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Abstract: Recently, bone tissue engineering (TE) has seen new developments, with triply periodic
minimal surfaces (TPMSs) being used to develop new porosity-controlled scaffolds to interface
new tissue growth. The process of choosing the best geometry to a specific application still lacks
research, so the goal for this work is to propose a new method of scaffold selection, based on
assessing the tortuosity inside these symmetric TPMS-based structures. Additionally, computer
fluid dynamic (CFD) simulations were conducted to validate this method. The comparison between
tortuosity and CFD outputs suggests that an analysis of the tortuosity could be used as an early
indicator of the scaffold’s viability for specific applications, favouring scaffolds with more intricate
and curvature-dependent streamlines.
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1. Introduction

Tissue engineering (TE) scaffolds are porous structures used to promote the growth of a new
tissue. Properties like pore size, material, and equivalent stiffness, as well as the curvature of the
interconnected pores, are key factors to ensure an adequate cell adhesion and proliferation [1-4].

Concerning bone TE applications, scaffolds should be able to provide not only the mechanical
support needed for the growth of new bone, but also an adequate micro environment that allows for
cell adhesion and differentiation into new bone cells [5,6]. In other words, the scaffolds shall act as an
interface for bone growth and/or remodelling [7-9].

Common techniques like optimization, as well as top-down and bottom-up approaches, have
been used in the development of new scaffolds [10,11]. More recently, triply periodic minimal surfaces
(TPMSs) have also been used to develop porous structures with interconnected pores, good stiffness,
and a high ratio of surface area per volume fraction [1,12]. Scaffolds obtained by this method have
shown an enhanced potential for cell migration and a high level of mechanical support [13,14].
This means that different periodic geometries can be developed as a function of the target tissue,
parting from this source formulation [15,16].

This adaptability of TPMS-based scaffolds is particularly relevant as the main goal when developing
a new scaffold is to mimic the structures of the target tissue, thus allowing for the regeneration or
formation of that tissue. If one focuses on bone regeneration and formation, the osteoblasts shall
have sufficient seeding area and be subjected to adequate mechanical stimuli to proliferate, and
thus generate bone. The porosity and permeability of a given scaffold are among the major players
in generating this appropriate environment, so it is of major importance to fully comprehend the
characteristics of each scaffold [14,17-19]. Beyond these usual metrics, tortuosity is proposed here as a
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predictable application-specific factor for scaffold design; tortuosity is defined as the relation between
the preferential fluid flow path inside the scaffold and the curvature of its porous structure, which
means that it strongly influences the permeability of the structure as a function of its porosity [20-22].

The objective of this work is to propose a new method of selecting a TPMS scaffold for a specific
application, based on a curvature analysis through the tortuosity of the structure. In other words, this
work intends to present a faster approach to scaffold selection as a function of the relation between its
porous structure and fluid permeation behaviour. Thus, this method allows for a primary scaffold
design screening, providing an initial viability report and excluding geometries with non-suitable
behaviour for the desired application, before performing computational fluid dynamics (CFD) analysis
and experimental measurements. Using this analytical approach, those time-consuming method can
be employed only in later project stages.

2. Materials and Methods

This work focuses on the evaluation of three different TPMS structures: Schwarz D (SD), Gyroid
(SG), and Schwarz P (SP) [23]. These geometries have been studied for multiple bone TE applications,
especially as substitutes for trabecular bone [5,14]. The scaffolds were created using a custom TPMS
generator, which crafts the basic geometry of these structures based on structural design, porosity, and
layer thickness. Four different porosities were considered (50%, 60%, 70%, and 80%) for each TPMS
geometry (SD50 to SP80), following the range of porosities recommended for biomedical applications
found in the literature [22,24,25]. The output is the finite element (FE) mesh of the scaffold [13], in this
case, with 3.25 x 3.25 x 3.25 mm and 40 elements on each side, in order to comply with a previous
experimental study [23]. Three different numerical methods were used to study these geometries:
analysis of the tortuosity, homogenisation of the permeability coefficients, and CFD analysis.

2.1. Permeability Calculation

The first part of this work consisted of calculating the permeability for the twelve scaffold models,
in order to characterise the potential of each one of these models to allow for a consistent fluid
flux [14,23,26]. Each geometry is named after the structure and its porosity, for example, SD50 refers to
the SD scaffold with 50% porosity.

The homogenisation method presented in the works of Guedes and Kikuchi [27] and Terada et
al. [28] was used for this calculation, with its outputs being compared to those of a related CFD analysis.
The homogenisation of the equivalent permeability coefficients is a faster way of characterising these
periodic porous structures, as happens with the analogous homogenisation of the equivalent elastic
coefficients performed by other authors [13,29-31].

