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Abstract: The birth deformity of ear, known as microtia, varies from a minimal deformed ear to the absence of auricular tissue or anotia. This
malformation has been treated by reconstructing the external ear, mainly by autogenous rib cartilage in auricular repair. The fabrication of
the ear framework is a prolonged reconstructive procedure and depends of the surgeon’s skill. In order to avoid these inconveniences and
reduce surgery time, it was proposed in a previous work to use implants made with biocompatible materials. One of these is a scaffold made
by fused deposition modeling using PLA based in the three-dimensional geometry of the ear cartilage. The aim of this work is to evaluate the
feasibility of this scaffold to perform cell culture in a perfusion biorreactor by estimating the flow transport characteristics in porous media
using a scaffold with the porous geometry of the human auricular cartilage for microtia. Flow and heat transfer through the scaffold were
simulated by the lattice Boltzmann method, and permeability and shear stress distribution were obtained at different Reynolds numbers. The
permeability values of the scaffold achieved are in the order of magnitude of scaffolds used for cell culture. Linear dependencies between
maximum shear stress and Reynolds number, and between maximum shear stress and permeability were obtained. The values of shear
stress achieved correspond to high percentage of cell viability. The scaffolds for microtia treatment with the proposed filling pattern select

is appropriate for cell culture in a perfusion bioreactor with characteristics similar to those described herein.
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Introduction

The birth deformity of ear is known as microtia, which varies from a
minimal deformed ear, known as grade 1, to the absence of auricular tissue
oranotia.1 The more frequent cases of microtia are grade 3 and these look
“like a little sausage—shaped Wrinkle of skin"'.Microtia grade 2 looks like
aminiature ear'.This malformation occurs once in every 6,000 births, 2 only
one side is involved in 90 percent of the cases, and 63.1 percent of the
patients are males and the other 36.9 percent are females?.

This malformation has been treated by reconstructing the external ear.
In 1959, Tanzer made a successful reconstruction employing an autoge-
nous rib cartilage as framework®. The use of autogenous rib cartilage in
auricular repair has been used since that date and the results in a long
term had reported*®. The fabrication of the ear framework is a prolonged
reconstructive procedure and depends of the surgeon’s skill. In order to
avoid these inconveniences and reduce surgery time, Berroteran6 propo-—
sed to use implants made with biocompatible materials to treat microtia.
One of these is a scaffold made by fused deposition modeling (FDM)
using polylactic acid (PLA) based in the three—dimensional geometry of
the ear cartilage.6 This must have the appropriate conditions to develop
a cell culture.

The objective of the present research is to evaluate the feasibility of a
scaffold proposed in a previous work to perform cell culture in a biorreactor
by estimating the flow transport characteristics in porous media using a
scaffold with the porous geometry of the human auricular cartilage for
microtia. The micro—fluid dynamics through a scaffold is simulated by
three—dimensional lattice Boltzmann method. The characteristic pro—
perties in porous media are the Darcy permeability and the shear stress
distribution, because the feasibility of a specific scaffold to perform in
vitro cell culture could be set knowing these characteristic properties.

One of the scopes of previous research works is to evaluate charac—

teristic properties of fluid flow in porous media of the employed scaffold
by computational fluid dynamics. Some of these works simulated flow in a
geometry of the employed scaffold obtained by microtomography,’=* and
when the geometry of the scaffold is built by three-dimensional printing,
the model used in the simulations is draw using of the same parameters
of the printing.'~'® For this application the flow field has been modeled
by the finite volume method,2%'4"7 the finite element method,>'6'8 and
the lattice Boltzmann method?”810-1319with results similar to experimental
data, however not precise to these. Pennella et al.™ explain some causes
of the difference between the permeability values obtained experimentally
and those calculated by computational fluid dynamic among which are
the reconstructed scaffold volumes are in different orders of magnitude
than the experimental samples and the resolution of the microtomography
images used to reconstruct the three—dimensional models is not ade-
guate. These previous publications differ in the way that they model the
flow through the porous media and in the characteristic properties due
to the specific objectives of each research. For example, Ferroni et al.®in
addition to simulate flow through the porous scaffold, they also studied the
oxygen consumption in this, and Alam et al.™ present a tool to simulate cell
growth in bone tissue. Table 1 shows details about each referenced work.

