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Abstract: This study investigates the fluidic properties of the Diamond and SplitP structures with
varying porosity levels (55%, 65%, and 75%) for tissue engineering applications using computational
analysis. The scaffolds were designed using nTopology software and optimized to achieve the
desired porosity and mechanical properties. The power law model was utilized to analyze blood as a
non-Newtonian fluid. The study aims to optimize the scaffolds by observing fluidic characteristics
such as permeability, pressure drop, and wall shear stress (WSS) to make them the optimal choice
for bone tissue engineering applications. The results demonstrate that increasing porosity leads to
higher permeability and lower pressure drop and WSS across the scaffolds. The findings suggest that
the optimized Diamond and SplitP scaffolds with appropriate porosity levels can provide a suitable
environment for cell adhesion, migration, proliferation, and differentiation, making them promising
candidates for bone tissue engineering applications.

Keywords: triply periodic minimal surfaces; permeability; wall shear stress; Diamond; SplitP;
tissue engineering

1. Introduction

In the field of tissue engineering, there has been a significant focus on the application
of porous scaffolds for the regeneration and treatment of injured organs in recent years [1].
3D printing, also known as additive manufacturing, has been extensively utilized in a
range of medical uses, including prosthetics and implants. The current research focuses on
bone implants, which can be manufactured utilizing Autograft or alternative materials like
polymers, ceramics, and metals [2,3]. Designing a scaffold with an optimal architecture,
which includes factors such as porosity, pore size, and pore shape, is a complex process.
This complexity arises because the design parameters directly impact the mechanical and
biocompatibility characteristics of the scaffolds [4].

Triply Periodic Minimal Surface (TPMS) structures are being explored for their po-
tential use in 3D-printed bone implants, a lattice structure with repetitive surface patterns
in three-dimensional space with zero mean curvature at each local point [1]. Evaluating
the mechanism of fluid flow and its impact on permeability or wall shear stress (WSS)
is crucial. This is because these parameters directly affect the cellular bioactivity within
scaffolds. Dias et al. [5] conducted a computational and experimental analysis on scaffolds.
The results revealed that by increasing the porosity and pore size, the permeability also
increases. Another crucial aspect in simulating blood flow and evaluating its effects on
WSS is considering the fluidic nature of blood. It is widely recognized that blood acts as a
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non-Newtonian fluid, especially at low shear rates, which are below 100 s ! [6]. Marin and
Lacroix carried out a study to examine the impact of structural variability in regular scaf-
folds across different samples on the magnitude and distribution of wall shear stress (WSS)
through CFD simulations. Their findings revealed that geometric inconsistencies caused
notable differences in both the velocity and WSS among the samples [7]. Researchers have
used various numerical models such as the Carreau—Yasuda [8] and power law [9] models
for non-Newtonian fluids. Davar et al. performed numerical investigation on different
architectures to study their fluid flow behavior. The results showed that the permeability
of the Diamond lattice outperforms the other scaffolds [10]. Ali and Sen conducted a CFD
analysis on different type of scaffolds using the power law.

Previous studies in bone tissue engineering have extensively examined the Diamond
scaffold, demonstrating its favorable properties for fluid dynamics and biocompatibility.
However, the SplitP structure remains largely unexplored in the literature. Our research
uniquely addresses this gap by developing and optimizing both the SplitP and Diamond
TPMS scaffolds. A computational analysis was conducted to assess their fluidic character-
istics, including permeability, pressure drop, and WSS. This study aimed to evaluate the
SplitP scaffold in this context, offering novel insights and a direct comparison with the Dia-
mond structure. Our findings aim to establish the optimal scaffold design for applications
in bone tissue engineering.

2. Material and Methods
2.1. Scaffold Design

TPMS scaffolds, specifically the Diamond and SplitP structures, were designed using
nTop 5.4.2 software. The scaffolds were created with three distinct porosities: 55%, 65%, and
75%, to investigate the effects of different porosity levels on the fluid flow and structural
performance. The porosities of 55%, 65%, and 75% were selected as they represent a typical
range for effective performance within the supported cellular structure responses, which
commonly range from 50% to 90% [11]. The geometries were generated and optimized
to achieve the desired porosity and mechanical properties. The resulting scaffold designs
were then converted into a computational model with a tetrahedral unstructured mesh.
CAD models for both structures are shown in Figure 1:
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Figure 1. CAD models at 55% porosity: (a) SplitP scaffold; (b) Diamond scaffold.
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2.2. Governing Equations

The Navier-Stokes equation was employed to describe the behavior of an incompress-
ible fluid with a constant density [10]:

0
pa—lt1 —uV2u+p(u.V)u+ Vp=F 1)

Vu=0 (2)

where u represents the velocity of the fluid, j1 represents the dynamic viscosity, V represents
the del operator, p represents the pressure in Pascals, and F represents any additional forces
acting on the fluid (such as gravity, although in this case F = 0) [12].

