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Abstract

Fluid flow dynamics within porous scaffolds for tissue engineering play a critical role in the
transport of fundamental materials to the cells and in controlling the biocompatibility of the
scaffold. Properties such as permeability and fluid flow-induced wall shear stress characterize
the biological behavior of the scaffolds. Bioactivity depends on the diffusion of oxygen and
other nutritious elements through the porous medium and fluid flow-induced shear stress is
known as the dominant mechanical stimulant of cell differentiation and proliferation within
the scaffolds. In this study, eight different bone scaffold models with a constant porosity of
80% were designed computationally using the TPMS and lattice-based structures. We
investigated the fluid flow within the scaffolds using CFD analysis. The results of the work
showed that scaffold architecture has a significant impact on the permeability and that
scaffold permeability can vary up to three times depending on the architecture. The scaffolds
with the minimal variation in their channel size exhibited the highest permeability. We
investigated the distribution statistics of wall shear stress on the walls of the scaffolds and
showed that a correlation between the architecture of the scaffolds and the distribution
statistics of wall shear stress did not exist. The outcomings of this work can be promising in

designing better scaffolds in tissue engineering from a biological point of view.

Keywords: Bone scaffolds; Permeability; Wall shear stress; Minimal surface architectures;
Lattice-based architectures

1. Introduction

Culturing cells from the patient in scaffolds before their actual implantation into tissues is a
promising approach that can accelerate the treatment process [1]. Stem cells have been used
extensively in such processes for differentiation to other phenotypes [2, 3] due to their ability

to respond to both biochemical and biophysical cues around them. The phenotype of stem



cells can be regulated depending on the signals they receive [4, 5]. Biophysical signals
involve those that arise from the changes in the mechanical properties of the matrix and
substrate, such as strain and stiffness, substrate topography, hydrostatic pressure, fluid flow-

induced shear stress, and electromagnetic field [6-8].

Wall shear stress (WSS) plays a significant role in the differentiation and proliferation of
cells in perfusion bioreactors that include relatively more dynamic celi culture systems [9].
Differences in shear stress create a ubiquitous environmental signal that can be sensed by
stem cells during differentiation or circulation in a perfusion bioreactor [10]. The contribution
of shear stress to the differentiation of pluripotent stem cells toward endothelial [11], cardiac
[12], hematopoietic [13], and osteoblast [14] phenotypes has been widely reported. A study
on the role of WSS during the initial deposition of cells on the scaffolds [15] has shown that
local WSS is the main factor controlling the extent of cell deposition, which is strongly
influenced by the architecture of the pore network of the scaffold. Evaluation of the
degradable behaviors of scaffolds, specifically of biodegradable polymers employed as
implants in the body, is another important issue for clinical applications. Studies on the
degradation effects of flow behavior of fluids in polymeric scaffolds of varying porosity and
permeability have shown that lower values of porosity and permeability caused higher rates
of degradation with shorter scaffold life due to higher initial stiffness [16]. Therefore,
determining and prediction of fluid flow-induced shear stress on the walls of a scaffold can

be an effective step in controlling the perfusion in cell culture processes.

WSS is defined as the force per unit area applied by the wall surface on the fluid in a
direction on the local tangent plane [17]. Its measurement is not practical due to the need for
embedding very sensitive sensors on the walls [18, 19]. This difficulty becomes more critical
in the case of tissue scaffolds that possess a porous structure in the micro scale [20, 21].

Computational simulations of biomaterials have recently gained significant attention with the



capacity to provide immediate results as an alternative and economical approach compared to
experimental analyses [22, 23]. Numerous computational fluid dynamics (CFD) analyses
have been conducted to evaluate the permeability and WSS of various types of scaffolds [15,
24-26]. Lesman and et al. employed CFD simulations to show that cellular growth within 3D
scaffolds caused the WSS to increase due to contraction in the channels of the scaffolds
during perfusion cell culturing [27]. Zhao et al. studied the parametric impacts of the
geometric features of scaffolds, such as architecture, pore size, and porosity on the WSS in
the pores employing a fluid—structure interaction model for various cases of loading during
fluid perfusion, mechanical compression, as well as a combination of the two [28]. Their
results showed that specifically pore size substantially influenced the mechanical stimulation
within the scaffold and combined application of fluid perfusion with mechanical load
amplified the WSS significantly. Marin and Lacroix examined the effects of inter-sample
structural variability of regular scaffolds on the magnitude and distribution of WSS using
CFD calculations [24]. Their results showed that geometric inconsistencies instigated high

variability in velocity and WSS among the samples.