The shear stress produced by the flow at the internal walls of the
scaffold has been studied due to shear stress is an important regulator in
cell function’. Croughan and Wang?' describe the shear stress effects on
metabolism of living animal cells in bioreactors, and Liu, et al.? demons-
trated that shear stress induced by laminar flow can promote autophagy in
vascular endothelial cells. According to its magnitude, shear stress could
have a beneficial effect on cell growth®, can damage cells? or prevents
attachment of the cells to the scaffold™ 6. Computational fluid dynamics
have been employed to obtain shear stress values in scaffolds concluding
that shear stress is a function of the porous geometry and flow regime’s,
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Reference Method Details about method Flow conditions Porous geometry
Porter et al. Lattice Boltzmann  Lattice Boltzmann 0.15<Re<0.9, Darcy flow Porous scaffolds imaged via
(2005)7 method method, BGK, D3Q15 micro—CT of human trabecular
lattice bone
Boschetti et al. Finite element FIDAP (Fluent Inc) for  Velocity=689, 338, 163, and  Microporous polymeric scaffold
(2006)15 method finite element method 105 mm/s (Degrapol®) by micro-compu-
Density=1000 kg/m3 ted tomography
Viscosity=8.2x104 kg/(m-s)
Re=3.97 and 5.37x103
Cioffi et al. Finite element Fluent for finite volume  Velocity=0.000053 m/s, Microporous polymeric scaffold
(20062)8 method method Density=1000 kg/m3, Vis=  (Degrapol®) by micro-compu-
cosity=8.1x104 Pa s, ted tomography
Re=3.42x104, 3.71x104,
and 3.70x104
Cioffi et al. Finite volume Fluent for finite volume  Volumetric flow rate=0.5 Microporous polymeric scaffold
(2006b)8 method and lat-  method and Lattice cm3/min through a 15 mm (Degrapol®) by micro-compu-
tice Boltzmann Boltzmann method diameter scaffold ted tomography
method
Zeiser et al. Lattice Boltzmann  Lattice Boltzmann Velocity=1 mm/s Pore-scale structure by seg-

(2008)10and a lattice
Boltzmann method
(LBM

Vossenberg et al.
(2009)16

Voronov et al.
(2010)11

Pennella et al.
(2013)13

Alam et al. (2016)14

Ferroni et al. (2016)20

Malve et al (2018)18

Ali etal. (2020)17
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method

Finite element
method

Lattice Boltzmann
method

Lattice Boltzmann
method

lattice Boltzmann
method

Finite element
method

Finite element
method

Finite volume
method
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method, BGK, D3Q19
lattice

COMSUL
Multiphysics 3.3

Lattice Boltzmann
method, BGK, D3Q15
lattice

Palabos for lattice
Boltzmann method,
BGK, D3Q19 lattice,

Lattice Boltzmann
method, BGK, D3Q15
lattice

Comsol Multiphysics

4.3b for two-dimen-
sional and three-di-

mensional flow simu-
lations

Adina R&D

Ansys Fluent software

Density=1200 kg/m3, Visco-
sity=500 to 2000 Pa s,
Re=10-6 for vertebroplasty
application

Characteristic length of the
trabecular bone=1 mm,

Re=7.5x10-3

Velocity=0.0044 cm/s

Re<<1

No show

Density=1029 kg/m3,
Viscosity=0.0012 kg/(m-s),
Re=2x105

Density=1000 kg/m3,
Viscosity=0.00001 kg/(m-s)

Velocity=0.1 mm/s,
Density=1000 kg/m3,
Viscosity=0.0037 kg/(m-s)

Table 1 - Computational fluid dynamic methods, flow conditions, and porous geometry employed in each referenced work.

ment X-ray microcomputed
tomography of bone

Printed regular scaffolds with
fiber radius equal to 75 ym

Porous scaffolds imaged via
micro-CT of a salt grain

Porous scaffolds imaged via
micro-CT

Porous scaffolds imaged via
micro-CT

Idealized geometry - printed
scaffolds

Idealized geometry - printed
scaffolds

Eight idealized geometries -
printed scaffolds
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and more specific of the Darcy permeability coefficient's.

Generally, cell cultures are performed at constant temperature around
37 degrees Celsius, the initial conditions are at room temperature (around
21 degrees Celsius). Schuerlein et al.% report a variation of temperature
in the medium in tissue chamber from initially 21 to 36 degrees Celsius
within 60 min in a perfusion bioreactor. These temperature variations could
change the flow properties in the scaffold and are studied herein.

