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Abstract—In this work, we investigated surface roughness
effects on bone scaffold permeability and fluid flow-induced
wall shear stress (WSS) using computational fluid dynamics
(CFD) analysis. Scaffolds are made of interconnected
microchannels, whose fluid flow can be examined from the
perspective of fluid flow dynamics. Given that the roughness
of microchannel surfaces serves a non-negligible function in
the fluid dynamics within the channels, it is believed that the
wall roughness of scaffolds can play an important role in
their permeability and WSS. Given the criticality of perme-
ability and WSS in the effective biological functioning of
scaffolds, we investigated manufacturing-induced surface
roughness effects on the two aforementioned biocompatibil-
ity characteristics. To this end, three scaffolds with square
pores of different sizes (300, 600, and 900 um) and identical
porosity (63%) were designed. Six roughness levels (0, 4, 8,
12, 16, and 20 um) were established for the scaffold walls,
thus enabling us to develop 18 scaffold models. The pressure
drop and WSS in the scaffolds were then measured by CFD.
Scaffold permeability was calculated using Darcy’s law, with
reference to geometrical parameters and the pressure drop
derived from the CFD analysis. In all the scaffolds, high
roughness decreased permeability and WSS. A significant
difference in WSS reduction was found between the models
with smooth scaffolds and the models with scaffolds that had
a roughness of 20 um. Except for the scaffold with a pore size
of 300 um, all the others showed no considerable change in
permeability at different roughness levels.

Keywords—Scaffolds, Permeability, Wall shear stress, Sur-
face roughness, CFD analysis.

INTRODUCTION

In recent years, the use of porous scaffolds in the
regeneration and treatment of damaged organs has
drawn considerable attention in the field of tissue
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engineering. Meanwhile, newly developed manufac-
turing technologies, such as additive manufacturing
(AM), have enabled the production of three-dimen-
sional scaffolds with a wide range of materials and
different architectures that mimic host tissues.? Despite
these valuable advancements, however, the character-
ization of the mechanical and biological properties of
scaffolds remains a challenging task.

Evaluating biocompatibility characteristics, such as
permeability”® and WSS,’ is critical because of their
influence on cell bioactivity within scaffolds. A per-
meable scaffold should allow the sufficient diffusion of
nutrients, gases and the adequate emission of waste
through its pores.*® Given that cell proliferation within
scaffolds is directly influenced by permeability, its
calculation is highly consequential in the optimization
of cell culturing and the duration of treatment,
regardless of the fact that permeability can exert con-
tradictory effects on different types of cells.?

Cells with adequate signals, including biophysical
stimuli, initiate the formation of desired tissue within a
scaffold’s pores.”” Among well-known biological
stimuli, the stress** and strain®’ that arise from fluid
flow and mechanical loading on scaffolds, respectively,
are the most noteworthy. Because WSS can exert dif-
ferent effects on diverse cells, examining its magnitude
and modality in scaffold design is critical.'***4¢ For
example, researchers widely acknowledged that
mechanical stimulation that includes shear stress can
improve osteogenic differentiation.”**®

Many studies have been conducted to investigate
the parameters that determine permeability and
WSS, 7:11:16:24.25.3537 Regsearch has been devoted to
determining the effects of scaffold structures on per-
meability on the basis of porosity pore size and pore
shape.® In other fields, finite element analysis (FEA)
has been evaluated as a powerful tool for characteriz-
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ing materials®*; as a variant of FEA, computational
fluid dynamics (CFD) is an effective alternative to
complicated and expensive experimental tests in
investigations of fluid behavior.!” In numerical analysis
techniques, such as FEA and CFD, computer-aided
design (CAD) models are commonly used, but the
manufacturing-induced differences between these
models and actual scaffolds are often ignored. A few
studies have generated realistic results on fluid flow
within scaffolds with the use of CAD models. Dias
et al., for example, found that experiments generate
permeability values that are lower than those produced
in CFD modeling."” Using CFD analysis, Truscello
et al. explained the major mismatch in permeability
results between CAD-based and micro-CT scanned
(models made of high-resolution micro-CT images of
manufactured scaffolds) models. The authors identi-
fied the interior surface roughness of the micro-CT
models as one of the possible causes of the discrepancy
between the models.*® Although these studies provided
useful insights, to the best of our knowledge, no
research has been directed toward examining the ef-
fects of scaffold surface roughness on scaffold perme-
ability and WSS. Due to the direct effect of
permeability and WSS in the scaffolds on cellular
activity within them,'"*' the prediction of the exact
magnitudes of these parameters in CFD analysis using
similar geometries of the manufactured scaffolds can
act as a step forward in their design.