The power law model is utilized for calculating fluid viscosity to analyze blood as a
non-Newtonian fluid [9]:

W= Kynilpmin < B < Hmax 3)

where K (kg.s"2/m) indicates the consistency index, y (s ') is the shear rate, n is the
power law exponent, and p,;, and .y are the minimum and maximum viscosity cutoffs,
respectively. The values selected for K and n were 0.017 and 0.708 mPa.s", respectively.
The power law model was selected for its ability to accurately characterize the rheological
behavior of non-Newtonian fluids encountered in the CFD analysis of TPMS structures,
providing a robust representation of the shear-thinning or shear-thickening properties
observed in these fluids. This setting ensured that the viscosity calculated from the power
law remained within a reasonable range during the computational investigation [13].
The permeability for non-Newtonian fluids can be calculated by [14]:

1/n
k= uK(i})) (4)

where u represents the fluid flow velocity at the inlet (m/s), L represents the length of
the model (m), p represents the dynamic fluid viscosity (kg/(m.s)), and Ap represents the
pressure drop (Pa).

The Reynolds number for non-Newtonian fluids can be calculated by [14]:

pulL
Ha

Re = (5)
where p, u, L, and p, represent the density, fluid velocity, characteristic length, and
apparent viscosity of the fluid, respectively. For this non-Newtonian fluid, the Reynolds
number is calculated to be 0.064, signifying that the flow is within the laminar regime.

2.3. Discretization and Boundary Conditions

In the numerical investigation, the fluid flow within the TPMS scaffolds was simulated
to evaluate their performance under physiological conditions. To ensure grid independence,
a mesh sensitivity analysis was performed using element sizes of 0.5, 0.7, and 1 mm. A
mesh size of 0.7 mm resulted in minimal variation (<3%) in the WSS, confirming the grid
independence for further simulations. The flow conditions were replicated by assigning a
velocity of 0.7 mm/s to the inlet. The scaffold walls were subjected to no-slip boundary
conditions. To ensure an accurate flow simulation, a zero gauge pressure condition was
imposed at the outlet, as shown in Figure 2. The viscous model employed was laminar
flow, suitable for the low Reynolds number regime typical of physiological conditions.
Blood, treated as a non-Newtonian fluid, was modeled using a power law relationship to
account for its shear-thinning behavior. The computational approach utilized a coupled
scheme with first-order upwind discretization methods to solve the governing equations
of fluid flow. This method provided a robust and stable solution, ensuring an accurate
representation of the fluid dynamics within the scaffolds.
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Figure 2. Boundary conditions on scaffolds.

3. Validation Study

The current numerical methodology has been validated by comparing its results with
those reported in the existing literature. Specifically, we compared the results of the Gyroid
structure for permeability with the study by Ali and Sen [14], who utilized the power law
model for their analysis. Our results show good agreement with those obtained by Ali and
Sen [14], indicating a high level of accuracy. Figure 3 demonstrates the validation of our
numerical approach for determining the permeability of the Gyroid structure.
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Figure 3. Comparison of permeability results for the Gyroid structure [14].

