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Abstract: Current commercial software tools implement turbulence models on computational fluid
dynamics (CFD) techniques and combine them with fluid-structural interaction (FSI) techniques.
There are currently a great variety of turbulence methods that are worth investigating through a
comparative study in order to delineate their behavior on scaffolds used in tissue engineering and
bone regeneration. Additive manufacturing (AM) offers the opportunity to obtain three-dimensional
printed scaffolds (3D scaffolds) that are designed respecting morphologies and that are typically
used for the fused deposition model (FDM). These are typically made using biocompatible and
biodegradable materials, such as polyetherimide (PEI), ULTEM 1010 biocompatible and polylactic
acid (PLA). Starting from our own geometric model, simulations were carried out applying a series
of turbulence models which have been proposed due to a variety of properties, such as permeability,
speed regime, pressures, depressions and stiffness, that in turn are subject to boundary conditions
based on a blood torrent. The obtained results revealed that the detached eddy simulation (DES)
model shows better performance for the use of 3D scaffolds in its normal operating regime. Finally,
although the results do not present relevant differences between the two materials used in the
comparison, the prototypes simulated in PEI ULTEM 1010 do not allow their manufacture in FDM for
the required pore size. The printed 3D scaffolds of PLA reveal an elastic behavior and a rigidity that
are similar to other prototypes of ceramic composition. Prototypes made of PLA reveal unpredictable
variability in pore and layer size which are very similar to cell growth itself and difficult to keep
constant.

Keywords: 3D scaffold; CFD-structural; fluid-structural interaction; tissue engineering; bone regener-
ation; 3D printing materials

1. Introduction

In tissue engineering (TE) and bone regeneration, a bone tissue scaffold [1] defines an
artificially prepared temporary matrix with a three-dimensional structure. The scaffolds
must consist of a three-dimensional porous structure with high inter-connectivity while
supporting and maintaining the original tissue shape. These provide support and channels
for cell seeding, proliferation and differentiation, vascularization, and transportation of
nutrients, as well as metabolic waste [2,3]. The mechanical properties of the scaffolds must
match the implant site to ensure mechanical stability in the healing process, thus avoid-
ing stress shielding. Similar to implants or prostheses, scaffolds must be biocompatible,
biodegradable and osteoinductive [4,5]. The mechanical stimulation of scaffolds in the
body includes matrix deformation. The flow of interstitial fluid (ISF) is a relevant method
for the mechanical stimulation of scaffolds [6,7]. ISF flows under the action of a mechanical
load, muscle contraction, blood pressure, etc. Furthermore, these forces generate fluid
shear stress (FSS) and wall shear stress (WSS) [8,9] on the scaffold surface.
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Ouyang et al. [10] and Seyed et al. [11] have investigated the influence of pore size
on the hydromechanical properties of porous scaffolds, as well as the correlation with cell
response and bone regeneration. They describe a scaffold with pores the size of 650 pm
making use of titanium material. Xingzhi Liu [12] have used the same pore size; however,
they utilized a poly(L-lactic acid) electrospun microfibrous structure. Zamani et al. [13]
have studied the distribution of FSS in scaffolds with different pore sizes: 300, 600, and
900 um. To generate the desired level of mechanical stimulation in FSS, Zhao et al. [14]
have combined the CFD and the finite element (FE) methods to quantitatively evaluate
the influence of scaffold geometry (structure, pore size, and porosity) on FSS. Despite the
fact that there is only one type of ceramic material printed stereolithography (SLA) used,
Mirkhalaf et al. [15] highlight the importance of the architecture of the scaffold and the
relevance of the geometric parameters in its selection. However, none of these works show
any use of CFD calculation methods or turbulence models.

Mendoza et al. [16] state that the k-¢ model is the most often used model in fluid
dynamics for the calculation of turbulent flows. Its standard version is only based on two
transport equations for the estimation of turbulence: the eddy kinetic energy (k) and the
eddy energy dissipation rate (¢), assuming a total turbulent flow. The k-w standard or
Wilcox model is based on the equations of k and the specific dissipation rate (w). The k-w
SST (shear stress transport) model, developed by Ansys Fluent, improves the formulation
in such a way as to take advantage of the robustness and efficiency of the k-w model in
the inner zones of the boundary layer. The precision of the k-¢ model in the outer zones
decreases the weakness of the Wilcox model given the presence of the higher Reynolds
values. The model also improves the calculation of the FSS derived from turbulence, as
well as the computation of the pressure gradients [17].

