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ABSTRACT

Bioprinting in Space is a novel biofabrication process that utilizes the additive
manufacturing technique to print scaffolds made of highly viscous polymer. These sacrificial
scaffolds can provide vascularization of the bioprinted tissues. Like on earth, under microgravity,
bioprinting parameters play an important role in determining the shape of printed filaments, and
the build accuracy (e.g. shape, and dimension) of the constructs. However, challenges emerge with
difficulties in predicting the flow behavior, heat, and mass transfer of high-resolution 3D
bioprinted layers and their effect on the printed filament shapes. In this research, a computational
fluid dynamics (CFD) model is developed to investigate and predict the effect of microgravity
conditions on the bioprinting of the polycaprolactone (PCL) scaffolds. The CFD model identifies
key differences between the on-earth and microgravity conditions. The results show that the PCL
scaffold under microgravity is 41.5% bigger in cross-section compared to the on-earth conditions
printed scaffold. Further, the shape of the PCL scaffold cross-section is more oval-ellipse shape
on-earth whereas, this shape has transformed to a rhombus shape under microgravity. Such drastic
changes in shape and size could potentially affect the scaffold’s vascularization performance.
Hence, the effect of heat transfer, surface tension, viscous force, inertia force, and gravity forces
under microgravity conditions for the bioprinting of PCL scaffolds is comprehensively studied
using the CFD model.
Keywords: Bioprinting, polycaprolactone, computational fluid dynamics, scaffolds, in-Space

additive manufacturing, extrusion, fused deposition model.
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1. INTRODUCTION

Bioprinting [1-4] under microgravity conditions that are found in space has many
applications [5-7]. It could be used to print tissues and organs that are like those found in the
human body [8,9]. The lack of gravity allows the cells to grow and differentiate in a way that is
like the way they grow in the body [10,11]. In specific, the tissues and organs that are more
resistant to the effects of gravity such as bones and blood vessels can be printed under microgravity
conditions [12]. Bioprinting under microgravity conditions can be useful for long-term space
missions, particularly in space-based research and development [13,14].
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Figure 1: The illustration of bioprinting of non-Newtonian fluid flow under microgravity and on-
earth conditions

In general, microgravity conditions, also known as near-zero gravity, are conditions in
which objects appear to be near weightlessness. It is characterized by a reduced gravitational field
which can be achieved by being in orbit around Earth as an example of the International Space
Station. Microgravity can affect the behavior of fluids, and gases making it a useful environment
for studying a wide range of scientific phenomena [15]. For example, a Newtonian fluid such as
water exhibiting a linear relationship between the shear stress and the resulting shear rate will still
behave according to its defining characteristics under microgravity conditions [17,18]. However,
due to a lack of buoyancy in microgravity, Newtonian fluids will not form based on density. Thus

the challenge arises in terms of predicting fluid forms as shown in Figure 1 and its control [16].
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It is more challenging if the fluid is non-Newtonian since the fluid can exhibit different
behaviors depending on its rheological characteristics [17,18]. However, non-Newtonian fluids
can be used in a variety of applications in microgravity, including regenerative medicines, and the
controlled release of drugs [19,20]. Polymers such as polycaprolactone (PCL) can be used as
biomaterials which are materials that contain living cells that can be printed into specific shapes
using bioprinting. However, under microgravity, since the force of gravity is greatly reduced, it is
challenging to assess the effect of different forces acting during the PCL printing by conducting
microgravity-specific experiments [21].

Despite these challenges, PCL-based biomaterials through bioprinting have the potential
to revolutionize the field of regenerative medicines. Since long-term exposure of humans to space
conditions with less or no possibility of returning for medical treatment exhibits the next logical
step of having to consider medical infrastructure on board a space station [22—25]. Currently, the
most widely used bioprinter for PCL-based non-Newtonian fluids is extrusion-based devices. The
PCL powders melted in the nozzle and extruded using pneumatic pressure. These biomaterials in
the form of scaffolds help tissue regeneration. However, the main challenge for such key
experiments is the unpredictive behavior of the PCL to form the filament shape based on its
printing parameters. Specifically under microgravity conditions, in the absence of gravity, the
buoyancy force due to the density difference is negligible. In that case, the PCL printed flow
patterns can be largely attributed to three different dominant forces. These are the viscous forces,
surface tension forces, and inertia forces.

