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Abstract

Tissue engineering offers alternatives when it comes to health problems such as trauma or
pathologies. One of them is the scaffolds, which provide a favorable architecture, mechanics,
and biocompatibility for the fixation of cells. Therefore, the following research aims to design
and simulate scaffolds with mixed geometric structures to create a hybrid architecture for
osseointegration while maintaining structural properties similar to subchondral bone and
hyaline cartilage. Three scaffolds were designed for this purpose, with mixed geometric
shapes inside: squares for trabecular bone, hexagons for subchondral bone, and octagons for
hyaline cartilage, each with a specific pore size according to the architecture and
biomechanics of each tissue. SolidWorks computer-aided design software to design unit cells
for each particular tissue, followed by the Ansys Workbench integrated simulation platform
to simulate the loads produced by an average-weight adult typically used in walking. We used
two specific materials (Hydroxyapatite and Vitreous Humor with sodium alginate) that are
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part of the hydrogel for its possible future use in the 3D printing of these models. Different
results were obtained from the models presented. Still, the truncated pore and gradual pore
models were found to be close to the actual parameters for subchondral bone and cartilage,
respectively, giving Young's modulus of 1049.5124 MPa in the subchondral bone region and
9.4086 MPa in the cartilage region. Therefore, we concluded that combining the architectures
of these two models into one offered the possibility of creating a scaffold capable of
mimicking the osteochondral complex.

Keywords
Scaffolds; hyaline cartilage; subchondral bone; osteochondral complex; chondral injuries;
design; simulation; biomechanics; young's modulus

1. Introduction

For the clinical application of tissue engineering, the use of scaffolds facilitates the creation of
tissues. Scaffolds are temporary structures or supports that enable cells to grow and form tissue [1].
When designing and manufacturing them, it is crucial to consider the properties of the tissue to be
regenerated, the characteristics of the scaffold to be developed, the biocompatibility of the
materials, and their mechanical, biological, and physicochemical properties [1]. For this reason,
composite materials or structures (hybrids) should be capable of mimicking a tissue in cases of
trauma or pathologies that require regeneration. Chondral injuries occur when excessive loads or
trauma damage the articular cartilage. These injuries can be categorized into different grades based
on the Outerbridge scale, with Grade IV being the most severe; in this type, articular cartilage wear
is characterized by damage and exposure to the subchondral bone [2]. Procedures for repairing
chondral wounds range from the treatment of microfractures to replacement with a partial or total
prosthesis. The non-prosthetic techniques can be classified into three categories: reparative
methods, which help form fibrocartilage and provide access to the vessels and cells that generate
chondrocytes; reconstructive methods, which focus on filling the lesion with grafts; and
regenerative methods, which promote the development of hyaline cartilage through tissue
engineering [3].

Scaffolds permit the formation of tissues with significant potential for application. However, to
achieve this, it is essential to meet specific requirements, including preserving tissue structure to
enable cellular processes such as growth, differentiation, and distribution, as well as providing
chemical and biological substances for this purpose. For these structures, whether synthetic or
natural, to possess the capacity to form tissues, they must exhibit characteristics that emulate the
shape, structure, and function of the tissue in such a way that it can be integrated into the
surrounding environment. The complexity lies in the characteristics and properties, as numerous
factors, including porosity, pore size, mechanical properties, density, cell type, age, and state of
health, among others [4]. An emerging strategy is using lattice structures to construct scaffolds [5].
According to Tang [6], lattice structures are more flexible and customizable to achieve a desired
physical property. In addition, 3D printing allows for generating lattice structures with properties
like bone and potentially improves mechanical efficiency [7, 8]. Using suitable materials and
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structures significantly influences scaffold design; models with rectangular, cubic, and octahedral
pores are more appropriate for bone mimicry, oxygen transport, and fluid permeability [9, 10]. The
design of osteochondral scaffolds can be used to create biphasic or triphasic structures, varying the
physical properties in different layers depending on the depth, which provides an approach to
cartilage and bone development [11-13].