Scaffolds are made of interconnected microchan-
nels, whose underlying fluid flow dynamics can be used
as basis in evaluating scaffold permeability. Given that
fluid flow within a microchannel depends on the
microchannel’s dimensions, geometry, and other fac-
tors, such as wall roughness.*® For example, Guo er al.
found that the friction factor increased to about 11.4%
in a microchannel (rectangular cross-section with
dimensions of 500 x 500 um) with a relative surface
roughness of 4% under laminar flow."” Therefore, we
can conclude that the permeability and WSS in scaf-
folds are not only controlled by pore architecture but
also depend on other parameters, such as surface
quality. On the basis of the assumption that the surface
roughness of scaffolds plays a critical role in perme-
ability and WSS, the current study carried out a CFD
analysis of scaffolds with rough surfaces.

In representing the wall roughness of microchannels
by CFD, simple elements are generally placed in the
path of fluid flow; these barrier elements include rect-
angular, trapezoidal,>® conical and sinusoidal® struc-
tures. Although models designed to predict the
behavior of fluids in microchannels come with
acceptable errors, the peaks and valleys of the surface
topology that characterizes materials are naturally
distributed in a random manner. Therefore, the CFD
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modeling of microchannel wall roughness with random
topology can produce more accurate results. To gen-
erate surfaces with random topology, researchers
developed fractal and Gaussian distribution®® models.

In the present study, the surface roughness of scaf-
fold microchannels were generated in ANSYS Para-
metric Design Language (APDL), and peak height and
valley depth were generated using random Gaussian
distribution. Scaffold models having square pores of
different sizes (300, 600, and 900 um) and identical
porosity (63%) were prepared.'” Six levels of rough-
ness (R, 0, 4, 8, 12, 16, and 20 um) were established
for the scaffold walls; these roughness values were
determined on the basis of the AM method, which is
widely used in scaffold production.** To calculate the
pressure drop and WSS in the scaffolds, CFD analysis
was carried out in the laminar regime.

MATERIALS AND METHODS
Scaffold Models

The scaffold models were designed using Solid-
Works. Figure la shows the 5 x 5x5 unit cells of the
scaffolds and other relevant dimensions. As previously
indicated, the R, of the scaffolds ranged from 0 to
20 yum—a range that was based on the actual surface
roughness values measured by conventional manufac-
turing methods (selective laser melting) for metallic
scaffolds.** The generated rough surfaces R, heights
values were scattered highs scattered considering the
Gaussian (normal) random distribution with mean
value of 0 and a standard deviation of 0.333333. More
details on generating a randomly rough surface can be
found elsewhere.” Regarding the length and width of
the scaffold walls, rough surfaces were generated using
APDL. The generated rough surfaces and scaffolds
were assembled to obtain the fluid domains (Fig. 1b).
The models were assigned labels as P-(300-600-900)-(0-
4-8-12-16-20) that are based on pore size and R,. The
P-300-16 model, for example, represents a scaffold
with a pore size of 300 um and a surface roughness of
16 um.

The fluid domains that are instrumental to the
examination of the effects exerted by surface roughness
on scaffold permeability and WSS were generated.
Owing to the symmetrical geometry of the unit cells
and the need to avoid large-scale and expensive CFD
analysis, only a quarter of the unit cells were used.

The solid and fluid domains and the boundary
conditions of the scaffolds are shown in Fig. 2.

A symmetric boundary condition was assigned to
the surfaces of neighbor scaffolds and the cutoffs in a
quarter (Fig. 2).
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FIGURE 1. (a) The scaffold with 5 x 5x5 unit cells. For scaffolds P-300, P-600, and P-900, the d unit cell lengths were 800, 1600,
and 2400 um, and the c pore sizes were 300, 600, and 900 um, respectively. (b) Rough surfaces were formed from randomly
scattered peaks and valleys. Rough surfaces were produced in APDL by using the Gaussian distribution of R, peaks. Rough walls

were established for the scaffolds.

