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Abstract

3D bioprinting with cell containing bioinks show great promise in the biofabrication of patient
specific tissue constructs. To fulfil the multiple requirements of a bioink, a wide range of materials and
bioink composition are being developed and evaluated with regard to cell viability, mechanical
performance and printability. It is essential that the printability and printing fidelity is not neglected
since failure in printing the targeted architecture may be catastrophic for the survival of the cells and
consequently the function of the printed tissue. However, experimental evaluation of bioinks
printability is time-consuming and must be kept at a minimum, especially when 3D bioprinting with
cells that are valuable and costly. This paper demonstrates how experimental evaluation could be
complemented with computer based simulations to evaluate newly developed bioinks. Here, a
computational fluid dynamics simulation tool was used to study the influence of different printing
parameters and evaluate the predictability of the printing process. Based on data from oscillation
frequency measurements of the evaluated bioinks, a full stress rheology model was used, where the
viscoelastic behaviour of the material was captured. Simulation of the 3D bioprinting process is a
powerful tool and will help in reducing the time and cost in the development and evaluation of
bioinks. Moreover, it gives the opportunity to isolate parameters such as printing speed, nozzle height,
flow rate and printing path to study their influence on the printing fidelity and the viscoelastic stresses
within the bioink. The ability to study these features more extensively by simulating the printing
process will result in a better understanding of what influences the viability of cells in 3D bioprinted

tissue constructs.

1. Introduction

3D bioprinting has the potential to revolutionise
medicine by enabling biofabrication of patient specific
human tissues, where cell-laden bioinks are deposited
with controlled spatial distribution. The interest in 3D
bioprinting has led to a vast development of biomater-
ials which can be printed with living cells, so called
bioinks [1-3]. The required properties of a bioink are
highly governed by the targeted tissue since it defines
the selection of cells, mechanical properties and
architectural design. In addition to acting as an ideal