Therefore, the primary motivation of this work is to present the results of simulation studies of
cell growth scaffolds, according to the designs made with mixed geometric lattice-type structures,
to provide scaffolds with a hybrid architecture that can promote tissue osseointegration and
provide mechanical properties similar to those of subchondral bone and hyaline cartilage.

2. Materials and Methods

Three different models of scaffolds with mixed figures inside, with a phase for cartilage, another
for subchondral bone, and another for trabecular bone. Each one had different geometry and pore
size specifications that varied according to the design of each model.

All scaffolds were designed with support dimensions of 6 x 10 mm in height, divided into three
sections: 5 mm for the cartilage area, 3 mm for the subchondral bone area, and 2 mm for the
trabecular bone area, as illustrated in Figure 1.
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Figure 1 Model base scheme.

Each cell was reproduced longitudinally and transversely on the surfaces of the scaffolding to
create the basic scheme of Figure 1, ensuring similarity in dimensions; each pattern was designated
based on the unique characteristics of each one. The defined scaffolding was called this because
each zone was placed with a delimitation so that the pores destined for each tissue were defined
and separated. For the truncated pore scaffolding, three unit cells were designed and made from a
hollow hexahedron to create a thickness between pores thinner than the defined scaffolding, each
with its respective dimensions and assigned pore geometries. Finally, with the gradual scaffold, a
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distinction emerged between two different unit cells, resulting in a transition zone where the
geometries for cartilage and bone intermingled within the central space designated for subchondral
bone. The pore sizes and geometries implemented were as follows: cartilage area: oval and
octagonal pores with a diameter of 250 um; subchondral bone area: hexagonal pores with a
diameter of 200 um; trabecular bone area: square pores with a diameter of 500 um.

2.1 Biomaterials

For the simulation, the biomaterials used were hydroxyapatite for the bone area and vitreous
humor for the cartilage area; rheology obtained values experimentally. Table 1 shows the properties
used for the finite element analysis, admitting an isotropic behavior.

Table 1 Parameters used for the simulation [10, 14].

Materials Young's modulus (E)  Poisson's ratio
Hydroxyapatite 2000 MPa 0.3
Vitreous humor and sodium alginate 19.6 MPa 0.4

2.2 Simulation

The loads faced by a healthy knee in a two-legged stance (2L) and one-legged stance (1L) were
considered for the simulation, movements typically used in walking. For 2L, authors found that 46%
of the body weight acts in this stance in the axis direction, and, on the other hand, the change of
position from 2L to 1L causes an increase in forces of approximately 2.5 times [8, 12, 15]. Given the
above, considering, it accounts for the average weight of 70 kg (Table 2).

Table 2 Loads used in the simulation.

Position Weight Strength  Load
2 Legs (2L) 70kg 46% 315.88 N
1Lleg(1L) 70kg 115% 789.70N

3. Results
3.1 Unit Cells

As mentioned in the methodology, three distinct unit cells were designed for the defined and
truncated pore models. In contrast, two cells for the truncated pore model were spread throughout
the scaffold. Figure 2 displays the results of these cells, and the models shown below were
developed.
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Figure 2 Unit cells used in the defined model: a) trabecular bone, b) subchondral bone,
and c) cartilage. Unit cells used in the truncated pore model: d) trabecular bone, e)

subchondral bone, and f) cartilage. Unit cells used in the gradual model: g) bone, and h)
cartilage.
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In the third model, which corresponds to the gradual scaffolding, the purpose was to design a
lower-density structure using two unit cells (see Figure 2) instead of three, as in the previous designs.
The two cells were distributed gradually at approximately 3 mm, as shown in Figure 3.

Figure 3 Graded areas of the scaffold with unit cells between mixed, predominantly
bone cells on one (right side) and predominantly cartilage cells on the other (left side).
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This gradual structure between the two distinct areas of the scaffold has been identified in other
studies, where it is referred to as an interface zone between cartilage and bone. This interface zone
has been observed to promote the subchondral bone as a mediator in cartilage formation, leading
to repair. This finding is supported by evidence from previous studies [16, 17]. The laminate
thickness of the bone unit cell was 100 um, resulting in a bonded thickness of 200 um. The laminate
thickness of the cartilage unit cell was 50 um, resulting in a bonded thickness of 100 um. These
values align with those observed in a recent investigation employing additive manufacturing
methods [18].