Governing Equations in CFD Analysis

Water was selected as the working fluid, after which
a flow velocity of 0.001 m/s*> was assigned to the inlet.
The Reynolds number was calculated as follows:

RGZ'DVDPORS, (1)
I
where p, v, Dpores, and u represent the density of fluids
(1000 kg/m?), the inlet velocity (0.001 m/s), the hy-
draulic diameter (m) of pores, and the dynamic vis-
cosity of water (0.001 Pa.s), respectively. For three
groups of models, the Re was < 10, thus confirming
the validity of Darcy’s law.*

The Navier—Stokes equation for incompressible
fluid dynamics* was used as a governing equation in
the CFD analysis. The equation is expressed as fol-
lows:

0
pa—’: —VPut puN)u+Vp=F, Vu=0, (2)
where u, V, and F denote the, the velocity of fluid flow
(m/s), the del operator, and other forces (gravitational
or centrifugal force), respectively.

Permeability (k) was calculated on the basis of
Darcy’s law*® as follows:

L

where O, L, A, and AP represent the fluid flow rate
(m?/s), the model length (m), the cross-sectional area of
a unit cell (m?), and the pressure drop (Pa), respec-
tively. It should be noted that the fluid viscosity in the
scaffolds can be influenced by different factors such as
polarization and electrically charged pores’ walls ';
however, to simplify this study, the viscosity was

considered constant.*

Solution and Convergence

Using ANSYS Fluent, laminar analysis was per-
formed to measure the pressure drop and fluid flow-
induced WSS within the scaffolds. Tetrahedral ele-
ments were used to mesh the models.'” To mesh rough
surfaces, the rest of the models’ maximum element si-
zes (i.e., 2 and 40 um) were used. To determine the
sensitivity of the CFD results to mesh quality, con-

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



2026 D. ALl AND S. SEN

(a) (b)

(c)
Inlet

Outlet

FIGURE 2. (a) Solid (grey) and fluid (pink) domains; (b) a quarter of the solid and fluid domains; (c) the fluid domain that was used
in the CFD analysis; the top face (blue), side faces (red), bottom faces (green), and interior rough surface (gray) boundaries were
denoted as the inlet, symmetry, outlet, and no-slip walls, respectively.

vergence analysis was performed for each model using
residual criterion value of le-6.

The elements in the models are presented in Table 1.

As illustrated in Fig. 3, very fine mesh sizes were
selected to obtain accurate feedback regarding the ef-
fects of wall roughness topology.

A metallic-based assumption of scaffolds that had a
negligible deformation*’*® during fluid flow allowed us
to ignore a possible fluid—wall interaction in the CFD
analysis.

RESULTS

Validation

To confirm the reliability of the determined surface
roughness effects on pressure drop, a similar model
examined by Guo et al.'® was redesigned with a rough
surface. Very good agreement was observed between
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the results, with an error of 1.61% in the Poiseuille
number (Table 2).

Permeability and WSS

To illuminate the modality of pressure distribution,
contours were ascertained for the 300-0 and 300-20
models (Fig. 4). Figure 4b indicates that the presence
of rough surfaces in the 300-20 model caused a pres-
sure drop that was higher than that occurring in the
smooth walls of the 300-0 model. To probe into the
reliability and performance of the models in the CFD
analysis, their pressure drop (AP) responses to flow
rate were tested under four different inlet velocities (5,
10, 15, and 20 mm/s). Figure 4c shows the linear
curve-fitting graph of the assigned inlet velocity and
the AP measured for the smooth models and the
models with a 20 um surface roughness. In all the



Number of elements for the CFD analysis.

TABLE 1.

P-600

P-300

Pore size
R,

20

16

12

20

16

12
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1320756 1977322 2316358 2964502 3493566 2191063 2534679 2898957 3898389 4992108 5155438

1119129

Number of elements

P-900

Pore size
Ra

20

16

12

3605706 3823073 4794738 6978981 7262839

3448505

Number of elements

models, pressure drop correlated well with inlet
velocity (R> > 0.99).

With reference to Eq. (3) and the obtained AP
between the inlet and outlet in the CFD models, the
permeability of each scaffold was calculated (Fig. 5).

Regardless of the effects of surface roughness on
scaffold permeability, such permeability increased with
increasing pore size (Fig. 5) a trend that is consistent
with the literature.”’ Because this study was aimed
primarily at examining the effects exerted by the sur-
face quality of scaffold walls on permeability and WSS,
the effects of pore size were minimally explored.