Addressing the challenge of printability under microgravity conditions required expensive
real-time experiments in either an international space station [26] or creating expensive reduced
gravity experimental setups on Earth. Therefore, there is a need to minimize the cost and time for
trial-and-error by implementing a numerical solution capable of predicting the effect of gravity on
the filament shapes under different extrusion bioprinting process parameters. Numerical models
have proven to be advantageous in understanding the effect of additive manufacturing processes
such as extrusion-based three-dimensional printing (3D printing — 3DP). It helps to study the flow
characteristics of the fused deposition modeling process.

In this work, a computational fluid dynamics model is established to model the extrusion-
based bioprinting process under regular on-earth conditions and microgravity conditions in Space.

This model provides a detailed modeling route to investigate the printability of the commonly used
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biomaterials (polycaprolactone (PCL)) polymers during the extrusion-based bioprinting process.
Furthermore, for on-earth conditions, both experiments and computational modeling are
performed to investigate the morphology of multi-layer PCL print and the underlying flow
phenomena for several printing conditions. Findings from the current study will further provide
reference data for a deeper understanding of the 3D bioprinting process with shear-rate-dependent
viscosity and optimization of process parameters. The model can effectively evaluate the flow
characteristics through the nozzle output to the multilayer and multitrack formations. With the help
of the model, this research aims to investigate the effect of gravity, buoyancy force, viscous force,

inertia, and surface tension forces on printed PCL scaffolds.
2. COMPUTATIONAL FLUID DYNAMICS MODELING

A computational fluid dynamics model was developed using the commercial code
FLOWS3D [27-30]. The computational domain is illustrated by Figure 2, which includes the tip of
the full printing nozzle head geometry along the melted PCL moving direction where a symmetric-
plane boundary condition is used. The nozzle diameter is D = 400um. The printing moves in the
three mutually perpendicular directions according to the grid pattern designed. For the initial
conditions, the PCL fills up the nozzle head so ¢=1 as indicated in blue color in the nozzle, and
the concentration in the air box is ¢=0. The Grid pattern is printed with a dimension of 5Smmx5mm
in-plane dimension. This grid pattern has two edge lines and two middle lines movement in each
in-plane direction.

When the melted PCL reaches the moving substrate, it attaches to the substrate and spreads
the filament with a certain width and thickness. And then moves with it due to a high viscosity
under lowered wall shear and good wettability with the substrate. It is reasonable to assume an
incompressible, laminar flow condition for the process which is governed by the Navier-Stokes
Eq.1 and the continuity Eq.2 [31].

du
p (E +u- Vu) — V- (p(Vu+ vu")) +Vp = F 1)

V-u=0 )
where p is fluid density (kg/m3), u is the dynamic viscosity (N - s/m?) of the fluid mixture, u,
and p represent represents the velocity (m/s) and pressure (Pa), respectively, and F, is the surface

tension force. The convection of the reinitialized level set function is described by:
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The thickness of the transition layer is controlled by the parameter €, a well-educated guess
which takes the value of € = h./2, where hc is the mesh size near the nozzle tip region. v,

represents the amount of reinitialization, which can use the maximum flow velocity magnitude.

Besides defining the fluid interface, the density, and viscosity jumps across the interface are also

smoothed by the level set function p = pgir + (Pink = Pair) s k= Uair + (ink — Hair) -

3
~ .
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Figure 2: A computational fluid dynamics model to predict the filament shapes of the extrusion
bioprinting of the PCL for on-earth and in-space printing conditions.