3.2 Models and Meshing

The base dimensions used for the design of the scaffolds were 10 mm in height and 6 mm in base,
taken as a reference since in transplant approaches for chondral defects, the height is usually 8 to
10 mm for defects more significant than 4 cm? [19]. Even in a study for osteochondral tissue
regeneration with biphasic scaffolds, these exact dimensions were used [16]. Regarding the area
designated for each tissue in the introduction section, the approximate thicknesses of each tissue
of the osteochondral complex are mentioned thus: 5 mm for cartilage, 3 mm for subchondral bone,
and the remaining 2 mm were intended for the osseointegrate part. The exact measurements
mentioned were not applied to each section of the models since they varied depending on the
design of the models.

The defined model resulted in a final height of 7.8 mm, 2.1 mm in the area, for trabecular bone
replicated in its interior 207 unit cells distributed in three levels (69 cells per level). 2.8 mm in the
area for subchondral bone inside 276 unit cells distributed in four levels (69 cells per level) with a
delimitation of 0.05 mm between the previous areas. 3.5 mm in the area for cartilage replicated
inside 345 unit cells distributed in five levels (69 cells per level) with a delimitation of 0.05 mm
between the anterior regions. Figure 4A shows the result of the model.

Figure 4 A. Views of the defined model: a) frontal, b) isometric, c) top, d) base. B. Views
of the truncated pore model: a) frontal, b) isometric, c) top, d) base. C. Views of the
gradual model: a) frontal, b) isometric, c) top, d) base.

The truncated pores model resulted in a final height of 9.6 mm; 2.5 mm in the area for trabecular
bone replicated inside 42 unit cells distributed in 2 levels (21 cells per level). In the region, 3.1 mm
for subchondral bone inside 81 unit cells distributed in three levels (27 cells per level). 4 mm in the
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area for cartilage replicated inside 225 unit cells distributed in five levels (45 cells per level). Figure
4B shows the result of the model.

The gradual model resulted in a final height of 9.34 mm: 1.61 mm in the area for bone replicated
inside 20 unit cells distributed in a single level. 3.14 mm in the gradual area inside 42 unit cells
distributed in three levels (21 cells per level). 4.59 mm in the area for cartilage replicated inside 63
unit cells distributed in three levels (21 cells per level), (see Figure 4).

A mesh with tetrahedral in its geometry represents an enjoyable alternative, as it accurately
represents curved boundaries without deforming the base model. Furthermore, a study conducted
to simulate deformations in the articular surfaces using finite elements indicates that this method
yields favorable accuracy and computational cost results. The defined model yielded 630,827 nodes
and 334,109 elements, while the truncated pore model resulted in 456,982 nodes and 242,780
elements. The gradual model yielded 886,222 nodes and 434,631 elements at a resolution of 4,
resulting in a mesh of an appropriate size and time execution.

3.3 Compression Stress Tests
3.3.1 Defined Model

Compression tests began with a force of 315.88 N, corresponding to position 2L, in the defined
model. The highest stress for this test was in the subchondral bone zone, with a maximum value of
184.5 MPa as shown in Figure 5A, while the remaining zones presented similar values ranging
between 0.0408 MPa and 105.45 MPa. The zones for subchondral and trabecular bone resulted in
having the same deformation with values between 5.87E-05 MPa and 1.3759 MPa, being the zone
for cartilage the one that presented more, with a maximum value of 5.5033 MPa shown in Figure
5B. Suppose we observe the total displacement, shown in Figure 5C. In that case, it is noticeable
that the only area that shows displacement is destined for cartilage, where compression is
concentrated on the surface until it gradually decreases to zero before reaching other regions.
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Figure 5 A. Stress distribution with an applied compressive force of 315.88 N for a
defined model. B. Strain with an applied compressive force of 315.88 N for the defined
model. C. Total displacement with an applied compressive force of 315.88 N for the

defined model.