The intergroup assessment of the scaffolds indicated
that the maximum difference in permeability occurred
in the P-300 group, specifically between the P-300-0
and P-300-20 models, with a 22.19% decrease in per-
meability. Minimal changes occurred in the P-600 and
P-900 groups, with slight differences of 3.55 and 2.3%
between the models with R, values of 0 and 20 um. As
reflected in Eq. (3), the decrease in permeability was
the result of the pressure drop (AP) increase that arose
from surface roughness. In all the three groups of
scaffolds, however, a surface roughness of up to 12 ym
did not exert any significant effects on permeability.
Although no definitive method has been developed to
calculate the effects of surface roughness on pressure
drop for microchannels, many studies have shown that
a pressure drop can be observed when relative surface
roughness (the ratio of surface roughness to hydraulic
diameter) passes a certain threshold.'*'*!” In the
current research, for example, the relative surface
roughness levels of models P-300-12, P-600-12, and P-
900-12 were are 4, 2, and 1.33%, respectively. Note
that in this work, the Reynolds number was very low,
and the scaffolds were composed of tortuous
microchannels. Therefore, the permeability results for
the scaffolds with small relative surface roughness le-
vels are expected and aligned with the findings of
similar studies on microchannels.'*

As stated previously, WSS plays a major role in
stimulating cell proliferation within scaffolds. Thus,
the WSS of the models was determined on the basis of
an inlet velocity of 1 mm/s. The changes in WSS in all
the models are illustrated in Fig. 6.

The average magnitude of WSS decreased with
increasing pore size a tendency that aligns with similar
analysis results derived by Zhao er al.>® With respect to
the effects of surface roughness on WSS, increasing
roughness decreased WSS; the maximum difference in
WSS occurred between P-900-0 and P-900-20, with a
reduction of 26.92%. The P-600-20to P-600-0 models
and the P-300-20 to P-300-0 models registered a 25.49
and 17.94% decrease in WSS, respectively. The aver-
age WSS values are useful, but a more comprehensive
understanding of the effects of roughness on WSS
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FIGURE 3. The P-300-20 model and refined mesh in the wall surfaces.

TABLE 2. Poiseuille numbers for our model and Guo et al.’s work with a Reynolds number of 100.

Model Cross-section Length (mm) Rz (um) Poiseuille number Error (%)
Guo et al. work 500 x 500 um 20 24 62 1.61
Current study 500 x 500 um 20 24 61

necessitates its scattering on models walls area with
zero and 20 um of roughness was showed in Fig. 7.

All the six models exhibited the same pattern in their
WSS distribution histograms (Fig. 7)—a finding that
corresponds with the results in the literature.” A right-
skewed histogram indicates that a huge percentage of a
scaffold’s wall is exposed to a WSS that is lower than
mean values. The tendency to skew to the right was
more pronounced in the scaffolds with a 20 um
roughness than in the scaffolds with zero roughness.
This result reflects that more surfaces were exposed to
a WSS lower than the mean value in the rough models
than in the smooth scaffolds.

DISCUSSION

It is generally accepted that among the effective
parameters on the permeability of the scaffolds,
porosity plays the most important role. However, in
this study to focus only on surface roughness effects on
permeability and WSS of the scaffolds, the porosity of
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all models was constant and the size of the pores var-
ied..! Rather than being influenced by surface rough-
ness, scaffold permeability and WSS are strongly
affected by pore size. However, because researchers
have reached no agreement with respect to ideal pore
size (reported sizes vary between 200 and 1300 um>' in
the literature), all factors that can potentially affect the
successful design and implementation of scaffolds,
including permeability and WSS, should be investi-
gated under different pore sizes. An explanation of the
relationship between surface roughness and perme-
ability or WSS appears to provide additional insight
into scaffold design and characterization.

Theoretically, friction in a wall and, consequently,
the changes in pressure drop in microchannels can be
described on the basis of the (i) increase in shear stress
and (ii) the obstruction of sections.”’ The physical
presence of rough eclements on walls causes partial
obstruction in cross-sections and deflects fluid flow
from its normal path in the vicinity of walls (Fig. 8).
Considering these issues, results in a straightforward
interpretation of pressure drop results.
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FIGURE 4. Pressure contours at an inlet velocity of 1 mm/s; (a) pressure contour of 300-0 and (b) pressure contour of 300-20; (c)
correlation between pressure drop and inlet velocity the P-300-0, P-300-20, P-600-0, P-600-20, P-900-0 and P-900-20 scaffolds.
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FIGURE 7. WSS distributions in the (a) P-300-0, (b) P-300-20, (c) P-600-0, (d) P-600-20, (e) P-900-0, and (f) P-900-20 scaffolds. The

distributions were induced by a velocity of 1 mm/s.