The lattice Boltzmann method has been very useful to solve flow in
porous media because of it avoids to create an intricate mesh in this media,
required by other computational fluid dynamic methods, besides this
method allows multi-physics applications like flow and heat transfer. In
this case, the open access code Palabos?, based in this method, is chosen
to perform the simulations. This code is capable of modeling three-di-
mensional, unsteady, low Reynolds flow.

Methodology

Geometry employed

Berroteran6 built six different samples of scaffolds with the geometry
of the human auricular cartilage by fused deposition modeling (FDM) using
a thread of polylactic acid (PLA) fibers. These samples differ in orientation
(horizontal, vertical, and lateral), fill pattern (honeycomb, line, and recti-
linear), layer thickness, and fill density. To print these scaffolds was used

FDM machine brand RepRapBCN®, Esun 3D filament PLA as building
material (Esun 3D filament PVA as support material). Two of these scaffolds
were selected and reported an average pore size between 200 and 500
um, which is considered appropriate for the adequate cellular proliferation
in the scaffold according to Wu et al.?” and Sobral et al.?8 These two scaf-
folds were printed with orientation and fill pattern horizontal honeycomb
and lateral rectilinear, layer size of 0.4 and 0.2 mm, respectively, and both
with a fill density of 60%. The resultant average pore sizes are 471+19 and
487436 um, respectively.

Using the data of the scaffold printed with orientation lateral and fill
pattern rectilinear, a digital geometry with the same orientation and fill
pattern, layer size of 0.2 mm and pore size 487+36 um was created in order
to simulate fluid flow in a small sample of the complete scaffold geometry.
Figure 1 presents photographs of this scaffold. The digital geometry of
the test scaffold has twelve layers of depth, due to this is the maximum
resultant number of layers depth of the printed scaffold of the human
auricular cartilage at its thickest point. Its dimensions are height 4.925
mm, width 5.225 mm and length 2.675 mm. The geometry was drawn
using the design program Rhinoceros® joint with the plugin Intralattice®,
which allows generating solid lattice structures by an algorithm. Figure 2
presents the geometry achieved with has layer size of 0.2 mm and pore
size of 483.379um.

Figure 1 - Test scaffold printed with PLA using FDM fill pattern rectilinear, orientation lateral, layer size of 0.2 mm and pore size 487+36

complete and (b) zoomé.

um, (a)

Figure 2 - Scaffold created to perform computational fluid dynamic tests (left) and detail of the fill pattern (right).
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Flow simulation by lattice-Boltzmann method Bhatnagar-
-Gross-Krook scheme

The evolution of particle distribution functions f; ( X, ¢, V) is Speci—
fied by the Boltzmann equation, which is expressed as a function of the
collision operator Q:31

S Toos_
E+V Vi=Q m

The collision operator describes thg interactions of particles on mi-
cro scale. Equation (1) is discretized by-the-diteStjoralqarticle velocities
(€)and in space and time (C=AX/At¢{ to obtain the lattice Boltzmann
equation with the Bhatnagar-Gross—Krook (BGK) collision operator con-
sidering the dimensionless relaxation time related to mass transfer ( Tm )",

f(Z+eAtt+A) - f(%,0) =—i[f,. (®0)-£1(%0)]

T

m

The equilibrium distribution function3'3

N &7 e} (Pf
f5 (F,t)=pwi| 1+ P B 3)
Where density is p , the macroscopic velocityis ¥ and the pseudo
sound speed ¢, , which is defined as ¢, =./1/3¢
The particle distribution function for advection and diffusion ( g ) of
a scalar field of temperature T is expressed as in function of dimensionless
relaxation time related to heat transfer ( g )*2

g (F+EAn1+Al) g, (1) = —Ti[gl. (®0-g* ()] @

The linear form of the equilibrium distribution function for this case is®

. G-V
giq(x,t)zT'w{l+ " } (5)

s

For three—dimensional lattices with nineteen discrete velocities
(D3Q19), the weight factors are w0=0, wi=1/18 for i=1-6, wi=1/36 for
i=7-18.31 The macroscopic density, velocity and temperature are cal-
culated in each node of the lattice when is consider mass, momentum,
and energy conservation, respectively®.

. (6)
fi=p
2
ifiéi' = ,017 0
i=0
z g =T ©

The kinematic viscosity (u) and thermal diffusivity () are expressed
as a function of lattice units, respectively:32

2
v:cz(rm—OS)Ax ©)
At
2
a=c (r,-0.5) 2 (10)
At

The relation between kinematic viscosity and thermal diffusivity is
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known as Prandtl number (Pr).