2.1. MODELING CONSIDERATIONS FOR MICROGRAVITY AND ON-EARTH
PRINTING

Compared to on-earth modeling conditions, under microgravity, the gravity in the model
was changed from 9.81m/s? to 0.12m/s?. The solidus temperature was set at 60C, and the latent
heat of fusion was set at 6000kJ/Kg. These two variables were increased by 10% in the
microgravity conditions with a hypothesis that the solidification temperature increases with a
decrease in gravity. The thermal properties were kept constant instead of temperature-dependent
to study the effect of surface tension, inertia force, viscous force, and gravity forces. Further, the
effect of surface tension was kept constant for both microgravity and on-earth printing conditions.
The reason for this was to use the Bond number as a reference to distinguish between microgravity

and on-earth printing.
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Likewise, the Bo for on-earth printing was 6.3 based on the nozzle diameter of 400um, and
it is 0.07 for microgravity conditions. The change in dynamic viscosity throughout the printing
was captured to study the effect of viscous forces. The fluid velocity was captured throughout the
printing to study the effect of inertia forces. The mean temperature and the temperature gradient
at each time step throughout printing were captured to study the effect of thermal diffusion. Under
the influence of reduced gravity, the effect of gravity forces, surface tension, viscous forces, and
inertia forces was studied using non-dimensional numbers and their change throughout the printing
of the scaffold. A total of three layers of grid pattern scaffolds were printed for both microgravity
and on-earth printing conditions.

Furthermore, the relative non-dimensional numbers were used to verify the model
investigating the effect of surface tension, inertia force, viscous force, and gravity forces. These
are the Bond (Bo) number (Eq.4), Froude (Fr) number (Eq.5), Weber (We) number (Eq.6), Peclet
(Pe) number (Eq.7), and Marangoni (Ma) number (Eq.9).

dZ
Bo="9 4)
o
F u
r=—
Jad ©
u?d
we =2 (6)
o
c, VD 1-
Pe =p p kmax s (7)
do L.AT
Ma = ——0 S (9)
dT ua

Continuing, the melted PCL is considered a non-Newtonian fluid to be extruded through
the nozzle tip to form the filament. Its viscosity versus shear strain rate relation is taken from the
literature to be fitted with the power law Eq.10,

p=m@)" (10)
where m = 24.53 Pa - s is the fluid consistency index, y is the shear rate, and n = 0.1 is the flow
behavior. The density of the PCL is assumed to be equivalent to 1124 kg/m3 and the surface
tension coefficient is considered from the literature as 0.07 N/m. The thermal conductivity of

2W/m K, specific heat of 2000 J/Kg, and thermal expansion of 5 x 10~> were kept constant.
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3. RESULTS AND DISCUSSION
3.1. 3D BIOPRINTING OF PCL SCAFFOLDS

Figure 3 shows the three layers printed for microgravity and on-earth conditions. The
printing speed was 3mm/min, and the heating temperature of the PCL inside the nozzle was set at
180C. The printing was carried out in a controlled environment of 20.15C considering it as a room
temperature condition. The three layers scaffold was printed in a grid pattern that has two edge
lines and two middle lines in a 5 x 5mm in-plane square dimension. Figure 3 represents the
contour of temperature distribution at the end of the 3-layer printing process.

It was observed that the microgravity conditions were able to print all three layers with
near equivalent dimensions compared to on-earth conditions. The average width and height of the
first layer on earth printing were ~500um, and ~400um with an oval shape cross section whereas
it was ~350um, and ~400um with a rhombus shape for microgravity conditions. Similarly, for the
second layer, the oval shape got expanded from ~500um to ~600um, and the height got reduced
from ~400um to ~300um. However, under microgravity, the width got increased from 350um to
400um, and the height got reduced from 400um to 350um. Interestingly this dimension was
maintained during the formation of the third layer. Whereas in the on-earth conditions, the second
layer was compressed height by ~20%. Further, in the third layer, the width and height during on-
earth conditions were 650um and 150um whereas, under microgravity, it was 500um and 400um
respectively. This shows under microgravity, the layer dimensions were maintained throughout
the printing much better compared to the on-earth conditions. The gravity force has influenced the
on-earth conditions of second and third-layer height.