A layer of fluid with a velocity close to 0 was
observed in both models. Owing to the presence of
corrugated rough elements in P-900-20 the thickness of
this layer was slightly more prominent.

Many theoretical’®*® and experimental®*® works
have been reported in the literature, with studies con-
sidering hydraulic diameter as the most important
factor in pressure drop. Accordingly, the results of the
current research can reasonably be evaluated in the
same way. For example, the P-300-20 model exhibited
a pressure drop greater than that occurring in the P-
300-0 model (Fig. 4). This result is attributed to the
lower hydraulic diameter caused by the presence of
20 um roughness elements throughout the scaffold’s
channels. The WSS reduction in the intergroup models
can also be justified with the same standpoint. An in-

145

crease in pressure drop in rough models indicates that
a small section for fluid transfer throughout scaffolds
exists within the models; the existence of this section
reduces fluid flow rate in rough models (Table 3). On
the other hand, WSS and fluid flow rate have a linear
relationship®®; thus, any reduction in velocity leads to a
smaller WSS.

Contradictory fluid flows in the vicinity of peaks
and valleys were also observed in the rough models
(Fig. 8c). This phenomenon may be due to the local
microscopic vortices that were created when fluid col-
lided with the peaks.!® Understanding the biological
effects of this interesting phenomenon on cell culturing
necessitates further studies.

With respect to cell activity within the scaffolds, the
effects of rough surfaces can be evaluated from two
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FIGURE 8. Velocity contours in the (a) P-900-20 and (b) P-900-0 models under an inlet velocity of 1 mm/s in the ABCD plane. (c)
Contradictory fluid flows on both sides of a peak (marked with orange ellipsoids). (d) Regular fluid flow in the vicinity of a smooth
wall.

TABLE 3. Differences in outlet velocities between rough and smooth scaffolds.

Models Inlet velocity (mm/s) Outlet velocity (mm/s) Decrease (%)
P-300-0 1.00 0.505 49.5
P-300-20 0.386 61.4
P-600-0 0.500 50
P-600-20 0.409 59.1
P-900-0 0.490 51
P-900-20 0.423 57.7
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contradictory points of view: (i) For the primary
attachment of cells, rough surfaces potentially create
favorable sites because they possess a higher number of
corners.** (ii) Reducing permeability can slow down
cell growth.*' The present study suggests that for
scaffolds with small pores, surface roughness can be an
inhibiting factor that causes channel occlusion, which
in turn, inhibits cell growth. Some issues worth noting
are that only the partial occlusion of scaffold pores can
be related to their surface roughness and that their
complete obstruction during cell culturing depends on
cell differentiation and proliferation.®'® For scaffolds
with large pores, however, surface roughness serves not
only as a deterrent but also, under the presence of
numerous corners, as a driver of initial cell attachment.
Nevertheless, the chemistry (hydrophobic or hydro-
philic), along with the topology, of a scaffold surface
can play the primary role in the initial absorption of
proteins (Vroman effect) on the scaffold walls.?®’

CONCLUSION

On the basis of fluid flow dynamics, the effects of
surface roughness on the permeability and WSS of
scaffolds were investigated. The results of this study
introduced surface roughness as a new parameter that
can potentially affect the fluid flow dynamics within
porous scaffolds in tissue engineering. The results are
summarized as follows:

(1)  Although the effects of pore size on perme-
ability were far more substantial than the
surface roughness effects, the latter’s influence
on the scaffolds with small pore sizes was non-
negligible.

(i) The effects of surface roughness on the
permeability of the models with 300 um pores
were more significant than those on the
scaffolds with larger pore sizes. Nevertheless,
the effects of surface roughness on the WSS of
the models with 600 and 900 um pores were
more pronounced than those on the WSS of
the model with 300 um pores.

(iii)  The contradictory fluid flow in the vicinity of
the rough walls requires more theoretical and
experimental studies to illuminate its effects on
cell culturing.

(iv)  We endeavored to demonstrate the effects of
surface roughness on a common architecture
of the scaffolds. However, clarifying the effects
of surface roughness on permeability and WSS
necessitates more studies, especially those that
consider different scaffold architectures.
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