The simulation results for position 1L with an applied force of 789.70 N were very similar to those

of position 2L; Figure 6 compares these values.
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Average simulation results for compression
tests defined model
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Figure 6 Compression tests in the defined model.
3.3.2 Truncated Pores

In the truncated pores model, we have an equal stress concentration for all areas and low; the
whole model resulted in 936.48 MPa in the stress distribution, indicated with dark blue in Figure 7A
as the lowest. In green and light blue colors, the most deformation was localized only in the zone
for cartilage with 1.7846 to 5.3538 mm/mm, and just starting the zone for subchondral bone, the
values decreased with almost zero, as shown in Figure 7B. The total displacement continued to show
identical behavior to the previous tests, as shown in Figure 7C.
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Figure 7 A. Stress distribution with an applied compressive force of 315.88 N for the
truncated pore model; B. Strain with an applied compressive force of 315.88 N for the
truncated pore model; C. Total displacement with an applied compressive force of
315.88 N for truncated pore model.

The simulation results for position 1L with an applied force of 789.70 N were very similar to those
of position 2L, like in the case of the previous model. Figure 8 shows a comparison of these values.
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Figure 8 Average simulation results for truncated pores model compression tests.
3.3.3 Gradual Model

In the gradual model, at first glance, it seems that the stress distribution is the same for all areas;
if we look more closely at Figure 9A, there are sections with light colors inside, specifically in
cartilage and trabecular bone, where the values ranged between 782.86 and 0.0109 MPa. Figure 9B
shows that the deformation in the area for cartilage varied between 83.208 MPa and 1.2295E-05
MPa. In contrast to 41.604 MPa and 1.2295E-05 MPa in the regions for bone. The displacement
showed a behavior of more significant compression towards the center (see Figure 9C), without
deforming the bone zone, except for a small section where the unit cells were for bone and cartilage
(mostly cartilage).
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Figure 9 A. stress distribution with an applied compressive strength of 315.88 N for a
gradual model; B. deformation with an applied compressive strength of 315.88 N for the
gradual model; C. total displacement with an applied compression strength of 315.88 N
for the gradual model.

Figure 10 compares the values obtained for the gradual model, using the 2L and 1L tests.
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Average simulation results for compression
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1000
oy
2 E
200 - — — - N
™~ ~ I ~ -
n o o 3 e
800 2 2 2 2l |8
& 3 3
700 0 © ©
600 O Equivalent Stress (MPa)
S [ Equivalent Strain (mm/mm)
400
-y @ Young's modulus (MPa)
300 0
o
~
200 wn
w w w
n o Q@ m < o 8, ~
100 g S% S o N
= e 2o o 3
(=) (=N om (=2
0 —_ —_ — Iﬂ
2P 1P 2P 1P 2P 1P
Cartilage Subchondral bone Cancellous bone

Figure 10 Average simulation results for gradual model compression tests.
3.4 Tensile Tests
3.4.1 Defined Model

The tensile tests were started with a force of 315.88 N, corresponding to position 2L; in the
simulation results for the defined model, the highest was 184.61 MPa found in the area for
trabecular bone (see Figure 11A), followed by the area for subchondral bone with a maximum of
105.51 MPa, with the cartilage being the smallest value with 79.143 MPa. In contrast to the previous
data, cartilage suffered the most significant deformation, with a maximum value of 4.13 mm/mm
in light blue in Figure 11B and equal values of 1.3781 mm/mm in the bone areas. The displacement
shows a decreasing behavior from the most superficial area of the area for cartilage to the beginning
of the area for subchondral bone (Figure 11C).
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Figure 11 A. Stress distribution with an applied tensile strength of 315.88 N for the
defined model; B. deformation with an applied tensile strength of 315.88 N for the
defined model; C. total displacement with an applied tensile strength of 315.88 N for

the defined model.

There was a difference between the values compared with the 2L and 1L test tests, but the
behavior of the scaffold remained the same. Figure 12 shows the comparative graph of the values

obtained.
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Figure 12 Average simulation results for defined model tensile tests.

In general, the results for the tensile tests were not very constant in all the models, particularly
in the defined model; we observed that Young's module for the cartilage area is higher than the real
ones for human chondral tissue, even though the values for the two tests remained constant.
Regarding the regions for bone, when tested with a force of 789.70 N, the values decreased
drastically. However, for the tensile force of 315.88 N, the values were higher; they remained well
below the expected parameters.