Further Figure 4, Figure 5, and Figure 6 show the cross-section of layers 1, 2, and 3
respectively taken in two in-plane directions of X and Y at three different locations each. From
Figure 4 in layer 1, along X-axis, due to the layer shape effect, under microgravity, the dimension
of the printed structure was ~10% bigger than the on-earth printing. However, across the Y-axis,
the printed structure dimension was nearly equivalent to the on-earth condition. Figure 5 shows
the second layer printed on top of the first layer. On Earth, the oval shape first layer cross-section
has influenced the second layer cross-section to be a more elliptical shape which further
compressed the first layer reducing the overall height. However, the rhombus cross-section shape

of the first layer in the microgravity case converted into an oval shape influencing the second layer
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to have a cross-section of oval shape with a width 20% bigger than the first layer. Due to the cross-
section shape, the area fused between layer-1 and 2 was higher in the on-earth condition than in
the microgravity condition.

On-Earth printing

Temperature (C)
¢ 123.765 140 150 160 179.998

———

Microgravity printing

Temperature (C)
119.569 130 140 150 160 178.085

—

Figure 3: The three-layer bioprinting of PCL scaffold under on-earth gravity and microgravity
conditions depicting the temperature distribution of the built layers.
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Figure 4: The first layer PCL bioprinted cross-section at X-Y plane at three different locations
for on-earth and microgravity conditions.
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Figure 5: The second layer PCL bioprinted cross-section at X-Y plane at three different locations
for on-earth and microgravity conditions.
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Figure 6: The third layer PCL bioprinted cross-section at X-Y plane at three different locations
for on-earth and microgravity conditions.
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Figure 6 represents the cross-sections of all three layers after layer-3 was printed. The
influence of the cross-section shape was more predominant after printing the third layer. The oval
shape of the second layer in the microgravity case helped the third layer retain its shape to an
expanded oval shape. Whereas the elliptical shape of the second layer in the on-earth condition
along with the gravity force has influenced the third layer to be much shorter and broader impacting
the second layer. This eventually compressed the second layer and overall the height of the three
layers got reduced. The influence of microgravity has reduced the swelling of the third layer and
helped maintained the shape and size of the third layer. Thus microgravity can produce near-
uniform layers while printing PCL compared to on-earth gravity conditions.

Figure 7 represents the temperature distribution in the entire printed scaffold for on-earth
and microgravity conditions. At first, Figure 7a represents the mean temperature extracted from
the range of temperature distribution at each time step throughout the print. From the simulations,
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it was observed that the temperature gradient for microgravity conditions was much steeper than
for the on-earth conditions. However, up to 5 seconds, there were no differences in the temperature
distribution observed. In the printing, 5 seconds cover the first layer of edge lines. The gradient
was wider from the second layer start onwards. This shows that microgravity-printed layers are
undergoing fast cooling compared to on-earth conditions. The temperature distribution at random
time steps extracted throughout the print is shown in Figure 7b-c. It was observed that from the
second layer, the minimum temperature under microgravity was much lower than the on-earth
condition. Further, the maximum temperature in most of the printed regions except near the nozzle
region was lower than the on-earth condition. This shows the on-earth printed layers are still hot
and semi-molten state compared to microgravity condition which is undergoing fast cooling.

