 243356
1,01156
0,420479
0,174782
0,072652
0,0301995
0,0125531
0,00521798
0,00216897
0,000901582
0,000374763
0,000155779 Min

Figure 9. Stress distribution in the S1 L4 vertebra, internal lateral view. Maximum von Mises stress
value of 33.88 MPa.

The results of the displacements obtained in the experimental tests and the FEM model
were compared, as shown in Table 5. The minimum error values reflect a strong agreement
between the two methods, thus highlighting the effectiveness of the use of digital models
in representing the mechanical behavior of bone tissues. This is relevant in the context of
bone biomechanics, as an accurate assessment of microstrains and stresses within bone
tissue is crucial for bone characterization and implant design. Elevated strains can lead to
microdamage and potentially inhibit remodeling, while lower strains are associated with
bone resorption.
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Table 5. Comparison between the displacement of the FEM test concerning the experimental

test model.
Vertebra L3 L4 L5 L6
FEM displacement (mm) 5.26 5.35 4.85 4.68
Experimental displacement 519 537 492 473
(mm)
% Error 1.457 0.5173 1.526 1.083

4. Conclusions

In this work, the mechanical properties of porcine vertebrae from L3 to L6 were
characterized. Experimental axial compression tests were performed with loads within the
elastic range, obtaining values for the elastic modulus of the different vertebrae between
50.07 MPa and 65.57 MPa, with maximum displacement values between 4.73 mm and
5.37 mm. Segmentation of computerized axial tomography scans of the porcine vertebrae
was performed to obtain a 3D model of the bone tissue, considering an anisotropic material
model with a density and elastic modulus variation using data from the Hounsfield scale.
Finite element analysis was used to model the compression tests of the vertebrae, obtaining
elastic moduli in a range of 49.53 MPa to 66.15 MPa and displacements between 4.68 mm
and 5.35 mm, under the same boundary conditions as the experimental test. These values
are significantly close to those obtained in the laboratory, which demonstrates the accuracy
of the model in predicting the mechanical behavior of the vertebrae. Comparison of the
experimental tests with the numerical models gave results with a difference of less than
0.8% in elastic modulus and 1.53% in displacement, indicating a good correlation.

The use of finite element analysis for accurate bone modeling provides an essential
tool for understanding how bone interacts with mechanical loads, implants, or diseases.
Improved modeling techniques could help better understand the biomechanical changes
associated with osteoporosis, a condition characterized by decreased bone density and and
increased risk of fractures. These models could aid in assessing fracture risk and developing
more effective interventions to prevent fractures in individuals with osteoporosis. Moreover,
accurate modeling of bone tissue mechanics is crucial for predicting fracture patterns,
understanding fracture healing processes, and optimizing surgical interventions for fracture
repair. Enhanced models could lead to improved fracture management strategies and better
outcomes for patients recovering from bone fractures. Implants, biomaterials, and scaffolds
can be designed to promote osseointegration by providing a rough, textured, or bioactive
surface that facilitates bone growth on the implant with controlled microstrains. Modeling
can help determine the shape and characteristics of these implants for better integration.
Moreover, it can be used to identify areas of excessive stress that could lead to damage to the
surrounding bone. They can be planned to distribute stresses more evenly and minimize
points of concentrated stress, contributing to greater stability over time. This approach helps
to optimize designs, predict biomechanical responses, and customize medical solutions,
thus improving the quality of medical care. Furthermore, the use of finite element analysis
in the design of implants allows for the creation of patient-specific models. These models
can take into account the unique anatomical features of each patient, leading to implants
that are tailored to the individual’s needs. This level of customization can improve the fit
and function of the implant, leading to better patient outcomes. One significant contribution
is the development of new models, calibrated with real data, capable of capturing and
characterizing the complex mechanical behavior and accurately representing the results
observed in the experimental compression tests. Further research on the development
of digital twins for biological tissues is essential to seamlessly integrate radiomics and
propel advancements in personalized medicine. In addition, the use of virtual testing and
simulation in the design process can help to identify potential issues before the implant
is manufactured. This can save time and resources by reducing the need for physical
prototypes and iterative testing. By identifying and addressing potential issues early in the
design process, the overall quality and performance of the implant can be improved.
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To enhance the accuracy of the model, it is recommended to increase the number of
samples undergoing laboratory tests and explore variations among different populations
for a more comprehensive understanding of the mechanical properties. In addition, we plan
to investigate the effects of bone diseases in order to determine how they affect physical
behavior. Age and other bone characteristics also play a role since they were purchased
from a nearby butcher shop and are trade animals that are kept in the enclosure until a
certain age. Despite the small sample size in this specific study, our proposed methodol-
ogy demonstrates a strong correlation between experimental and numerical results, with
minimal differences in elastic modulus and displacement. Further improvements could
also include the use of a tomograph with better resolution to increase the accuracy of the
segmentation.
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