Tiftikgi et al. [18] and Wei et al. [19] conclude that the Reynolds average Navier—Stokes
(RANS) models, using the Boussinesq eddy viscosity hypothesis, fail to take into account
an isotropic eddy viscosity, as it does not fully reflect reality. Thus, they are not suitable to
calculate turbulence or anisotropic flows. In order to solve this limitation, the application
of the Reynolds stress model (RSM) is necessary. Instead of assuming the eddy hypothesis,
this model resolves the transport equations for each term of the Reynolds stress tensor. In
many cases, the RANS models based on the Boussinesq hypothesis provide good results.
Thereby, the computational power and time of the RSM model are justified under the
presence of a high number of eddies or secondary flows. These authors also indicate
that the large eddy simulation (LES) model, which belongs to the filtered-type models,
calculates eddies directly in an unsteady simulation. Neither of them makes assumptions
on the eddies with a size lower than the mesh element size; these are simply neglected,
thus decreasing the computing time. The LES models are not suitable for very complex
geometries. Nevertheless, in the case of eddy flows, the LES models approach experimental
values in a better way than the RANS-type models.

The direct numerical simulation (DNS) calculation method simulates the whole turbu-
lence range from the Kolmogorov smallest microscale to the integral scale, avoiding the
application of eddy models. The main limitation of this method is that it requires some
previous meshing calculations that depend on the Reynolds number. In the case of water,
the number of meshing processes is of the order of 10!!, which is impossible to address
with the actual processing technology. Therefore, different models must be used for the
calculations of eddies. For the Reynolds stress calculation, the Reynolds stress tensor or the
Boussinesq eddy viscosity hypothesis can be used, given that these relate to the Reynolds
stress with the velocity gradients. If the latter is applied, then different calculation methods
can be considered to obtain the eddy viscosity, such as the Spalart-Allmaras method, the
k-¢ and the k-w methods or any of their variations. In the case of the Spalart—Allmaras
method, a single additional equation is used, whereas the k-¢ and k-w methods include
two additional equations. On the contrary, the very large eddy simulation (VLES) models
filter a large amount of the eddies, as they apply the k-¢ or k-w methods to subsequently
apply a filter. The scale adaptive simulation (SAS) model is the improved version of the
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unsteady RANS models, as it is based on the Rotta scalar length equation reformulation,
representing a combination of the Rotta and the k-kl (k-kl- w transient) models. This
model’s performance is similar to detached eddy simulation (DES) models, overcoming
the RANS and LES models for poor meshes. Lastly, the DES model was formulated in
order to solve the caveats of the LES methods, particularly for bounded flows at high
Reynolds numbers, where the LES simulation takes a very high computing power. The
DES model is a LES-RANS hybrid, as it is based on a LES model. However, the boundary
layer and surroundings were simulated with RANS models, such as the Spalart-Allmaras,
the realizable k-¢ and the SST k-w, that were modified for unsteady systems.

The diagram shown in Figure 1 depicts a classification of the main CFD calculation
methods currently used and previously commented.

‘ DNS ‘
W‘ Reynolds tensor I . RSM ‘
| =
RANS i « Spalart-Allmaras
- T —
oussinesq’s
g K-
hypothesis
‘ Filtered ‘{_*, LES A K-w ‘
o SAS
‘ Mixed 1
|
‘i DES

Figure 1. Classification according to the CFD methods calculation. DNS: direct numeric simulation;
RANS: Reynolds average Navier-Stokes; RSM: Reynolds stress model; LES: large eddy simulation;
SAS: scale adaptive simulation; DES: detached eddy simulation.