The CFD simulations were performed with 16.2 ANSYS FLUENT Solver (Ansys Inc. USA), which
has proven to be effective in scaffold analysis [32]. The simulations were performed with an inlet flow
rate of 5 mL/min to ensure a laminar flow; this flow rate has been shown to be in the relevant range for
biomedical applications [24,33]. The CFD model used the inverse of the scaffold, which can also be
considered as the substrate for cell adhesion and proliferation [23]. The permeability chamber had a
squared cross section of 3.25 X 3.25 mm and a total length of 23.5 mm (Figure 1). The permeability of
the different scaffolds was calculated based on the pressure drop across the structure using the Darcy’s
Law [29], which can be expressed as follows:

B Q+ ux*L

K= Ax AP M

where K is the permeability in m?, AP is the pressure drop across the structure in Pa, L is the length of
the section in m, A is the cross-sectional area of the flow in m?, p is the dynamic viscosity of the fluid
in Pa*s, and Q is the flow rate expressed in m%/s.
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Figure 1. Finite element model of a Schwarz P 70 (SP70) unitary cell (with the chamber attached) used
for the computational fluid dynamics (CFD) simulations.

In addition, boundary conditions had to be defined across the structure. For these simulations,
two conditions were assumed: velocity-inlet and pressure-outlet. On the one hand, and as mentioned
before, the velocity at the inlet was 5 mL/min. This defines where the fluid enters the structure and at
what velocity. On the other hand, the pressure-outlet indicates where the fluid exits the structure and
what is the pressure at those surfaces. For this work, this pressure was 0 Pa.

2.2. Tortuosity Analysis

The tortuosity of each scaffold was analytically evaluated based on the location of each pore and
its interconnectivity with the adjacent pores. To do so, the elements corresponding to the substrate
(Figure 2) were first isolated from those that form the solid scaffold. Individual analyses were performed
for each model.

@) (b) (©)

Figure 2. Finite element models of the substrates for the tortuosity analysis: (a) Schwarz D 70 (SD70);
(b) Gyroid 70 (5G70); and (c) Schwarz P 70 (SP70).

After this first step, each slice of each geometry was analysed, and the centroids of the substrate
elements were saved. Given the periodic nature of TPMS geometries, the number of individual paths
inside the unitary cell depends on the geometry of the scaffold; while there is only one path crossing
the interior of the SP70 geometries, the internal structures of SD70 and SG70 models permit multiple
repetitive paths for the fluid flow. Therefore, for these two scaffold models, only a small area of each
slice was considered in order to evaluate one of those repetitive paths.

In order to validate this new approach, the streamlines of the CFD simulations of these three
models were compared with the outputs from the analytical tortuosity analysis, showing that this is
valid for a laminar flow regime.
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3. Results

3.1. Permeability Calculation

Table 1 illustrates the permeability coefficients obtained for the different geometries and porosities,
comparing the homogenisation method to the CFD simulations. The twelve models under study had
similar permeabilities with both techniques. The SP geometry registered an increase in permeability
of approximately 78% when increasing the porosity from 50% to 60%, with this percentage being
approximately 94% when comparing 50% with 80% porosities. The maximum increase for the other
models was 72% (similar value for SD and SG).

Table 1. Permeability coefficients (in mm?) for the different structures and porosities obtained from
homogenisation (HMG) and computational fluid dynamics (CFD) analysis. SD, Schwarz D; SG, Gyroid;
SP, Schwarz P.

Porosity
50% 60% 70% 80%

Method HMG CFD HMG CFD HMG CFD HMG CFD
SD 351x10%  337x107° 579x107% 562x107° 896x107° 888x107% 127x1072 1.28x1072
SG 586x10°% 607x107° 975x107% 1.00x1072 146x1072 148x1072 211x102 212x1072
SP 1.19x1073 123x107® 535x10° 552x10% 120x1072 126x102 208x1072 2.18x 1072

Geometry

Figure 3 illustrates the variation of the permeability coefficients over the different porosities for the
four models. The outputs from both the homogenisation method and the CFD simulations are shown.
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Figure 3. Coefficients of permeability (in mm?) for the homogenisation (HMG) and computational fluid
dynamics (CFD) techniques, as a function of the porosity analysis, for the twelve models under analysis.

As seen in Figure 3, both tecnhiques used in this study presented similar results for the different
geometries. For all the porosities considered, the highest coefficients of permeability were obtained for
the SG geometry. The only exception was found for the 80% porosity, when comparing the SG and SP
geometries using the CFD method.

3.2. Tortuosity Analysis

The paths inside each scaffold were studied in order to better understand the influence of each
geometry and its relation to possible TE applications. It was found that the tortuosity did not change
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across the four different porosities, that is, the preferential paths for fluid permeation revealed by the
tortuosity analysis were not influenced by the porosity, for the three TPMS geometries.