Another parameter that plays an important role in the success of scaffolds is their intrinsic
permeability [23]. A permeable scaffold should allow for unhindered flow and diffusion of
cell culture media through its pores in order to supply oxygen and nutrition to the cells [29].
Prediction of the permeability in scaffolds using computational simulations is a common
practice in tissue engineering [20, 26]. In a previous study, we conducted a finite element
analysis to identify and compare the effects of two different structures, namely gyroid and
rectangular lattice structures, on the permeability, fluid-induced WSS, elastic modulus, and
compressive strength in highly porous scaffolds. Our results signified the potent effects of
porosity on the permeability and the WSS, where higher porosity caused the permeability to

increase while WSS, elastic modulus, and compressive strength values decreased [21].



In the design of bone scaffolds, the common goal in general is to mimic the structure of the
trabecular (cancellous or spongy) bone [30] found in the human body. The trabecular bone
has a greatly porous structure, accordingly, the design of high porosity scaffolds is the main
criterion in bone tissue engineering. In response to this necessity of bone scaffolds, the triply
periodic minimal surface (TPMS) and the lattice-based architectures are the two groups of
scaffolds that are used widely [21, 31]. However, the effects of geometrical parameters on the
permeability and WSS for different scaffold architectures are critical and still remain less
understood due to the diversity of scaffold structures. Therefore, analyzing and comparing the
permeability and WSS of these two groups of scaffolds can be a very effective step in

selecting and designing bone scaffolds.

In this study, we built eight different scaffolds computationally with a constant porosity of
80%. We used the TPMS and lattice-based structures with each based on four different
geometries. These scaffolds were then exploited for quantification of their permeability and

WSS using CFD analysis.

2. Materials and Methods

2.1. Scaffold models
Total of eight scaffolds were designed using the SolidWorks 2017 software. Four of the
scaffolds were built in the lattice-based architecture using one of the double-diamond,
truncated-octahedron [32], octet [33] and one optimized-lattice [34] structures. A strut size of
200 um was selected for the scaffolds [35]. The other four scaffolds were designed using the
TPMS architecture in one of the double-diamond [36], gyroid [37], schwarz-primitive [38]
and F-RD [39] type geometries. The primary surfaces in TPMS scaffolds were created using
the k3dsurf (k3dsurf.sourceforge.net) software application, which has the capability of
visualizing parametric equations in 3-D and more. The outputs of this software, in the form of

mesh files with .obj extension, were imported to the SolidWorks software and were thickened



geometrically to obtain the desired porosity. A wall thickness of 100 um was selected for
TPMS scaffolds [21]. Trigonometric functions of x, y and z that were used in building the

TPMS scaffold structures are shown in table 1.

TABLE 1 Parametric equations for TPMS structures

TPMS architecture Equations f (x,y,z)=0

Gyroid cos(x)-sin(y)+cos(y)-sin(z)+cos(z)-sin(x)
Schwarz primitive cos(x)+cos(y)+cos(z)

Double diamond cos(x)-cos(y)-cos(z)-sin(x)-sin(y)-sin(z)

F-RD 3[cos(x)+cos(y)+cos(z)]+8[cos(x)-cos(y)-cos(z)]

The model unit cells were repeated in the direction of the three axes (X, y, and z) four times to
obtain a cubic model made-up of 64 unit cells of any of the architectures listed. Fluid
domains in the 3-D structures were obtained by subtracting the geometrical parts from an
enclosing box. All eight unit cells employed are isometric and have symmetric architecture in
the x, y, and z axes. The geometrical parameters of the unit cells are presented in table 2.
Figure 1 shows a representative picture of each scaffold created in this study including the

unit cell and the corresponding 3-D structure with the solid and fluid domains.

TABLE 2 Geometrical parameters for the lattice-based and TMPS scaffold models. L, s, D,
and d represent the model size, unit cell length, pore size in the widest area and pore size in

the narrowest area, respectively.

. TPMS scaffolds
Model Lattice-based scaffolds Length in x, y, z calculated in [—, 7] boundary
parameters
(mm) Lattice- ~Truncated- Octet Optimized- Double- Gyroid  Schwarz  F-RD
diamond octahedron lattice diamond primitive
L 3.80 4.64 5.60 4.00 10.16 6.24 4.00 7.36
S 0.95 1.16 1.40 1.00 2.54 1.56 1.00 1.84
D 0.49 0.80 0.79 0.51 1.17 0.68 0.90 0.48
D 0.49 0.15 0.33 0.20 0.20 0.68 0.40 0.39




FIGURE 1 The unit cells and the corresponding 3-D scaffolds with the solid (gray) and fluid
(green) domains for the following structures: a) Lattice-diamond, b) Octet, c) Truncated-
octahedron, d) Optimized-lattice, ) Double-diamond, f) Gyroid, g) FR-D, and h) Schwarz
primitive.