scaffold for cells, bioinks must also be printable [4]. In
contrast to seeding cells on 3D scaffolds, bioinks can
be combined with cells and printed in one step. Several
3D bioprinting techniques have been developed such
as ink-jet printing [5], laser-induced forward transfer
[6, 7], microvalve-based [8] and extrusion-based
bioprinting [9, 10]. Extrusion-based bioprinting can
also use viscous bioinks, which makes it the most
versatile with regard to types of printable bioinks
[11, 12]. Hydrogels are preferred as a bioink since they
provide, in similarity to the extracellular matrix of
native tissues, an aqueous environment and structural
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support, which is beneficial for the cell survival and
proliferation [13]. A wide range of hydrogels have been
evaluated as bioinks; collagen [14, 15], alginate [16],
gelatin [17, 18], gelatin-methacrylate [19, 20], nano-
cellulose [21, 22], fibrin [23, 24] and hyaluronic acid
[25]. Within each category of hydrogels there is a vast
amount of bioink compositions where hydrogels have
been modified or combined with other materials to
increase either their printability or cell interactions.
An example of this is alginate which has been used at
concentrations ranging from 0.8 to 10 wt%. It has been
modified with RGD peptides [26] and furthermore has
been combined with nanocellulose to increase the
viscosity [21, 27] or with gelatin-methacrylate for UV-
crosslinking. In order to fulfil the multiple require-
ments of bioinks, scientists are developing new
materials and bioink compositions. In the majority of
studies that involve development of new bioinks, the
cell viability, proliferation, and growth of cells in the
bioink is evaluated thoroughly while the assessment of
printability is left at verifying that the ink can be
deposited by a bioprinter and that a gridded scaffold
can be printed. This is partly due to a lack of
standardised methods for evaluating printability of
bioinks which prevents the comparison of different
bioink compositions. Bioinks are most commonly
evaluated experimentally which includes testing a
series of printing parameters (flow rate, printing speed,
layer height) for various print designs such as printing
of lines, grids or cylinders [24, 26, 28, 29]. The
printability is then determined with regard to the ratio
of line width to nozzle diameter, the amount of layers
until collapse, or the curvature of printed lines.
Determining the printability by printing trials is time-
consuming as well as material consuming. For a bioink
that contains cells, the prepared ink is valuable and
testing of the bioinks printability must be kept at a
minimum. Moreover, after mixing cells with bioinks
there is no time for extensive evaluation because the
cell viability is at risk [28, 30, 31]. This leads to many
bioinks containing cells being printed at printing
parameters that have not been optimised for that
specific bioink composition and therefore the printing
fidelity is sacrificed. Consequently, the desired archi-
tecture is not achieved which may be catastrophic
because the printed tissue is not able to function
properly [32]. The printed lines may be too thin
causing the structures to break, or too thick, hindering
nutrients and oxygen to reach the cells in the bioink.
Printing with bioinks containing cells also complicates
the evaluation of printability since the viscosity of the
bioink may be lowered if diluted by the addition of cell
suspension. In conclusion, there is a challenge in
determining whether a difference in printing fidelity
depends on the material itself, on the printing
parameters, or on the addition of cells. Moreover, the
printability could be impaired by clogging due to
either inhomogenous inks, uneven flows or the design
and material of the nozzle tips [1, 33, 34]. As a
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complement to experimental testing, an increasing
amount of studies are relying on modelling and
simulation as part of the 3D bioprinting process and
evaluation of bioinks. Most of these studies focus on
predicting the shear forces subjected to the bioink in
the printer nozzle [27, 35-37]. Studying the forces in
the printer nozzle has been essential for understanding
whether the cells may be subjected to forces harmful
for the cell viability. Attempts on predicting the
mechanical stability of the final construct, based on
material properties and the computer aided design
have also been presented [1, 38]. These simulations
assume that the printing process results in a printed
construct identical to the used computer aided design,
which is seldom the case when printing with hydrogels
in relation to printing of solid materials such as metals
or plastics. By simulating the dispensing step of the
printing process, the properties that influence specific
features of the printing process could be identified and
would limit the time and cost of bioink evaluation.
Likewise, simulation of the actual printing process,
outside of the printer nozzle, is expected to be
important since cells used in the bioink may be
subjected to shear forces and viscoelastic forces during
the deposition of bioink in addition to forces that cells
are subjected to inside the nozzle. As described, 3D
bioprinting is a process with several parameters that
influence the final result and therefore requires a large
amount of resources to optimise the printing process
experimentally. To reduce the cost and time con-
sumed in experimental evaluation, a complement
would be to use computer based simulations. Thereby
the printability could be predicted and the simulation
could aid in determining the optimal printing para-
meters prior to printing experimentally. This paper
presents how a CFD simulation tool, IPS IBOFlow,
can be used to predict the printing process of hydrogels
used for bioinks. IPS IBOFlow, which utilises a
viscoelastic rheology model and a novel surface
tension model, simulates the deposition of bioink and
the final shape of the printed material. This work
focuses on verifying the simulation tool and showing
how simulation could be utilised for evaluating the
printing process of bioinks. For instance, by simulat-
ing the printing process, parameters that influence the
printability can be isolated. Thus, the viscoelastic
behaviour of a bioink could be studied separately from
the printing speed or the nozzle height, to evaluate
what influences the printing resolution and the
viscoelastic stresses.