AM, as well as 3D printing (3DP) [20], allow the manufacture of any type of complex
geometry whose processes imply the addition of layers upon layers of material until
obtaining the part or the prototype pre-designed in 3D using a CAD software tool [21].
Some authors have called these techniques computer-aided tissue engineering (CATE) [22]
and other designed applications, based on the same concept [23,24]. According to [25,26],
among these additive technologies, FDM is one of the most widely used methods due
to its simplicity, versatility, low cost and the large number of materials that it is able
to carry [27]. Within FDM, the properties of the materials are highly influenced by the
processing parameters (3D printers) [28]. For these reasons, it is necessary to test this
manufacturing technology with some biocompatible materials capable of reproducing
geometric architectures required by 3D scaffolds.

In this work, a comparative analysis is carried out to find the most adequate turbulence
method for the design of a 3D scaffold by FDM 3D printing techniques [12,29]. For this,
two biocompatible materials of similar densities were selected which are commonly used in
FDM additive manufacturing type (polyetherimide “PEI”, ULTEM 1010 biocompatible and
polylactic acid “PLA” materials); a geometry was also selected based on the FDM’s own
layer-by-layer extrusion. Furthermore, PLA possesses properties that include biocompati-
bility and degradability, and it is the main polymer which is used as a precursor in the FDM
technique [30]. In regard to Suffo [31] and Suffo et al. [32], the commercial PEI-ULTEM
1010 material was subjected to tests that were meant to solve the adhesion problems in
dental prostheses. Additionally, this material has had the best result in a recent cytotoxicity
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test (ratio live/dead) as can be seen in reference [33], improving on materials such as Ti5,
polyether ether ketone (PEEK) and even on PLA itself. Thus, this material is worth trying
as a scaffold due to its good biocompatibility and viability properties in cell growth. It is yet
unknown whether it is possible to manufacture porous 3D scaffolds with PEI-ULTEM 1010
at small sizes directly from the filament material by applying FDM techniques. A new CAD
3D model is designed and imported to a finite element-CFD software package in order
to investigate the fluid properties of the scaffold. Once the best CFD calculation method
was selected, the physical and mechanical properties of the 3D scaffolds showed a better
performance within its usual work environment. Finally, the two biocompatible materials
with three different configurations of pore sizes (300, 400 and 500 um) were compared with
the best combination of macro and micro properties present: porosity (pore and layer size),
viscous stresses and pressure drops [13].

2. Materials and Methods
2.1. Fluid-Structural Simulation Test

In order to carry out the selection process of the fluid-structure interaction (FSI)
calculation method, a comparative fluid flow analysis was made through the 3D scaffold.
The two-way FSI methods (K-¢ realizable, K-w SST, Reynolds stress-w; SAS and DES
K-w SST) were used to evaluate the fluid equivalent Von Mises stress on a 3D geometric
model designed especially for FDM process (see Figure 2a). The models have the following
dimensions for 300, 400 and 500 um pore size: 9 mm x 0.47 mm x 9 mm, 10 mm x 0.47 mm
x 10 mm and 11 mm x 0.47 mm x 11 mm (length x width x height) (see Figure 2b).
The proposed geometric design tries to avoid cubic geometric matrices that present sharp
corners.

(9)0110(11)

Solid Domain Fluid Domain

0.48

Outlet Zero Static
Pressure (P=0Pa)
—

Inlet fluid flow
(v=2m/s)

(a) (b) (c)

Figure 2. The 3D scaffold, including an (a) isometric view and (b) basic dimensions. (c¢) Two domains:
the enclosure domain and model domain.