2.2. Governing equations in CFD analysis
Navier-Stokes relation for fully developed flow of an incompressible fluid with constant

density and viscosity was used in the CFD analysis [40]:



p%—uvzu+p(u.V)u+Vp=F, V.u=0 (1)

where p, u, and p represent the density (kg/m?), velocity (m/s), and the dynamic viscosity of
fluid (kg/m.s). V denotes the del operator and p denotes the pressure (Pa). F represents the
forces, such as gravity and centrifugal force, where F = 0 in the specific problem studied here
[40, 41].

WSS, represented by t,,, is the tangential drag force exerted by the fluid flowing across the

surface of the scaffolds [42] and is given by:
]
Ty = “—ﬁ 2)
where u denotes the flow velocity and h represents the x-, y-, and z-directions [43].

Permeability, k, of the scaffolds was calculated using Darcy’s law [23]:

k=0 ®)
where Q, L, Y, A, and AP represent the inlet fluid flow rate (m®/s), dynamic fluid viscosity
(kg/m.s), model length (m), inlet cross section area (m?), and pressure drop (Pa), respectively.
2.3. Fluid properties and boundary conditions in CFD
A 1000 kg/m?® density and a 0.0037 Pa.s dynamic viscosity (for cell culture media with 5%
wt/wt dextran) were assigned to the fluid properties [44]. We assumed an entirely liquid cell
culture media with no solid particles for ease of calculations. The inlet velocity was selected
as 0.1 mm/s suitable for flow in bone scaffolds. The walls of the scaffolds were assumed to
be hydrophilic and the no-slip condition was applied [26, 45]. The outlet gauge pressure was
adopted as zero [24, 26, 27] (Figure 2). The pressure drop AP used in equation (3) to

calculate the permeability and WSS of the scaffolds was computed using the Ansys Fluent

software.



FIGURE 2 A velocity of 0.1 mm/s and no-slip boundary condition were assigned at the
inlet (red) and at the walls (blue), respectively, for the a) lattice-diamond, b) octet, c)
truncated-octahedron, d) optimized-lattice, e) double-diamond, f) gyroid, g) FR-D, and h)

Schwarz-primitive structures.



CFD analysis was performed assuming steady-state fluid flow in 3-D scaffold geometries that
were meshed using tetrahedral elements [23]. In order to ensure the independence of the
results to mesh size, the sensitivity of the pressure drop in the inlet to the number of elements
for each model was analysed. Table 3 represents the number of elements in each scaffold.

The residual sensitivity criterion for convergence was set as le-5.

TABLE 3 Number of elements in each scaffold in the CFD models

Lattice-  Truncated- Octet Optimized-  Double- Gyroid  Schwarz- F-RD
diamond octahedron lattice diamond primitive

5645734 9107611 17549250 8341502 1441009 14658043 5062830 10989006

3. Results

3.1. Fluid flow dynamics within scaffolds

Simulation results for pressure profile in all scaffold geometries have shown that the highest
pressure occurred in the inlet and gradually tended to zero in the outlet region confirming the
boundary conditions used in the models. Figure 3 illustrates the pressure profile within the 3-

D geometries in the counter format.

Generally, the exerted pressure in lattice-based scaffolds is lower than that observed in TPMS
models. An intra-group comparison in lattice-based scaffolds showed that the highest
pressure was observed in the octet model and the lowest was observed in the optimum-lattice
model. Amongst the geometries used in the TPMS scaffolds group, the highest pressure was

observed in the double-diamond structure while the lowest was marked in the gyroid model.
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FIGURE 3 3-D simulation results showing pressure profiles in counter form for a) lattice-

diamond, b) octet, c) truncated-octahedron, d) optimized-lattice, e) double-diamond, f)

gyroid, g) FR-D, and h) Schwarz-primitive scaffolds using an inlet velocity of 0.1 mm/s.



To determine the reliability and precision of the CFD models, their pressure drop, AP,
responses to the changes in inlet velocity were investigated for four different inlet velocities,
namely 0.1, 0.25, 0.5, and 1 mm/s [26]. Figure 4 illustrates the logarithmic curve-fitting plots
of the assigned inlet velocity and the AP obtained for each of the models. In all scaffolds, the

pressure drop correlated extremely well with the inlet velocity with R? > 0.999.