2. Methods

2.1. Materials

The bioinks presented and compared in this paper are
based on cellulose nanofibril (CNF) dispersions in
water and exhibit distinct differences in flow beha-
viour. The first bioink, ink 6040, is based on CNF
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Figure 1. Grid design used in experiments and simulations.
The height between nozzle and plate was 0.4 mm for the solid
line and 0.8 mm for the dashed line.

dispersions and alginate, and is a less viscous ink with
characteristics governed by surface tension forces.
CNF was kindly provided by RISE Bioeconomy
(Sweden) and alginate (SLG100, Mw = 150-250kDA,
above 60% o — 1— glucuronic acid ) was purchased
from FMC Biopolymers (Norway). 3 wt% CNF was
mixed with 3 wt% alginate at a dry weight ratio of
60:40. Ink 6040 has been studied within the tissue
engineering field and shown promising results as an
ink with regard to printing and cell survival
[21, 22, 39]. During processing of CNF from pulp, the
pulp is subjected to either enzymatic or chemical
pretreatment to increase the efficiency of the mechan-
ical fibrillation and high pressure homogenisation. Ink
6040 was prepared from enzymatically pretreated
CNF [40]. The second bioink, 4% CNF ink, was used
as a comparison to ink 6040 due to its difference in
viscoelastic properties. It consisted of a 4 wt% CNF
dispersion in water, and is a more viscous bioink with
characteristics driven by viscoelastic stresses. Instead
of being enzymatically pretreated, the 4 wt% CNF had
been pretreated by carboxymethylation [41] which
leaves the CNF more charged, and thereby less
aggregated and more dispersed in water.

2.1.1. Rheology measurements

Amplitude sweeps and oscillation frequency measure-
ments were conducted for all inks using a Discovery
Hybrid Rheometer (TA instruments, UK) with a
20mm plate-plate geometry at a gap distance of
250 pm. Amplitude sweeps were measured at 1 Hz
and controlled stress from 1 to 100 Pa. The frequency
sweeps, shown in figure 2, were measured within the
linear viscoelastic region from 0.01 Hz to 100 Hz.

2.2. Experimental setup
All inks were printed with the same pattern (figure 1),
nozzle geometry, height of nozzle and printing speed.

JGohletal

Table 1. Measured flow rates at pressure used while printing.

Ink Pressure (kPa)  Flowrate (cm® min~!)
Ink 6040 (CNE/Alg) 14 0.10
4% CNFink 40 0.09

Tissue engineering scaffolds with a porous architec-
ture are preferred to allow for nutrients and oxygen to
reach the cells embedded in the bioink [42]. Therefore,
3D bioprinting of grid-like structures are 3D bio-
printed when assessing bioinks and their compatibility
with cells [43-45]. To capture the most important
features of 3D bioprinted grids, the pattern was
designed to include straight paths, corners and cross
overs. A conical nozzle with an outlet diameter of
0.42 mm was used. The distance between the outlet of
the nozzle and the printing plate was 0.4 mm for the
first layer (continuous line in figure 1) and 0.8 mm for
the second layer (dotted line in figure 1). The printing
speed, which is the movement of the printer head in
the X- and Y-direction, was set to 10 mm s~ 1. The flow
rate is controlled by adjusting the applied pressure.
The pressure was chosen so that a continuous flow was
obtained and so that all inks were printed with a flow
rate of 90-100 mg min~!. This applied pressure
varied for each ink due to the difference in viscosity
and yield stress of the inks. Generally, an ink with a
higher yield stress requires a higher pressure force to
overcome the fluid stresses and accelerate the fluid ink.
The specific flow rate for each ink was determined by
weighing the mass of ink dispensed during 30 s at the
pressure required to reach the aimed flow rate. The
applied pressure and corresponding flow rate (aver-
aged from four measurements) for each ink are
presented in table 1. Directly after printing, the printed
grid was photographed for comparison with the results
from the corresponding simulation. Images of the
printed grid from the top and from the side were used
to measure the width (n = 50) and height (n = 20) of
the printed lines by Image] software [46].

2.3.Numerical methods

The simulation software used is IPS IBOFlow, which is
an incompressible, segregated Navier—Stokes solver
based on immersed boundary methods [47, 48]. It uses
a Cartesian octree grid that can be dynamically refined
to get a higher resolution of the fluid-air interface and
the flow close to immersed objects. The software has
been previously used to e.g. efficiently simulate robot
application of sealing material and adhesives on
automotive industry [49-52].