Ansys fluent and Ansys mechanical APDL (steady structural) were used to perform
the two-way FSI analysis to predict pressures and vacuums, velocity, WSS and FSS. To
simulate the effect of the loading conditions, the scaffold was introduced in a prism whose
dimensions fit the scaffold (Figure 2c). Physical properties that reproduce the blood-
stream regarding density and viscosity were simulated inside the prism (at a density of
1074 Kg/m?3, as the blood density is within the range of 1056 and 1088 Kg/m? and a
dynamic viscosity of 3.5x1073 Pa-s) [18,19,34]. The mechanic properties of the scaffold
material were empirically obtained from the tensile test, which allowed us to establish
its elasto-plastic behavior. According to the fluent mesh, a scaffold solid model domain
was a tetrahedral mesh. The fluid model domain was composed by hexahedron and
tetrahedron meshes composed of elements which were 0.12 mm in size, with the total
number of elements being 2,940,976. The structural mesh consisted of 154,143 elements,
mainly tetrahedrons. The ASME grid convergence index (GCI) method [35,36] was carried
out by varying the size of the elements between the range of values (0.15-0.12 mm) and
(0.12-0.07). It was decided to use a criterion of maximum admissible error of 5% in GCIL.
The range comprised of 0.12-0.07 mm revealed an average approximated error of a 2%, an
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average extrapolated error in the interval 2.5% < eext < 3% and a GCI in the interval 3% <
GCI < 4%, making use of the physical parameters measured in both simulations. In the case
of 0.15-0.12 mm, the errors were greater than the maximum admissible. For all simulations,
the “Wall y*” parameter was calculated to provide information on the proximity and
reliability of the mesh in areas close to the boundary layer [37]. The parameter Wall y*
presents very similar maximum values for both materials included in the internal 5 < y*
< 10. Therefore, the boundary layer is located in the buffer zone, that is, the transition
region between the viscosity-dominated region and the turbulence-dominated part of
the flow. These values reveal a minimal relative influence of viscosity in the calculation
of shear stresses [38]. As indicated before, the geometric model describes one modular
structural level that is scalable to more levels. Each level is made up of 2 coils crossed at
90°, attached by a solid covering. For the CFD study, a steady problem based on pressure
was proposed, with the gravitational stress being neglected and using the Navier-Stokes’s
viscosity equations. According to the control volume, an inlet fluid velocity of 2 m/s
was applied to the top surface, whereas a zero-pressure outlet was applied to the bottom
surface. A boundary wall condition with no shear stress was assumed for the sides and
result convergence was performed applying a residual criterion value of 1x10~° [39]. All
simulations were carried out on a Dell precision tower 7920 workstation equipped with an
Intel Xeon Silver 4216 2.1 GHz (3.2 GHz Turbo, 16 cores, 9.6 GT /s 2UPI, 22 MB Cache), and
each complete simulation was performed at one time over approximately 4 h.

Once the results of the CFD analysis were obtained, the pressure distribution on the
external surface of the model was exported as additional forces in the static structural
analysis, with the aim to prove the stability of the model under stress. The bottom flat
surface of the model was fixed by a supporting point.

2.2. SEM

The printed 3D scaffolds were also analyzed by scanning electron microscopy (SEM)
techniques to investigate the morphology of the materials at the micro and nano scales
and to investigate the distribution of the pore sizes. Images were acquired at (x67-x71)
magnification using a Dual Beam FEI Scios 2 microscope.

2.3. Materials

The 3D scaffold used in the simulation tests was made of PEI material [40,41], particu-
larly ULTEM 1010 filament biocompatible, which was supplied by Sabic (Riyadh, Saudi
Arabia) and adapted for a Fortus 450 MC machine. A T14 type nozzle (0.33 mm) was used
to manufacture it. The same material was used for the support material by means of a T16
type nozzle (0.254 mm) according to [15]. As reported by the manufacturer’s data sheet
(see an extract in Table 1), the YZ orientation in the manufacture of the scaffold presents
a higher tensile stress value, and thus, such a configuration was used in the machine’s
software [33].

Table 1. ULTEM™ AM1010F biocompatible used in this study.

Xxy!? Xz1 YZ1

Tensile Modulus 2 [MPa] 2750 2865 2840
Tensile Stress 2 [MPa] 34 73 80
Tensile Strain 2 [%] 4 3.8 1.3

Specific Gravity [g/cm?] 1.27

1 The orientation of the coordinate axis (according to [40]). 2y =5 mm/min.

Acording to the manufacturer’s data sheet (see an extract in Table 2), the results
obtained were compared with the same 3D scaffold, however, using PLA filament biocom-
patible material supplied by RS Pro and adapted to a Ultimaker 2 Extended+ machine. A
layer height of 0.2 mm, wall thickness of 0.7 mm, 15% of infill density, 200 °C of printing
and 60 °C of build plate temperatures was used to manufacture it.
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Table 2. PLA biocompatible used in this study.

Tensile Modulus ! [MPa] 3310
Tensile Stress ! [MPa] 110
Specific Gravity [g/cm?®] 1.24

1y =5 mm/min.