3.4.2 Truncated Pores Model

In the truncated pores model, the stress distribution we found could have equal results in all the
areas in the scaffold with a value of 936.48 MPa, shown in dark blue in Figure 13A. The deformation
had the same behavior as in the compression tests but with values ranging from 0.8923 mm/mm to
4.4615 mm/mm and in the bone zones from 0.8923 mm/mm (Figure 13B). The total displacement
showed the same behavior as in the previous figures (A and B); see Figure 13C.
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Figure 13 A. Stress distribution with an applied tensile strength of 315.88 N for the
truncated pores model; B. deformation with an applied tensile strength of 315.88 N for
the truncated pores model and C. Total displacement with an applied tensile strength
of 315.88 N for the truncated pores model.

Despite applying more force, the stress distribution for the 1L tests behaved similarly; only the
values changed with 2341.7 MPa in both zones for bone (Figure 14).
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Figure 14 Average simulation results for truncated pore model tensile tests.

As in the compression tests, the values were very constant, almost equal to those in Figure 8.
Therefore, the results for the areas of bone were favorable, unlike those for cartilage, which
resulted in high values.

3.4.3 Gradual Model

Continuing with the gradual model, the results for the 2L test presented variations in all areas:
1565.7 MPa for cartilage, 782.86 MPa for subchondral bone, and 1565.7 MPa for trabecular bone,
as maximum values in light blue (Figure 15A). The tensile strength for equivalent strain had a
maximum value of 124.81 MPa for cartilage and 41.604 MPa in both sections for bone (Figure 15B).
The total displacement tended to concentrate towards the center of the scaffold (Figure 15C).

Page 17/25



OBM Transplantation 2025; 9(1), d0i:10.21926/obm.transplant.2501240

PA Y AY AN
Ok ok |

FAWYAY AN
.\0,"'\0; "‘9,.

Figure 15 Gradual Model. A. Stress distribution with an applied tensile strength of
315.88 N; B. deformation with an applied tensile strength of 315.88 N and C. Total
displacement with an applied tensile strength of 315.88 N.

Figure 16 shows the values for the 2L and 1L tests obtained from the gradual model. Again, the
same behavior related to different stresses and deformations in the periphery and the center was
detected, as mentioned in the compression tests. Still, the properties changed a little since they
were not constant. The values of 6.27 and 14.11 MPa fall within the range of values for Young's
modulus of human hyaline cartilage, but what happens is that the higher the force, the higher the
modulus increased. This behavior corresponds to the viscoelastic response of cartilage since, in the
presence of tensile forces, the behavior is linear, and as the force increases, there is an increase in
stiffness [20]. As for the test results for subchondral and trabecular bone, they remained below the
expected values; in the former, the values were constant but not in the latter because the stress
distribution varied in the periphery of the scaffold.
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Figure 16 Average simulation results for gradual model tensile tests.

The behavior of the scaffolding was variable, and a comparative analysis was carried out to
determine which model had the best results. The values observed in the areas designated for
cartilage were significantly higher than expected, as illustrated in Figure 17A, which depicts the
minimum and maximum values. The values of Young's modulus for human hyaline cartilage were
indicated with dotted horizontal lines. The model with the most significant variation was truncated
pores, followed by the defined model. The only model that fell within the acceptable range was the
gradual model for both tests. Concerning the subchondral bone area, it was not feasible to ascertain
a minimum and maximum value. However, more precise values could be obtained depending on
the specific location. The value most closely aligns with this is 1150 MPa, indicated by a horizontal
dotted line in Figure 17B. As illustrated in the exact figure, the value exhibiting a degree of variation
was 76.67 MPa, obtained in the defined model. In comparison, the truncated and gradual pore
models demonstrated a closer alignment with the value observed in human subchondral bone.
Continuing with the areas for trabecular bone, the values were very low, the only exception being
the truncated pore model. Although the range of values between 1147 and 4590 MPa was more
expansive, achieving a more consistent Young's modulus was impossible, as seen in the figures for
the two tests (Figure 17C).
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4. Discussion