In the simulations a computational domain con-
sisting of 10 x 10 x 1 cubic cells is used, where each
side of the cell is 1.0 mm. The dynamic refinements of
the fluid-air interface cells is applied four times, mak-
ing the smallest cell size 0.062 5 mm. A constant time
step of 1.0 X 107> s is used during all simulations. To
mimic the outlet of the nozzle used in experiments, a
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circular moving immersed inlet condition of diameter
0.42 mm is used. To simulate printing of bioink, a
fixed volumetric flow rate is applied to the inlet condi-
tion. The volumetric flow rate used for each bioink is
presented in table 1. The circular inlet condition
moves according to the printed grid design seen in
figure 1 at the prescribed speed of 10 mm s~!in X- and
Y-direction.

2.3.1. Rheology model

The rheology of the bioinks in IPS IBOFlow is
modelled by a linear PTT-model [53]. This is a full
stress tensor based model which captures the viscoe-
lastic behaviour of the solder paste. The derived
constitutive equation for the viscoelastic stress can be
written as

v
F(mp)7ij + ATj = 21Sj, (1

where ) is the relaxation time of the material, 7 is the
viscosity contribution to the elastic stress, 7; is the
viscoelastic stress tensor, S;; is the strain rate tensor and
Fis the PTT-model stress function. The stress function
takes the nonlinear elongational behaviour of the
viscoelastic stresses into account and is written as

e
F(rj)) =1+ 7Tkk, (2

where € is a parameter related to the elongational
behaviour of the flow. In order for the model to work,
the material related parameters (A and 7)) need to be
determined. Oscillation frequency measurements
shown in section 2.1.1 give data of both storage
modulus, G/, and loss modulus, G”, over a wide range
of frequencies, w. Both G’ and G” can also be calculated
as a function of the material parameters A and 7. The
storage modulus is calculated as

nAw?
G =——) 3
1.0 + w2X ©)
and the loss modulus is calculated as
G// _ 7](4.) ( 4)

L0+ w2

The complex modulus, G*, is calculated as

G* — /GIZ _|_ G//Z’ (5)

are used for fitting of the parameters against the
provided experimental data.

2.3.2. Surface tension force model

The surface tension force is approximated by a body
force across the fluid-air interface and is modelled
using the continuum surface force method by Brack-
bill et al [54]. It is formulated as

]?(r = okVa, (6)

where k is the curvature of the liquid—gas interface, o
is the value of the surface tension between the two
fluids and V is the gradient of the volume fraction.
The curvature is approximated as the divergence of the
interface normal,

JGohletal

k=V -1, 7

where 7 is the interface normal, which is in turn
approximated by the normalised volume fraction
gradient

Va
A — _ 8
" Val ®

2.3.3. Quasi-dynamic contact angle model

The quasi-dynamic contact angle model takes into
account if the three phase contact line, the line where
fluid—fluid—solid meet, is advancing or receding. Since
there only is dependence on the contact line direction,
two basic equations govern this model

=0, if V,is advancing,
0 =0y if Viis receding, ©)

where \_/;1 is the contact line velocity, 6 is the resulting
dynamic contact angle from the model, 04 is the
advancing contact angle and 6y, is the receding contact
angle. The contact angle is implemented as a boundary
condition for the continuum surface force method by
altering the interface curvature at the three phase
contact line [55]. The interface normal is otherwise
calculated according to equation (8), but to alter the
interface curvature at the three phase contact line, it is
instead calculated as

iy = fiscos(f) + 7, cos(0), (10)

where 7 is the normal pointing outward from the
solid surface and 7, is the tangential surface normal
pointing along the surface, towards the centre of the
heavier fluid.