2.4. Mechanical Properties

The mechanical properties were characterized by uniaxial compression (Shimadzu
AG-I Autograph) with a 5 kN load cell and a speed of 0.05 mm min~!. The tests were
carried out on samples obtained by 3D scaffolds printed in PLA. The compressive strength
and maximum strain were obtained from the maximum strain before the crush, and the
elastic modulus was obtained from the initial slope of the stress-strain curve. For this,
specific areas of each 3D-printed scaffold (300; 400; 500 pm) were measured; these are:
(89 + 0.5;106.7 & 0.2; 127.9 + 5.7 mm?). The thicknesses maintained constant values and
were equal to 0.45 mm in all areas.

3. Results and Discussion
3.1. Selection of the FSI Calculation Method

Table 3 summarizes the results obtained with 5 different calculation methods applied
to a 400 um 3D scaffold.

Using these results, it was possible to choose the best FSI method that led to the
continuation of the study. The K-¢ model was rejected, as its outputs showed noticeable
discrepancies compared with those obtained with the rest of the models. Similarly, the
Reynolds model was discarded based on the outputs observed in the turbulence graphic.
Despite the fact that the remaining three models showed minor differences, the DES model
was finally selected, as the other two models (K-w and SAS) provided similar turbulence
results. The DES model reached a better performance by considering smaller or lower
energy eddies.

For each of the materials used in the comparison, the parallel between the DES
calculation in the scaffolds containing different pore sizes (300, 400 and 500 pm) is shown in
Figure 4. Despite a higher speed value than reported in previous studies, the used material
supported the blood-induced viscous stress in the three configurations of the pores. As the
size of the pore increased, the decreasing tendencies in all the physical properties showed
significant improvements, resulting in permeability enhancement [17-19]. It is interesting
to observe that the pressure drops as low as 300 pm for PLA, while PEI turns out to be
the highest of all. In all the physical properties studied, PLA shows similar results to PEI,
highlighting an improvement in pore size of 400 pm in viscous tension. This reveals that
this pore size could be very suitable for this material. PLA shows improvement ratios
between pore sizes in all the properties studied.

The Re that were determined taking into account Darcy’s law were between 1000-1200
(300 um-500 pm, respectively). The results are based on the parameters obtained from
maximum velocities inside different pores.

Haley et al., 2021 [34] have evaluated Re for cases of stenosis due to the disparity of
the values used in these cases. The values obtained here are significantly higher than those
shown in their study.
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Table 3. Comparative results of the physical properties obtained when 5 different methods were

applied.
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Furthermore, plots included in Figure 3 illustrate the comparative results for each

property.
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Figure 3. Graphic representation of the quantitative results obtained for each physical property
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However, the parameters considered by these authors would not be similar to the case
studied in this paper. This trend also indicates that if the size of the pore increases, the
flow within becomes more turbulent. Nevertheless, the size of the pore shall be chosen
according to biochemical criteria and convenience for cell growth, as the larger the pores,
the more difficult it is for the cell to find a stable and inductive specific surface to reproduce.
The observation shows the influence of the surface on the scaffold at regular intervals of
cell growth and how the size of the pores progressively diminishes.

The results of the CFD-structural analysis allow the PLA material with the 400 um
model to be chosen due to the improvement seen in the mechanical properties, particularly
the Von Mises maximum stress caused by the viscous friction as an external load, which is
51%. This is as compared to the value obtained in the 500 um model, which is equivalent to
only 28%. That is because of its larger mass and volume of the internal forces as well of
deformations. It is interesting to highlight the very similar behaviour that both materials
present in the WSS parameter for 400 um, while PLA supports less Von Mises stresses. This
may be due to the influence of the higher stiffness of this material in the structural static
analysis.

Similar trends occur with the turbulence energy in PLA. For all sizes, they are lower
than those obtained with PEI material.

3.2. The Manufacturing of 3D Scaffolds

The manufacture of the 3D scaffolds with the PEI-ULTEM material was not feasible
given the existing limitations in the extruder nozzle. Each layer of this material in the
Fortus 450 MC supposes a thickness of 0.33 mm, which requires a redesign in its geometry
so that it can admit this limitation. The melting temperature is too high (close to 300 °C)
to be used on another desktop printer, such as the Ultimaker. Although an attempt was
made to adapt the 3D scaffold model to the specific requirements of the printer nozzle,
no valid results were achieved, and too much time was used stabilizing the printer and
material, which reduces the possibility to produce this type of small and porous part using
this technology.