Therefore, only the scaffolds with 70% of porosity (SD70, SG70, and SP70) are shown here.
Figures 4-6 show the results obtained for the tortuosity of each scaffold as well as each individual
geometry. The paths for the three structures are significantly different. It is particularly noticeable that
only paths corresponding to straight lines were obtained for SP70, that is, the streamline for SP70 goes
straight from the inlet to the outlet. The streamlines for SG70 and SD70 structures displayed more
intricate paths, as these geometries have a much more complex configuration.

(a) (b)

()

Figure 4. Tortuosity analysis of SD70: (a) isometric view of the porous structure; (b) and (c) top and

isometric view of the path.

() (b)
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(©)

Figure 5. Tortuosity analysis of SG70: (a) isometric view of the porous structure; (b) and (c) top and

isometric view of the path.

()

(b)

Figure 6. Tortuosity analysis of SP70: (a) isometric view of the porous structure; (b) isometric view of

the path.
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Figure 7 illustrates the CFD streamlines obtained for each scaffold, with an inlet flow rate of
5 mL/min (laminar flow regime), which are correlated with the streamlines predicted in Figures 4-6;
that is, multiple intricate paths for SD70 and SG70, but a single preferential path for SP70.

Figure 7. Top view of the streamlines observed on the CFD simulations, showing the preferential paths
for fluid permeation throughout the scaffolds: (a) SD70; (b) SG70; and (c) SP70.
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4. Discussion

The main goal of the present work was to predict the flow paths inside three different scaffold
geometries, by means of an innovative tortuosity analysis, complemented with CFD simulations for
model validation. The obtained outputs in terms of internal fluid flow paths suggest that this type of
analysis is useful for scaffold selection before performing time-consuming CFD simulations.

As demonstrated in Figures 4-6, each geometry presented a different path; that is, linear paths for
the SP, squared helixes for the SD scaffolds, and circular helixes for the G. As expected, each scaffold
has its own specific paths, independent of the porosity level, which may suggest that some geometries
would be more suitable for some applications than others (i.e., cortical bone versus trabecular bone).

Regarding the results from the CFD simulations shown in Figure 7, the paths are in accordance
with what was expected. As previously mentioned, both the SD and the SG geometries present a
repetition of the same path multiple times within a single unitary cell. Moreover, the paths observed
are identical to what was described above. On the one hand, SP presents linear paths, which expand in
the interconnected areas between unitary cells. On the other hand, the SG geometry shows squared
helixes with areas of connection between the paths. Finally, SD also presents areas of connection
between multiple paths. However, unlike the SG structures, the paths are circular helixes.

By observing the paths across the three geometries, SP seems to be the most favourable for fluid
passage because it shows a straight path for the fluid. However, this fact also suggests that the fluid
is most likely not permeating a large volume of the scaffold, that is, the fluid is not reaching the
internal curved surfaces. As a consequence, when proceeding to cell seeding, no cells would flow to
or be seeded in these areas [32]. Additionally, the curved areas of these SP models correspond to the
connections between the adjacent unitary cells (laterally). As the fluid flow would be perpendicular
to the surface of the scaffold in those regions, these connection areas would probably be the more
appealing ones for cell deposition and differentiation [14,34]. Subsequently, the existence of large
“unused” areas combined with the linear paths of the SP geometry turn out in a smaller overall area of
interaction between the walls of the scaffold and the cells.

Finally, the permeability coefficients obtained in both analyses (Table 1) prove that this
homogenisation method is a useful tool for determining the permeability of a structure, as well
as to study the influence of different parameters in the permeability of a scaffold, while avoiding
time-consuming experimental tests, as suggested by other authors [29,31]. It is also noticeable that
permeability and tortuosity are not directly linked, as the latter does not change with the porosity level,
but it is true that the tortuosity helps define the permeability; in this analysis, the SP structures are
greatly affected by the pore’s geometry and extension, particularly in the swift increase of permeability
from 50% to 60%, which is not seen with the other geometries.

5. Conclusions

This work investigated a new method of scaffold selection based on the tortuosity of the different
geometries. Both sets of results (tortuosity analysis and CFD simulations) showed similar paths for
each of the three geometries being studied (SD, SP, and SG). Thus, this method gives a good perspective
over the use of the tortuosity as an important feature for scaffold selection, particularly for bone TE
applications [16,22].

The inclusion of the homogenisation analysis was also useful for the understanding of how each
geometry depends on the porosity. The porosity of the SP geometry strongly influences the fluid
passage, that is, the permeability has the steepest increased of the three models when going from
50% to 80% porosity. In addition, for all of the porosities studied here, the SP geometries will have
a large percentage of their internal volume not being permeated by the fluid, which would thus be
regions with little probability for cell adhesion and proliferation. As both SD and SG geometries are
less susceptible to porosity variations and promote fluid streamlines within the whole structure, these
will be more suitable for curvature-dependent TE applications.
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