» Lattice-diamond » Optimum-lattice Truncated-octahedron
Octet e Gyroid «FR-D
e Schwarz-primitive e Double-diamond
25
=
£
o, 2.5
<
0.25

0.1 0.25 0.5 0.75 1
Inlet velocity (mm/s)

FIGURE 4 Correlation between assigned inlet velocity and calculated AP in the scaffolds.

3.2. Permeability

The permeability of each scaffold was calculated with reference to the average AP at the inlet
derived from the CFD models and Darcy’s law using equation (3). Figure 5 shows the

calculated permeability values for each scaffold.
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FIGURE 5 Calculated permeability of each scaffold using Darcy’s law.

For the case of similar porosity, lattice-based scaffolds showed substantially higher
permeability than did the TPMS models except for the gyroid architecture. To validate the
CFD results, the permeability value obtained for the gyroid model in this study as 5.36*10°°
m? was compared to that (6.7*10° m?) derived in our previous work [21] using only two unit-
cells with the periodic boundary condition. The difference found was about 25%, which was
caused by an underestimation of the magnitude of the pressure drop in the previous model by

using limited number of unit-cells.
3.3. WSS

The WSS profile contours on the walls within all scaffolds are shown in Figure 6. Given that
the WSS changes linearly with the velocity gradient (equation 2), the maximum WSS was
found to occur along the narrower regions of the channels in the scaffold causing higher fluid

flow rates. For all models, the calculated maximum WSS varied between 41.5 and 81.4 mPa.
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FIGURE 6 WSS contours for the a) lattice-diamond, b) octet, ¢) truncated-octahedron, d)

optimized-lattice, €) double-diamond, f) gyroid, g) FR-D and h) schwarz-primitive structure.

The maximum WSS values obtained for the lattice-based scaffolds, with the exception of the
gyroid model, were relatively smaller than those obtained for the TPMS models. The average
WSS values for all the scaffolds are illustrated in Figure 7. The highest value of average WSS
was found as 13.76 mPa, much higher relative to other models, for the double-diamond

model, which is a TPMS type architecture.
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FIGURE 7 Calculated values of average WSS in scaffolds with eight different structures

induced by an inlet velocity of 0.1 mm/s.



The range of average WSS values that would initiate osteogenic differentiation of
mesenchymal stem cells (MSC) used in the literature [28] is between 0.1-10 mPa and an
average WSS smaller than 15 mPa is often recommended for differentiation of MSCs to
osteoblasts and osteocytes in perfusion bioreactor culture systems [46-48].

4. Discussion

In this work, we conducted a computational study to understand the effects of scaffold
architecture on the permeability and WSS using eight different models with the same porosity
(80%). The calculated values of the permeability were in the range of 1.85 — 5.62 x 10~°m?.
These results are in agreement with the value, 5.13 x 10~°m?, that has been found for human
trabecular bone permeability [49]. Although porosity is usually described as the main factor
affecting the permeability of scaffolds [23, 29, 50], the results of this study suggest that under

the condition of similar porosity, scaffold geometry is another important factor.

The simulation results shown in Figure 5 indicate that the permeability of the lattice-diamond
model is three times as large as that of the double-diamond scaffold calculated at the same
porosity. This concludes that the permeability of scaffolds is highly dependent on their
architecture as well as on their porosity. Table 4 provides the differences in the geometric
parameters in dimensionless form used for each of the eight scaffolds in this study, which can
be used to understand the substantial discrepancy in the calculated permeability of scaffolds
with different architectures. D/d represents the ratio of the widest pore size to the narrowest
and A/Ao represents the ratio of the area with no obstacles to the total inlet area. The area with
no obstacles within the scaffolds can be described as the cross-sectional area, through which

the fluid flows from inlet to outlet without encountering any walls.



TABLE 4 Architectural parameters in dimensionless form and the respective calculated

permeability for each scaffold-geometry

Lattice- Optimize  Truncated-  Double- Schwarz-

Model diamond Octet d-lattice  octahedron  diamond F-RD primitive Gyroid
D/d 1.00 2.38 2.56 5.26 5.88 3 2.27 1
A/A, (%) 15.68 9.10 30.60 35.00 0.00 4.80 21.50 10.63
Permeability 567 481 548 5.06 185 346 248 5.36

(107°m*)

As it can be seen in Table 4, the highest permeability value was found for the lattice-diamond
structure while the lowest value was obtained for the double-diamond model, which possess
the lowest and the maximum D/d values, respectively. Therefore, it can be concluded that
increasing the extent of variations in the channel size, which implies an increase in tortuosity,
in the TPMS scaffolds, has caused their permeability to decrease. Accordingly, it is logical to
expect that the octet model will be the second most permeable scaffold amongst the lattice-
based group of scaffolds, but on the contrary it is found to possess the lowest permeability
amongst them. This is where the ratio given by A/A, needs to be considered as the second
factor affecting the permeability of the scaffolds. The octet model, due to its very low value
of A/A,, presented the minimum permeability amongst the lattice-based scaffolds. With
regards to both groups of scaffolds, the results imply that the scaffold permeability was
primarily affected by any variations in the channel size. The existence and/or absence of
straight-gaps along the flow streamline between the inlet and outlet locations was the second

factor affecting the scaffold permeability.