However, the manufacture of the 3D scaffold in PLA material was possible in the three
pore sizes. Figure 5 shows the printed 3D scaffolds.

300 pm PLA 400um PLA 500 pm PLA
“”l”“l"”I““ \m\m\ \\\\\\\\\\\\\\\\\\\\\\\\

O

Figure 5. Final geometry of the 3D scaffolds with 300, 400 and 500 pm pore size in PLA material.

Figure 5 illustrates the precision obtained after the manufacturing process. The PEI-
ULTEM material sample does not show void architecture due to the unique deposition
process of the Fortus 450 MC printer. Reference [42] does obtain a porous structure of
800 um by means of FDM with a type of PEI material acquired in granules. Subsequently,
a prior extrusion filament was obtained. Regardless of the additional cost involved, each
process adds uncertainty to the characteristics of the PEI material. However, these cannot
be comparable models, since, in the present case, the manufacture is carried out directly
from the PEI filament acquired from the Sabic manufacturer and is not manufactured with
the same printer. The samples in PLA material present a very regular architecture of pores,
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without cracks perceptible to the naked eye. As this is the first time that a geometric model
using this particular material and characteristics was made, comparisons and discussions
with previous studies were not feasible.

3.3. SEM Test

We have performed SEM studies on a 3D scaffold of PLA material to analyze the accu-
racy of the three pore size settings and the size of the printed layers. Figure 6 displays the
highly variable layout and sizes of this type of 3D scaffold made with the FDM technique.

400 pm

Top view

Cross Section|
view
(thickness)

Figure 6. SEM analyses of 300, 400 and 500 um. The figure contains images to measure the pore size,
the molten layers deposited in the top view and the thickness of the 3D scaffolds in the cross-section
view.

In none of the cases is there a clear trend towards a fixed pore size. However, in the
layer width, two superimposed layers are observed that correspond to the passes made by
the extruder nozzle in each direction. A total 12 measurements have been carried out in
different places; the average pore sizes measured for 300, 400 and 500 pm turned out to be
175.95 + 19.55 um, 238.78 & 19.45 um y, and 382.82 & 43.37 um, respectively. Contractions
have been applied to the pores, whose magnitudes were close to 40% in 300 and 400 pm, as
well as 23% in 500 pm. Similarly, the average measured layer sizes turned out to be 517.77
=+ 25.42 um, 557.68 £ 13.35 um, and 549.37 £ 17.45 um, respectively. The cross-section
view shows an offset zone between the lower part of the 3D scaffolds and the first layer
deposited, whose measurements are: 223.4 £ 7.93 um, 247.83 & 1.15 um and. 238.47 & 9.26
um. This offset may be due to a lower contraction of the material in that lower area attached
to the tray, in which the temperature gradient is not that high. Similarly, the thicknesses of
each of them have been measured, applying the correction of the corresponding angle until
obtaining its true magnitude, resulting in: 460.40 £ 16.19 um, 460.40 £ 16.19 um, 488.9 £
22.04 um and, 545.50 = 9.1 um. This last result suggests an increase in thickness as the pore
size increases and, therefore, the size of the 3D scaffold increases as well.

