Actas de las XXXIX Jornadas de Automatica, Badajoz, 5-7 de Septiembre de 2018

https://doi.org/10.17979/spudc.9788497497565.0737

Nozzle pressure analysis of several hydrogel on extrusion-based
bioprinting using computational fluid dynamics

Juan Carlos Gémez Blanco
Centro de Cirugia de Minima Invasion Jesus Usén, jegomez@cemijesususon.com

Enrique Mancha Sanchez
Centro de Cirugia de Minima Invasién Jests Usén, emancha@ccmijesususon.com

Diego Torrejéon Martin
Escuela de Ingenierias Industriales, Universidad de Extremadura, dtorrejo@alumnos.unex.es

Juan Pablo Carrasco Amador
Escuela de Ingenierias Industriales, Universidad de Extremadura, jpcarrasco@unex.es

Francisco Miguel Sanchez Margallo
Centro de Cirugia de Minima Invasion Jesus Usén, msanchez@cemijesususon.com

José Blas Pagador Carrasco
Centro de Cirugia de Minima Invasién Jests Uson, jpagador@ccmijesususon.com

Abstract

Ezxtrusion bioprinting is an additive manu-
facturing technology with huge possibilities
in the creation of engineered tissues. There
are many researches about materials, cells
and their interrelation. Nevertheless, there
are not many researches about how the me-
chanics affect to cellular viability. In this
way, we have done CFD simulations to check
how the viscosity of materials can affect the
pressure distribution in the lip of a noz-
zle. These results will be updated, in future
works, with simulations of several materials
and geometries.
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1 INTRODUCTION

Additive manufacturing is a fabrication method
created in the 80’ and popularised nowadays
under the name of 3D printing. This kind of
technology works under a simple principle: the
creation of an object layer by layer.
that a certain amount of material is disposed
in a defined place in each layer, the consecutive
addition of layers creates an 3D object. This
fabrication method allows intricate geometry
which means the possibility of fabricating objects
that conventional manufacturing methods cannot
allow.

It means
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Bioprinting is the application of 3D printing
technologies in health or biology [1], [2], [3]-
This "type” of 3D printing operates under the
same principle as the conventional technology
with the particularization of using with cell-laden
or cell-compatible materials. Materials used in
bioprinting are usually 1) polymers as Polycapro-
lactone (PCL) or methylcellulose and 2) hydrogels
as Alginate or Hyaluronic Acid (HA). In fact,
any kind of material can be used for bioprinting
as long as they are biocompatible (allow cells to
live and proliferate) and biodegradable [4], [5],
[6]. Many previous works analyse which material
is better according to the biological material to
be bioprinted [7], [8], [9]. In this sense, a proper
selection of the biological material is another
key point. According to the clinical/medical
application different stem cells are used, such
as Bone Narrow Stem Cells (BNSCs) in bone
scaffolds or Mesenchymal Stem Cells (MSCs) in
cartilage regeneration. Cells are very sensitive
and need a proper environment and nutrients
to live and proliferate [10]. For this reason, a
bioprinter must control, at least, temperature,
pressure, CO3 and pH [11].

Although other deposition methods are possible,
maybe the most common techniques used in bio-
printing are extrusion, inkjet and laser-assisted
[12]. Mainly due to cost-effective reasonms, the
most used technique is the extrusion-based that
deposit biomaterials through a customized nozzle
[13]. So, these kinds of bioprinters use extrusion
heads that are usually formed by a syringe and



a needle or a conical tip. It is well described in
bibliography that the pressure is one of the most
important factors that can provoke a low cell
survival [8].

Computational simulations are widely extended
in calculation of flows through mnozzles [14],
[15]. However, bioprinting related simulations
have still room for improvement with only a
few research studies [16], [17]. For this rea-
son, Computational Fluids Dynamics (CFD)
in bioprinting technology could provide use-
ful data of material flows and help to select the
most appropriate hydrogel for the survival of cells.

Hence, the main objective of this work is to
analyse the pressure in the nozzle tip through
computational fluid simulation for different
biocompatible materials.

2 METHODS

2.1 MODEL

The model was designed and simulated in COM-
SOL Multiphysics through a 2D axisymmetric
model and the Two-Phase Flow (TPF) level set
interface. The model consists of two different
geometries. One is the related to the nozzle,
modelled by a trapezium of 25 mm of height, 3
mm of the inlet face and 0.2 mm of the outlet
face. The rest of the geometry is composed by a
rectangle and a trapezium which is related to the
air where the nozzle ejects the material.

2.2 GOVERNING EQUATIONS

Level set (LS) method is a transport equation
which is added to incompressible Navier-Stokes
equations to track the interface of two immisci-
ble fluids, in this case bioprinting materials and
air, these equations are:

du
P ot
V- [-pl + p(Vu+ Vu")] + F + pg

o Vu= )

V.u 0 (2)
where, p is the density, u is the speed of the fluid,
p denotes the pressure, I is the identity matrix,
F is all other external forces and g is the gravity

force.
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In the level set equation, the bioprinting mate-
rial is expressed by ¢ = 0, the air is expressed
by ¢ = 1 and the contour lines of level set is ex-
pressed by ¢ = 0.5. The level set equation can
be seen as the volume percentage of water in the
gas-liquid two-phase flow [18]. Therefore, the mi-
gration equation of the gas-liquid interface can be
written as follows:

9¢

ot
VvV (6:3V¢+ (1 — ¢)g_$)

+u-Vo=
(3)

where ¢ is the contour line of the interface of
the gas-liquid two-phase flow, < is the reinitial-
ization parameter to solve the equation, € is the
interface thickness controlling parameter. The
physical property parameters need to be processed
smoothly to avoid the instability of the numer-
ical calculation. These parameters are the den-
sity and viscosity of the fluid near the interface.
The smoothing process of the level set equation in-
volves the level set function to express the change
in the density and viscosity of fluid during the
process of the gas-liquid two-phase flow and are

defined as:

p=pi+(p2—p1)d

and the dynamic viscosity is given by:

p=p1+ (p2 — p1)o (5)
where p; and ps are the constant densities of bio-
printing materials and air, respectively, and gy
and po are the dynamic viscosities of bioprinting
materials and air, respectively. Here, bioprint-
ing material corresponds to the domain where
¢ < 0.5, and air corresponds to the domain where

¢ > 0.5.