3. Results and discussion

3.1.Rheology

Both of the tested bioinks, ink 6040 and 4% CNF ink
showed a solid like behaviour in the oscillation
frequency sweeps since the storage modulus was
higher than the loss modulus (figure 2). Ink 6040 had a
lower moduli and was therefore expected to flow more
easily than 4% CNF ink.

In figure 3 the experimental data of G* and the
resulting models of the parameter fitting are pre-
sented. The resulting values of A and 7 for the respec-
tive bioinks are summarised in table 2.

3.2. Comparison of simulations and experiments

The rheology models of the complex modulus
resembled the experimental data well enough to be
used in the simulations. The tuned viscoelastic rheol-
ogy model is then used in the framework for a 3D
bioprinting simulation of the grid structure shown in
figure 1. The same flow rate, printing speed, nozzle
diameter and layer height is used in the simulation as
for the experimental setup described in section 2.2.
The results from the simulation are then compared to
photos of experimentally printed grid structures. By
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Figure 3. Experimental data of complex modulus for both
bioinks compared to the models used in the simulations.

Table 2. Material parameters of viscoelastic PTT-

models.

Bioink A(s) 1 ( Pas)
Ink 6040 (CNF/Alg) 3.014 1.048 x 10*
49% CNFink 4.716 4.380 x 10*

using 4% CNF ink and ink 6040, which exhibit clear
differences in viscoelastic properties, see figure 2, the
ability of the framework to simulate different types of
bioink was tested. The comparison for the 4% CNF
ink, presented in figure 4, show close similarities
between simulation and experiment. The uneven
curvature of the printed line, as well as the thickening
of the printed line before certain corners is accurately
captured. The overhanging lines are quite distinct for
the more viscous 4% CNF ink, which is seen in the
simulations as well.

For the less viscous bioink, ink 6040, the flow is
more driven by surface tension forces. Therefore the
surface tension model and the static contact angle
model plays an important role to accurately describe

the interface curvature and surface flow. And as seen
in figure 5, the smoother surface of the less viscous ink
is reproduced in the simulations by the surface tension
model. The static contact angle model correctly mod-
els the surface flow by governing the motion of the
three phase contact line on the substrate. Overall the
agreement between experiment and simulation is
good, and this can especially be seen on the rounding
of corners. Both the experiment and the simulation
yields less distinct overhanging lines compared to the
more viscous 4% CNF ink.

Figure 6 shows the average height and width of the
printed line compared to the simulated line. The
simulation continuously measures the height and
width of the first segment of the grid structure, while
the experimental data is from multiple measurement
points along the printed line. The standard deviation
together with minimum and maximum values are also
presented distinguish differences between simulation
and experiment more clearly. The results from the two
experiments verify the accuracy of the numerical
simulation and indicate a well functioning rheology
model. The simulation of 4% CNF ink has very accu-
rate mean values for both line height and line width.
Minor differences can be seen when comparing the
standard deviation and the min/max-values, where
the fluctuations in line height and line width differ
slightly. The fluctuations in line height are slightly lar-
ger, while the fluctuations in line width are smaller.
The overall comparison for 4% CNF ink, both visual
and measured, indicates an excellent agreement
between simulation and experiment. For ink 6040, the
measurements of line height and line width indicate a
very good agreement as well, with nearly identical
mean values between simulation and experiment. The
simulation has a smaller standard deviation for both
height and width, indicating less size fluctuation along
the printed line. This is also seen in the min/max-
values comparison, where the simulation has a higher
minimum value and a lower maximum value when it
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(a) Photo of printed grid structure.

the 4% CNF ink.

Figure 4. Visual comparison between photo of printed grid structure (left) and simulation of printed grid structure (right) when using

(b) Simulation of printed grid structure.

(a) Photo of printed grid structure.

the 6040 ink.

Figure 5. Visual comparison between photo of printed grid structure (left) and simulation of printed grid structure (right) when using

(b) Simulation of printed grid structure.

comes to printed line width. However, the overall
comparison, including both the visual and the mea-
surements, show that the simulation framework is able
to capture the characteristics of ink 6040 and produce
accurate results.