We used three distinct unit cells in the “defined” model (see Figure 8). To emulate the
characteristics of trabecular bone, we devised tables for the pore geometry, as scaffolds with this
configuration facilitate more significant bone growth and are more permeable and stable
concerning percentage changes in porosity. This approach enabled us to modify the dimensions of
the unit cell more straightforwardly, allowing for the incorporation of two pore sizes within a
specified range. A range of pore sizes between 300 and 1000 um has been demonstrated to facilitate
osteogenesis without impeding growth. This encompasses the equivalent pore sizes of 500 and 600
pum, which are 0.5 and 0.6 mm in the case of this scaffold model [8, 21].

Concerning the design of subchondral bone, other research indicates that osteochondral
scaffolds typically entail a smooth transition between phases that facilitates the simultaneous
regeneration of articular cartilage and subchondral bone. This transition generally has diameters
ranging between 170 and 195 um, as evidenced by references [16, 21]. Consequently, a primary
pore size of 200 um (or 0.2 mm in the design) was selected for this tissue, while a secondary pore
size of 350 um was also considered. Geometrically, the pore design was chosen to be a hexagonal
configuration. Ramin Rahmani and colleagues had previously concluded that their five-design
approach, precisely the honeycomb configuration, exhibited superior cell growth outcomes [22].

It is crucial to highlight that tiny pores with a diameter range of 100 to 120 um facilitate hypoxic
conditions with low oxygen tension, constraining vascular invasion and promoting chondrogenesis
[12]. However, these small diameters are often undetectable or barely perceptible during the
fabrication of a tangible model. Therefore, based on an investigation that successfully achieved
chondrocyte proliferation using scaffolds with smooth fibers of 250 um in diameter [19], this same
diameter was selected as the most critical pore in the design of the area for hyaline cartilage, applied
to the horizontal diameter of the pores in the ellipse. Similarly, the secondary pore size for the
cartilage area was 350 um, but with an octagonal shape. This geometry was selected based on the
findings of simulations conducted by S. Karuppudaiyan and colleagues, which indicated that it
resulted in a lower Young's modulus, a desirable property for this type of tissue given its
biomechanical characteristics [23].

The geometry and pore size are of significant importance in the design of scaffolds. Consequently,
the truncated pore model employed varying sizes of unit cells and a geometry for unit cells of hollow
hexahedra with cuts in all vertices and perforations in each face. The results obtained by S.
Karuppudaiyan and colleagues indicate that a unit cell with a truncated hexahedron geometry
exhibits a high Young's modulus, although not as high as a complete hexahedron [24]. This is a
crucial consideration when mimicking bone and cartilage, as Young's module of these tissues
exhibits a range of magnitudes. Another pertinent study indicated that bone development and
growth cells might exhibit a proclivity for larger pore sizes. In the design of their scaffold, they
utilized circular rods of approximately 1.3 mm in diameter, positioned one atop the other witha 1
mm interval [25]. Accordingly, the largest unit cell, which corresponds to the osseointegrate zone
for trabecular bone, was designed with dimensions of 1.2 mm x 1.2 mm x 1.2 mm, extending until
reaching the zone for cartilage with dimensions of 0.8 mm x 0.8 mm x 0.8 mm (see Figure 2).

The initial model established that Young's modulus values of cartilage and bone are markedly
disparate, with the former exhibiting a significantly lower range, between 2 and 15 MPa, compared
to the latter, which ranges from 300 MPa for trabecular bone to 15 GPa for compact bone, as

Page 21/25



OBM Transplantation 2025; 9(1), d0i:10.21926/obm.transplant.2501240

documented in the literature [26]. The values obtained for Young's modulus exhibited considerable
discrepancies from the actual values of osteochondral tissue. However, when compared with a
predictive study of optimal mechanical properties for osteochondral defect repair, the authors
proposed reducing the modulus of a scaffold from 60 MPa to 10 MPa from the superficial layer to
the base of the chondral zone [27]. As shown in Figure 5C, the area with the most significant
displacement is the cartilage region, where higher values are found in the superficial layer and
decrease uniformly until reaching the subchondral bone area. This evidence backs the assertion that
a cushioning function is provided, aiding in the transfer of loads. Movement within the cartilage
area encourages and stimulates cartilage metabolism.