2.3 DOMAINS

In this model, two different domains were consid-
ered. The first domain is related to the nozzle
and the second domain is the outside of the noz-
zle, the air where the biological material is ejected.
Two different bioprinting hydrogels are going to be
simulated. Viscosity and density of Material 1 is
0.83 Pa - s and 1455.08 kg/m?® and Material 2 is
1.41 Pa cdots and 1231.34 kg/m3, respectively.
To make possible a flow, an inlet was placed in
the top part of the nozzle with a value of 1 mm/s.



Also, an outlet condition was set at the top part of
the air domain to allow bioprinting materials to fill
this domain and air to leave. An initial interface
boundary condition was placed at the end of the
nozzle to define a boundary where the fluid fin-
ishes and the air starts. All geometry and bound-
ary conditions can be seen in the Figure 1.
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Figure 1: Representation of the geometry used in
the simulations.

2.4 MESH

A 2D triangular mesh was created for the sim-
ulations. For better simulations an adaptative
mesh refinement was set as can be seen in Fig-
ure 2. This creates multiple meshes for segments
of the time-dependent simulation. Initial trian-
gular mesh has 2892 triangular elements, while
the remeshing raise the number of elements in the
zone where the interface between both materials
is placed as shown in Table 1.

Table 1: Mesh refinement elements and quality

Mesh | No. of elements | Quality
a 2892 0.9214
b 3604 0.8581
c 3828 0.8442
d 5102 0.7865
e 4460 0.8075
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Figure 2: Original mesh (left) and mesh refine-

ment procedure during simulations.

2.5 SIMULATION

Two 1.5 s simulations, with a 5 ms step, were
done, one for each material. For each one of them,
two study steps were created, Phase Initialization
and Time Dependent. The Phase Initialization
step solves for the distance to the initial interface
>, Dy;. The Time Dependent step then uses the
initial condition for the level set function accord-
ing to the following expression:

1

= 1+ eDuwi/e (6)

P0

in domains initially filled with bioprinting materi-

als and:

1
R
in domains initially filled with air.
3 RESULTS AND DISCUSSION

3.1 FLUID VOLUMETRIC FRACTION

The amount of each material is represented by
the fluid volumetric fraction. Values 1 means
that the 100% of the material is composed by
a certain material (not air). Therefore 0 values
mean that all the material is air. Figure 3 shows
the drop formed at 0.695 s of the simulation
done with Material 1. The interface between the
material and air is defined in the figure with a



fluid fraction volume of 0.5.
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Figure 3: Fluid Volumetric Fraction of material 1
in 0.695 s.

In the total time of Material 1 simulation (1.5s)
two drops are formed and felt down.

Figure 4 shows the drop formed at 0.9 s of the
simulation done with Material 2. At the end of
this simulation (1.5s) two drops where formed but
only one of them felt down. It is clear that the
viscosity of the material used have impact in drop
formation time.
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Figure 4: Fluid volumetric fraction of material 2
in09s

3.2 PRESSURES

Pressure plots obtained in the simulations can
be seen in Figure 5 and Figure 6 for Material
1 and Material 2 respectively. Both of them
have a similar shape, this fact suggests a similar
pressure behaviour for the studied materials.
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Pressure increases in the beginning of the drop
formation, during the formation the pressure
start to descend and, at last, when the drop fell
there is a low-pressure peak.
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Figure 5: Material 1 pressure plot in the outlet of
the nozzle.
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Figure 6: Material 2 pressure plot in the outlet of
the nozzle.

In Material 1 there are two low-pressure peaks
what means that two drops fell down. For
Material 2 there is only one peak. These results
correspond with the ones seen in the analysis
of the Fluid Volumetric Fraction, 2 drops for
Material 1 and 1 drop in Material 2.

Maximum pressure values are 1.05712-10% Pa and
1.07980-10° Pa for Material 1 and Material 2. The
pressure varies for about 2-10* Pa comparing both
materials. It can be said that the more viscosity
the material is, the more pressure is needed to ex-
trude it. However, more studies are needed for
determining if the pressures reached in the simu-
lations are in range for cellular viability.

4 CONCLUSIONS

In this work two different computational simula-
tions of the flow of different materials through a
nozzle have been done. We have checked that
variations on the viscosity of different hydrogels
provoke a variation in pressure at the nozzle tip.



With our results it can be said that it seems to
be a tendency, the higher the viscosity the higher
the pressure at the nozzle tip. However only two
materials have been simulated, it is necessary fur-
ther studies with a wide range of materials and
viscosities to check that bias.

Hence, future simulations with modifications in
nozzle tip geometry are needed to check if geome-
try has an important role on pressure distribution.
Huge amounts of data from simulation will allow
to obtain the optimum nozzle tip for each material
and cell used attending to pressure distribution.
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