Fluid flow in porous media

The Darcy flow transport model describes the fluid flow through a
porous media. For Reynolds numbers lower than 10 the permeability is
estimated by the volumetric flow rate (Q ) and the pressure drop through
the porous media ( AP ):133

448
AP \ A

Where # is the dynamic viscosity, L and A are the thickness of the
sample in the direction of the flow and the surface area of the scaffold to
flow, respectively.

The Reynolds number is calculated based in:

(1

R _ pugDy _ugD,,

y2; 1%

(12)

Where p is the fluid density, v is the kinematic viscosity, Dh is the
hydraulic diameter, and knowing that the velocity is u=Q/A.

Cioffi et al.® present an analytical equation to link permeability with
average shear stress,

MUy

NG

Simulation conditions

The flow conditions were set to model a perfusion bioreactor and
the respective domain of the simulation is shown in Figure 3, which are
used to force culture medium through the pores of three~dimensional
scaffolds. Perfusion bioreactors improve cartilage-like matrix synthesis
for chondrocytes and chondrocyte growth®. The flow simulations through
test scaffold shown in Figure 2 were carried out by Palabos? using D3Q19
lattice model and BGK scheme because of the Reynolds numbers in per-
fusion bioreactor are low. A duct of rectangular section with walls with
periodic boundary condition (in order to reduce the computational cost
to model wall without friction) due to the wall effect can be considered
negligible™®, scaffold geometry with bounce-back boundary condition
for no-slip condition, inlet flow with constant and uniform velocity in the
x—axis, and outlet flow condition with constant pressure. The dimensions
of the lattice N,, N and Nz are 443, 80y 77, respectively, for a total of
2.72888 million of elements.

Table 2 presents the parameters employed in the simulations. The
values of viscosity and density of the culture medium were taken from
Ferroni et al.?® , and the Prandtl number was set equal to the water. It
was selected a group Reynolds numbers of low value and using these the
corresponding inlet velocity for each case is estimated. In order to achieve
these Reynolds numbers in the simulations and so that the solutions ac—
complish a convergence, the inlet velocity, the kinematic viscosity, and the
velocity in lattice units are placed to achieve a value of dimensionless rela—
xation time close but not equal to 0.5. The resultant dimensionless relaxion
time for each simulation results equal to 0.503570457 and 0.500522803
for flow and heat transfer, respectively.

(13)

zT:
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Inlet flow
constant |
velocity

‘#\

Figure 3 - Domain of the simulation.

Outlet flow
constant
_ pressure

Scaffold

Parameter Description Value

D hydraulic diameter of the scaffold 0.00437356112 m
U Viscosity of the culture medium 0.0012 g/(m-s)

P Density of the culture medium 1029 kg/m?

v Kinematic viscosity 1.17x10° m¥/s

Pr Prandt| number 7

Table 2 - Values employed in the simulations.

Results and Discussion

The lattice Boltzmann method is highly parallelizable which allows
using many cores of a central processing unit (CPU). In this case, using
the entire cores of a desktop with a processor Intel® Core™ i5-7400 of
RAM 8 GBytes each simulation achieved convergence for average energy
lower than 1078 of error at 8 h 15 min for isothermal cases (32292 iterations,
52.577 s of lattice time) and 20 h 21 min for flow and heat transfer cases
(81480 iterations, 129.427 s of lattice time). During simulations, Palabos
printed vti files every 2 s of lattice time which contain velocity, pressure
and temperature field of the fluid flow in lattice units. Paraview was used
to obtain velocity, pressure, and shear stress in physical units.

Figures 4 and 5 show the scaffold permeability and shear stress, res—

pectively, as a function of Reynolds number. The shear stress (#x V)

was calculated using the data obtained from each simulation. It is obser—

ved that at different Reynolds numbers the permeability values are close

between them for Re<0.2, and these are in the order of magnitude of bone

and cartilage scaffolds compiled by Pennella et al.13 Figure 5 shows that

the shear stress values into the scaffold as a function of Reynolds number
increase linearly described by Eq. (14),

r.. =4.98057x10°Re (14)

which can be used to adjust the flow velocity or volumetric flow rate

to a desired maximum shear stress. The values of average shear stress

50 INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - JAMB

from Eq. (13) are higher than those ones obtained from simulation. Cio-
ffi et al.8 reported a similar difference between the values calculated by
numerical simulation and the estimated by Eq. (13). The values of shear
stress obtained correspond to high percentage of cell viability according
to values reported by Nair et al.?* Figure 6 illustrates that the relation be-
tween the measured maximum shear stress and the permeability for the
geometry presented herein achieves a linear function represented by Eq.
(15). This relation only applies for this specific geometry in this range of
permeability values.