In contrast, the truncated pore model shows a more constant but less favorable behavior for the
values sought since 2L and 1L were almost identical in all areas. In the area of cartilage, Young's
modulus remains at the same value in the two tests but with high values. On the other hand, for the
subchondral bone area, the results were satisfactory since, according to an article about the
biomechanics of the osteochondral tissue, Young's modulus value is 1150 MPa, almost equal to the
one obtained in this scaffold [8, 28]. On the other hand, the standard value of Young's modulus for
trabecular bone, also mentioned in this article, is between 1147 MPa and 4590 MPa, which is in an
acceptable range, and the total displacement is evenly distributed across the cartilage area. It
decreases to a minimum value just before reaching the trabecular bone zone, adhering to the
characteristic damping property of cartilage. This behavior was similar in the tensile tests, except
that higher values were recorded in the cartilage area.

The gradual model exhibited unanticipated behavior, as evidenced by the disparate stresses and
deformations observed in the cartilage area. The sheet operation, which encompasses the contour
of the model and its interior, demonstrated varying stress levels. The applied stresses were notably
higher in the model's center, while the periphery exhibited a constant value similar to the remaining
areas. Notwithstanding the observations above, the average value for Young's modulus for this area
yielded satisfactory and consistent results for the 2L and 1L tests. According to the literature, the
implantation of a non-homogeneous scaffold, where Young's modulus is reduced from 60 to 10 MPa,
facilitates the formation of osteochondral tissue. This tissue is characterized by a distinct
composition, with chondral tissue in the cartilage region and bone tissue in the area of bone [27].
Notwithstanding the favorable outcomes in the anterior region, the subchondral and trabecular
bone results remained below the anticipated values. In the former, the values exhibited constancy,
whereas in the latter, the stress distribution exhibited variability at the periphery of the scaffold.
The displacement tended to converge towards the center, encompassing approximately two-thirds
of the model. This was not an optimal outcome, as it did not yield a uniform and favorable
distribution to fulfill a damping function.

5. Conclusions

Three scaffold models featuring various geometric shapes and specific pore sizes were developed
and assessed for design and simulation using SolidWorks and Ansys Workbench to investigate the
mechanical properties of bone and cartilage. The load simulations, both compression and traction,
showed that the truncated and gradual pore models better fit the subchondral bone and hyaline
cartilage parameters. Scaffolds can withstand physiological loads without failing, with deformations
concentrated in the cartilage areas and a gradual decrease in the bone areas.
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Comparative mechanical analysis shows inconsistent results, showing variability in each model.
In the truncated pore model, the values for cartilage were significantly elevated compared to those
observed in human cartilage. The subchondral bone showed an inverse response in the defined
model, with values lower than expected. In addition, the graded model showed values for the
trabecular bone area below the expected range. When designing these scaffolds, it is advisable to
create a thicker structure in the trabecular bone area or a thinner structure in the cartilage and
subchondral bone areas [28, 29].

In conclusion, scaffold designs must have a previous structural analysis to see the effects of the
mechanical loads before their manufacture and application [8]. This study has provided valuable
insights into the design of hybrid scaffolds with lattice structures for osteochondral regeneration.
The results suggest that combining scaffold architectures, especially the truncated and gradual pore
models, could effectively regenerate articular cartilage and underlying bone. Future research could
explore the optimization of these designs and their application in vitro trials to validate their
effectiveness in repairing grade IV chondral lesions and their use in 3D printing models.

6. Future Perspectives

Carry out new simulations of the models with different biomaterials, especially biopolymers, to
study their mechanical behavior with the proposed structures and those presented by other authors
[11-13].

The wall thickness for trabecular tissue models should be increased or reduced for subchondral
tissue and cartilage zones to improve the biomechanics of the proposed models.

Replicate models with different pore sizes and observe if the mechanics of the structures vary
with the loads previously established in this work.

Carrying out stress tests considering the forces exerted by tendons on joints would give us a
better understanding of the models' behavior and their interaction with other types of tissue.
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