4. Results and Discussion

The CFD analysis of the SplitP and Diamond TPMS scaffolds revealed that increasing
the porosity enhances the permeability and reduces the pressure drop, which is crucial
for effective nutrient delivery and waste removal in tissue engineering. Specifically, scaf-
folds with 75% porosity exhibited the highest permeability and the lowest pressure drop,
confirming that higher porosity facilitates a smoother fluid flow. The WSS decreased
with increasing porosity, with the lowest WSS observed in scaffolds with 75% porosity.
Figures 4 and 5 show the velocity contour of Diamond and SplitP with varying porosity
levels from 55 to 75% with an increment of 10, respectively. In Figure 4, 55% porosity
shows that the fluid flow is more uniform, with higher velocities concentrated in the spaces
between solid sections, indicating smoother and broader high-velocity regions across the
XY, YZ, and ZX planes. As porosity increases to 65%, the overall velocity magnitude
decreases, and high-velocity regions become more localized, showing distinct channels
where the fluid prefers to flow. At 75% porosity, this effect is further pronounced, with
narrow and irregular high-velocity pathways, suggesting that higher porosity constrains
the fluid to more complex and less predictable pathways. In Figure 5, 55% porosity shows
that higher velocities are concentrated around the openings within the structure, with
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smooth and relatively uniform flow patterns. As porosity increases to 65%, the overall
velocity magnitudes decrease, and high-velocity regions become more localized around
structural voids, indicating that the fluid flow prefers specific pathways. At 75% porosity,
the velocity magnitudes further decrease, and the flow becomes constrained to narrow
regions with more complex and irregular patterns. Figures 6 and 7 show the pressure
contours of Diamond and SplitP, which show that the pressure decreases as the poros-
ity increases, which agrees with previous studies [5,14,15]. In Figure 6, as the porosity
increases from 55% to 75%, the pressure decreases and the low-pressure regions become
more pronounced, especially along diagonal channels, with the ZX plane showing the
most complex patterns. Similarly, Figure 7 shows that a higher porosity (from 55% to 75%)
results in a lower overall pressure and larger, more irregular low-pressure areas around
split channels, with the ZX plane again displaying the most complex patterns. Both the
Diamond and SplitP structures showed similar trends, but the Diamond structure generally
had slightly higher permeability and a lower pressure drop, making it potentially more
suitable for applications requiring higher fluid transport efficiency. Wall shear stress (WSS)
refers to the tangential force exerted by fluid flow on a surface. In bone tissue engineering,
the WSS is significant because it influences cell behavior, proliferation, and differentiation,
which are crucial for effective bone regeneration and tissue formation [10]. Increasing the
porosity in TPMS scaffolds reduces the velocity and wall shear stress (WSS), which aids in
initial cell adhesion and growth. However, optimal cell differentiation requires a balance of
nutrient transport and mechanical stimuli. While both studied structures showed similar
trends in fluid dynamics, the Diamond structure outperformed in terms of a lower pressure
drop and higher permeability, making it more suitable for applications needing efficient
fluid transport. Overall, a higher porosity enhances the fluid flow, reduces the pressure
drop, and improves the scaffold’s suitability for tissue engineering. For clarity, the x-axis
represents length, the y-axis represents height, and the z-axis represents width throughout
the following contour plots in the XY, YZ, and ZX planes.
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Figure 4. Velocity contour for the Diamond structure at (a—c) 55% porosity, (d—f) 65% porosity, and
(g-i) 75% porosity.
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Figure 5. Velocity contour for the SplitP structure at (a—c) 55% porosity, (d—f) 65% porosity, and
(g-i) 75% porosity.

Figure 8a shows the trend for porosity versus permeability for the SplitP and Diamond
structures with different porosity levels. It shows that the permeability increases as the
porosity increases for both structures because the higher porosity allows a more effec-
tive transport of fluids through the structure, reducing the resistance to fluid flow [5,14].
Figure 8b shows the trend for porosity versus pressure drop for the SplitP and Diamond
structures with different porosity levels (55, 65, and 75%). It shows that as the porosity
increases, the pressure drop decreases because there are more pathways for fluids to flow
through the structure as porosity increases [1,14]. Figure 8c shows porosity versus WSS for
the SplitP and Diamond structures, and it shows that by increasing the porosity, the WSS
decreases for both structures, because increasing the porosity can result in the creation of
additional pathways for fluid flow. This, in turn, can lead to a reduction in the velocity of
the fluid near the walls and potentially result in a decrease in the WSS.
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Figure 6. Pressure contour for the Diamond structure at (a—c) 55% porosity, (d—f) 65% porosity, and
(g-1) 75% porosity.
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Figure 8. (a) Porosity vs. permeability; (b) porosity vs. pressure drop; (c) porosity vs. WSS.

5. Conclusions

In this study, the fluid flow and structural performance of TPMS scaffolds were

analyzed using CFD simulations. The focus was on two specific designs, Diamond and
SplitP, each examined at porosities of 55%, 65%, and 75%. The analysis revealed several
key findings regarding permeability, WSS, and pressure drop:

Increasing the porosity significantly enhances the permeability within TPMS scaf-
folds. Scaffolds with 75% porosity demonstrated the highest permeability, facilitating
superior fluid transport, which is essential for efficient nutrient delivery and waste
removal. Among the designs analyzed, the Diamond structure generally exhibited
slightly higher permeability compared to the SplitP structure, suggesting that it is
more effective for applications requiring optimal fluid flow.

Higher porosity in TPMS scaffolds significantly reduces the pressure drop across the
structure. Both the Diamond and SplitP scaffolds exhibited the lowest pressure drop
at 75% porosity, which is essential for effective nutrient delivery and waste removal
in tissue engineering applications. Among the two designs, the Diamond structure
consistently demonstrated a lower pressure drop than the SplitP structure, making it
more efficient for applications that demand minimal resistance to fluid flow.

The WSS decreases as the porosity increases, with the lowest values observed at
75% porosity. A lower WSS is favorable for initial cell adhesion, although optimal
differentiation requires adjustments to the porosity.
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