It is previously shown that a heterogeneous WSS distribution causes non-uniform cell
differentiation within the scaffolds [24, 27, 42]. Therefore, understanding the distribution
statistics of WSS on the scaffolds is crucial and necessary. The distribution curves and
modality of WSS with respect to the percent area of the walls in the eight scaffolds with

different architectures are shown in Figure 8.
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FIGURE 8 Histograms for WSS distribution in scaffolds with eight different architectures,
where SD, CV, Skew, and Kurt represent the standard deviation, coefficient of variance,

skewness, and kurtosis of the WSS distribution curves.



A coefficient of variance larger than zero in all models showed that the WSS was not
distributed equally in any of the models (Figure 8). Amongst the models in both the TPMS
and lattice-based architecture groups, the lattice-diamond model with the lowest coefficient
of variance (0.42) showed a relatively more equal distribution of the WSS on the walls of the
scaffold and the Schwartz-primitive model with the highest coefficient of variance (1.39)

showed a relatively less uniform distribution of WSS.

A skewness value that is higher than zero indicates that WSS values greater or smaller than
the mean WSS were not distributed symmetrically and that the relative sizes of the two tails
of the distribution curve are not similar. The gyroid model, which showed very small
skewness (-0.01), presented a relatively more symmetrical WSS distribution than did the

other scaffolds.

Kurtosis measures the tail-heaviness of a distribution and the calculated kurtosis values in
Figure 8 shows the range of variation in WSS values in the scaffolds. The optimum-lattice
and FR-D models with kurtoses of 5.94 and -0.7 indicate the heaviest and lightest tails in the
WSS distribution, respectively. in other words, the FR-D model, compared to the other

models, suggests a smaller range of WSS values.

In an overview of the permeability results, as well as the WSS distribution statistics
(modality, standard deviation, coefficient of variance, skewness, and kurtosis), the lattice-
diamond model presented an outstanding performance amongst the eight models. In addition,
the lattice-diamond model, due to its architecture, only possesses convex surfaces, which may

contribute to osteogenic differentiation enhancement of human MSCs [51].

It is worth noting that in this simulation study, we considered the cell culture medium as a
Newtonian fluid, i.e. constant viscosity liquid, with no solid particles for simplification of the

system of governing equations. Cell culture media involving serum may behave as a non-



Newtonian fluid and such shear rate dependent viscosity can cause changes in WSS
distribution modality in the scaffolds [52]. It may be necessary to employ WSS quantification

methods based on variable viscosity for studies involving non-Newtonian media.

5. Conclusion

We used CFD analysis to compare the permeability and the distribution statistics of fluid-
induced WSS in high-porosity scaffolds, which are widely used in bone tissue engineering.

Results of the study can be summarized as follows:

- The permeability of scaffolds is governed by their architecture and any changes in the
size of channels (narrowing) reduce permeability. Therefore, scaffolds with a less
variable pore size are more permeable.

- The ratio of the area with no obstacles to the total inlet area, A/A,, plays a significant
role in determining the permeability of the scaffolds in addition to D/d, which represents
the ratio of the widest pore size to the narrowest.

- WSS and its distribution in the scaffold are influenced by the architecture of the scaffold.

- Itis not possible to find a correlation between the architecture of the scaffolds and their
WSS distribution statistics, which suggests that the design of scaffolds with the desired
WSS distribution is not a straightforward task in tissue engineering.

- The results of this comparative study shed more light on the effective selection of

architecture in the design of highly porous scaffolds.
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Highlights:

- Minimal surface and lattice-based architectures exhibit different flow behavior

- Scaffold permeability can vary up to three times depending on the architecture

- Scaffolds with minimal variation in channel size exhibit the highest permeability
- Wall shear stress distribution does not correlate with scaffold architecture

- Scaffold design with desired wall shear stress distribution is problematical

- Architecture selection in designing highly porous scaffolds will affect bioactivity