From Figure 8a, the dynamic viscosity as a measured quantity from the flow of the PCL
molten fluid observed throughout the printing process was plotted against the mean temperature
at each time step. It was noticed that viscous forces were dominant in the first and third layers for
both on-earth and microgravity conditions. However, in the on-earth conditions, the dynamic
viscosity has dropped in the second layer formation. Whenever the viscosity has dropped, the
printed layer has seen a spread in the material flow with high maximum velocity. Further, in this
layer, the Marangoni number was observed to be higher than the microgravity second layer (Figure
8b). This means, in the second layer on-earth condition, temperature distribution has caused the
change in surface tension to cause higher Marangoni convection. This has caused the viscosity to
be reduced allowing the wider spread of the fluid flow. However, the Marangoni convection is
higher in both the first and third layers under microgravity. This means both viscous force and the
Marangoni convection is higher under microgravity condition. This phenomenon has helped the
printed layers to maintain their shape under microgravity conditions.

Further, from Figure 8c-d, it was observed that the Froude number is substantially higher
in microgravity compared to on-earth conditions. This means, printing PCL under microgravity
has experienced higher inertia forces. This has led to more mass accumulation along the printing
direction. Along with higher inertia forces and viscous dominance, the resistance to change in
shape and swelling movement of the fluid flow is very high in the microgravity condition. For this

reason, under microgravity, the printed layers have maintained the size of the layers.
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Figure 7: Temperature distribution of the three layers scaffold printed under on-earth and
microgravity conditions. (a) the mean temperature extracted at each time step throughout the
printing represents the temperature gradient difference between on-earth and microgravity
conditions. (b) the temperature distribution extracted at random timesteps throughout the print
duration for on-earth conditions and microgravity conditions (c).
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Figure 8: The three-layer printed scaffold PCL molten fluid flow characteristics during the
formation of each layer representing (a) dynamic viscosity versus the mean temperature at each
time step throughout the printing duration, (b) Marangoni non-dimensional number, (c-d) Peclet,
Froude, and Weber non-dimensional numbers.

Furthermore, in the second and third layers, the Weber number is very low in the
microgravity condition compared to on-earth (Figure 8d). This means, the effect of surface tension
as a dominant force under microgravity also participates in the maintaining of the shape of the
cross-section of the printed layers. It is also to be noted that, even though, in the second and third
layers under on-earth conditions, the Weber number is higher than the Froude number (Figure 8c).
This means the inertia forces are still higher in comparison with the surface tension force. Hence,
under on-earth conditions, the inertia force helps maintain the size of the printed layers. It also
means surface tension is not a dominant force in this condition. This is the reason behind the
widespread second and third-layer cross-section elliptical shape with reduced height. Further, the
Peclet number under microgravity and on-earth condition are similar in distribution. This means
the heat transfer due to conduction between the layers is happening at a very slow pace. This is

indeed true since the PCL has poor thermal conductivity characteristics.
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4. CONCLUSION

The current research addresses the bioprinting of the PCL extrusion bioprinting process
under the effect of reduced gravity or the in-space microgravity conditions through a
computational fluid dynamics model. The idea behind the effort is to effectively use on-earth-
based modeling considerations to predict the microgravity conditions for extrusion bioprinting of
highly viscous fluids like PCL polymers. The model is versatile enough to expand it to multi-layer
and multi-track simulations and effective enough to study the influence of four different forces
such as gravity/buoyancy force, inertia force, viscous force, and surface tension on the printing
process. The model provides in detail virtual platform to study the bioprinting process simulating
on-earth and in-space microgravity conditions.

Due to high viscous fluid properties, the PCL does not behave the same as the Newtonian
water fluid under microgravity conditions. The shape of the PCL cross-section on-earth conditions
varies between oval and elliptical whereas it varies between Rhombus and oval under microgravity
conditions. Under microgravity conditions, the shape and size of the printed layers at their desired
design were better maintained compared to on-earth conditions. This uniformity of the shape and
increase in size of the printed layers which is independent of the bioprinting process parameters
can be utilized for regenerative medicines applications. The highly viscous fluids that are more
favorable materials to be used for extrusion bioprinting in Space microgravity conditions be
effectively modeled and studied using CFD modeling. The present study extends the application
of computational fluid dynamics models that are yet not used to study the extrusion bioprinting

process under microgravity conditions for in-space applications.
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