7. =—5.06865x10°k+5.61111x10~ (15)

The influence of the difference of the temperature between the culture
medium and the scaffold in the permeability and maximum shear stress is
evaluated varying the temperature of the scaffold wall from 20 to 40 de-
grees Celsius respect to the culture medium at 30 degrees Celsius (303.15
K). The maximum difference attained for permeability is 0.03871 percent
and for shear stress is 0.03369 percent when the object wall is equal to
35 degrees Celsius. This indicate that the small variations in temperature
that may occur in the bioreactor do not affect largely the conditions in the
culture medium.

Figures 7 and 8 present pressure, velocity magnitude, and shear stress
along (x—axis) in the middle and wide (z—axis) between the first two layers

Vol. 2N.1,2019



of the scaffold geometry, respectively, at Re=4.374x10-5. Itis observed
along x—axis that the velocity initially increases, and then slight falls of
this when going through the scaffold, a characteristic pressure drop in
flow through porous media, and that the shear stress is highest between
the first two layers of the scaffold along x—axis direction. Figure 8 shows
that the pressure varies between layers of the geometry in a regular way,
however the velocity magnitude is larger in the center of the geometry in
almost symmetrical distribution, and the shear stress present a non-re—
gular distribution. Nevertheless, shear stress profiles in regular scaffolds

1,12E-09

Fluid flow in a Porous Scaffold for...

obtained by Vossenberg et al. 16 and Hossain, Bergstrom, and Chen23
have regular distribution. This difference may be due in these two previous
mentions works, flow field is simulated through small geometries of two
and five layers along z-axis, respectively, and in the geometry present
herein have twenty—four, representing a larger domain where the flow
field could develop in other way.

1,10E-09 -

1,08E-09 -

me

1,06E-09 -

1,04E-09 -

Permeability

1,02E-09 -

1,00E-09 -

9.80E-10 T

1,0E-06

1,0E-04
Reynolds Mumber

1,0E-02 1,0E+00

Figure 4 - Achieved scaffold permeability as a function of Reynolds number.

1,0E+00
1,0E01 -
1,0E-02 -
1,0E-03 4
1,0E-04 -

1,0E-05 A

Shearstress, Pa

1,0E-07 4
1,0E-08 - -

1,0E-09 -

1,0E-10 T

o Max Simulation
o Estimated Eq.(13)

T=19.98878E-03 Re
R*=19.99331E-01 E@?

1,0E-06 s

A Tpum=4.98057E-05 Re

R* = 9.97344E-01

1,0E-06

1,0E-04

1,0E-02 1,0E+00

Reynolds Mumber

Figure 5 - Shear stress as a function of Reynolds number.
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; 4,00E-04 - .
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 2,00E-04 - 5
3
1,00E-04 - "
0,00E+00 | | \
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Figure 6 - Maximum shear stress as a function of scaffold permeability.
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Figure 7 - Pressure, velocity magnitude, and shear stress in x—axis direction of the scaffold at Reynolds number equal to 4.374x10-5.
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Figure 8 - Pressure, velocity magnitude, and shear stress in z-axis direction of the scaffold at Reynolds number equal to 4.374x10-
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Conclusions

The flow through a test piece based on the scaffold of the human
auricular cartilage for microtia proposed for cell culture in a perfusion
biorreactor was simulated using the Lattice Boltzmann method to evaluate
the flow transport characteristics in a porous media. It was determined
that the permeability of the scaffold is in the order of magnitude of scaffold
used for cell culture, and the possible variations of temperature in the
tissue chamber do not affect significantly permeability and shear stress
values. Linear dependences between maximum shear stress and Reynolds
number, and maximum shear stress and permeability, respectively, were
found. The values of shear stress achieved correspond to high percentage
of cell viability. Based on the results obtained, it can be concluded that the
scaffolds for microtia treatment with the proposed filling pattern select is
appropriate for cell culture in a perfusion bioreactor with characteristics
similar to those described in this work.
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