3.4. Mechanical Properties-Uniaxial Compression

Figure 7 shows the stress-strain curves for both 3D scaffolds (300; 400; 500 um). The
mechanical properties were analyzed based on uniaxial compression tests. The 3D scaffolds
showed a compressive strength of 3.9 &+ 0.1, 3.4 & 0.3, and 3.3 £ 0.9 MPa; an elastics
modulus of: 2.0 + 0.3, 1.5 + 0.2, 0.9 & 0.1 MPa; and a maximum strain before crush of 82.8
+0.7,84.9 £ 3.9, and 94.5 &+ 3.7%. As shown in the following curves, Young’s modulus
decreases with increasing mesh size. Thus, the higher the pore value, the less resistance
to damage for the interior walls of the pieces in the yield. This becomes evident in the
variability of the replicas corresponding to 500 um. On the contrary, stiffness is higher, and
repeatability of the replicas is very high in the other two sizes. This characteristic reveals
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that small pore sizes better support viscous stresses applied in the center, where buckling
stresses are most critical. The lower Young’s modulus of all the 3D scaffolds suggests that
the sample has a similar behavior under load, a higher elastic character and withstands
greater deformation. The stress-strain curve shows a first elastic region until reaching
25-30% deformation, when the material behaves like a foam material (with a certain
viscoelasticity). Subsequently, the curve presents an elastic zone where the densification
remains practically constant up to the yield point. From there, a hardening takes place
due to the deformation up to the crush of the structure without rupture. The mechanical
properties obtained by the 3D scaffolds are similar to structures of hydroxyapatite, silica,
and gelatine that have maximum strain stress of 3.8 & 1.1 MPa or compositions of gelatine,
carbox-ymethyl chitosan, and 3-TCP with maximum values of 2.5 & 0.2 MPa [43].
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Figure 7. Stress-strain curve for uniaxial compression test.

4. Conclusions

Despite the incipient unknowns, a new 3D scaffold for tissue engineering and bone
regeneration has been designed based on FSI. Compared to the most currently used model
in CFD-structural (k-¢ or k-w), the turbulence model comparison shows that the DES
turbulence model is the most appropriate for this type of analysis. The external architecture
of the 3D scaffolds was designed for specific additive manufacturing using the FDM
technique (that is, a single layer to reduce the weight of the part to be implanted as much
as possible). Thus, a geometric model was designed based on layers, disposing of an outer
envelope, whose combination creates an internal architecture of micropores or hollows
of different sizes (300, 400 and 500 um) which are free of acute angles and sharp edges.
The simulations carried out with two types of biocompatible materials, PEI-ULTEM 1010
and PLA (the latter being biodegradable), were stable against a bloodstream characterized
by a high speed of 2 m-s~!. The bibliography had not collected such a high value for
this parameter in the fluid-structural simulation. A value of 0.55 m-s~! would be a valid
hypothesis in normal conditions at the outlet of the aorta. Maximum values of up to
1.3 m-s~! have been found in the mitral valve [44]. However, the speed with which a
hemodialysis machine pumps blood is 2 m-s~!. Therefore, it is considered to be the most
unfavorable case for the present study. Both materials had a similar behavior for the pore
size corresponding to 400 um per size model, especially in the WSS parameter. This data
suggests the choice of this pore size as the most advisable in this type of 3D scaffold. On the
contrary, there is a notable difference in the range of depressions in a pore size of 300 pm,
which may be due to the difference of the drop pressure parameter. The attempts to print
prototypes in PEI-ULTEM 1010 were unsuccessful due to the characteristics of the Fortus
450 MC printer, which prevented the generation of micropore sizes on such a low scale. It
was also not possible to print the PEI-ULTEM1010 material in filament from the Ultimaker
printer due to the temperature limitations present in this type of desktop printer. The
technical application of microperforation using a femtosecond laser with a wavelength
in the infrared and pulse width appropriate to the material is reserved as a future work
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for this material. This technique would be more recommended for the creation of such
micropores on solid prismatic 3D scaffolds, which are non-viable by FDM using filaments.
This solution would make its serial production viable.

The prototypes printed in PLA were successful, although it is possible to adapt its
geometry much better using FDM to gain precision in its manufacture. The microscopic
analysis revealed a large variation in the sizes of pore and extrusion layers, making their
accuracy unpredictable. The contraction suffered in the deposition of the material is
inversely proportional to the pore size. However, the search for this accuracy in geometry
may be unnecessary considering that these 3D scaffolds, once implanted in the human
or animal body, would lose their initial geometry relatively quickly to make way for
tissue growth, which is also unpredictable. The mechanical properties obtained by the 3D
scaffolds printed in PLA reveal that the Young’s modulus of the scaffolds are similar to
similar pieces made of ceramic materials. Knowing the most suitable turbulence model
for these complex geometries, as well as the most suitable material for the FDM technique
and an approximate pore size, it will be necessary to apply some cell viability assays (ratio
live/dead) in vitro and also in vivo.
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