Knowledge of the height and the width of a line
printed with a certain bioink is important for deter-
mining suitable printing settings. The height will gov-
ern the suitable thickness of each 3D printed layer. If
the thickness is set higher than the actual printed line
height, the nozzle will after a few layers loose contact
with the previously printed line causing the bioink to
be dispensed inconsistently. In contrast, a too low
thickness will cause layers being dispensed into each
other, or alternatively hinder the flow of bioink out
from the nozzle. The width is used when setting the

distance between each printed line. If the intention is
to print interconnecting lines to form a printed sheet,
setting a distance larger than the line width will print
lines with spacing in between while a too low distance
will print lines that overlap each other. Thus, the simu-
lation tells us that for printing 4% CNF ink with the
flow parameters provided in section 2.2 (10 mms ™',
100 mg min '), the layer thickness and line width
should be set to 400 m and 420 pm, respectively. On
the other hand, for ink 6040 the layer thickness should
be set to 230 um and the line width should be set
to 780 pm.

3.3. Varying printing parameters
The simulation showed good correlation with the
experimental data and was therefore further used to
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Width: 0.28 mm

20 mm/s

5 mm s~ ! (black).
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Figure 7. Cross section of a 4% CNF ink printed line from simulation at three different printing speeds, 20 (light grey), 10 (grey) and
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P ‘ ‘
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Figure 8. Cross section of a ink 6040 printed line from simulation at three different printing speeds, 20 (light grey), 10 (grey) and

Width: 1.10 mm

5 mm/s

study how the printed lines of the bioink are affected
by changing the printing speed and nozzle height.

3.3.1. Different printing speeds

The resulting layer thickness and line width presented
in the previous section, are valid for a printing speed of
10mms! and a flow rate of 90-100 mgmin .
Assuming a constant flow is kept, with increasing
printing speed the line width should theoretically
decrease, due to the lower volume dispensed per time
unit. This correlation has also been shown experimen-
tally in studies on 3D bioprinting where the line width
controls the printing resolution [56]. By simulating,
the change in line height, as a result of varying printing
speed, can be predicted in addition to line width.
Simulation can thereby be used to study how the cross
section changes depending on the ink and the printing
speed as shown in figures 7 and 8 for ink 6040 and 4%
CNFink.

The ratio of width to height, does not vary pro-
portionally when changing the printing speed. For 4%
CNF ink, the ratio calculated from the average line
width and line height decreases from 1.5 to 0.9 when
increasing the printing speed, and the data for both
height and width is shown in figure 9. This result show
the difficulty in experimentally determining the opti-
mal layer thickness and line distance to set while print-
ing. Also the standard deviation and min/max-values
of the line width and the line height gives information
on the printability of the inks at different printing
speeds. For ink 6040, the standard deviation in figure 9
islarger at 5and 20 mm s~ ! indicating that the printed
lines will have a more consistent shape throughout the
printing at 10 mm s~! and thus result in better print-
ability. The prediction for the best suited printing
speed of 4% CNF ink is more inconclusive, but it
probably lies somewhere in between 10 and
20 mm s~ . This is because the standard deviation of
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Figure 10. Comparison of the distribution of viscoelastic stresses in lines printed with 4% CNF ink and ink 6040 at three different
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printed line height is lowest at 20 mm s~!, but the
printed line width has the lowest standard deviation
at10 mm s~

The inks are intended for printing with cells for
construction of synthetic tissues. There are several fac-
tors in the bioprinting process which may influence
the cell survival; mixing cells with the bioink, osmolar-
ity of the bioink, shear forces within the nozzle, dia-
meter of the nozzle outlet, temperature, and, access to
nutrients and oxygen. While dispensing the bioink,
which is the simulated bioprinting step, there is a
transition point from flowing vertically out from the
nozzle to being dragged along the fixed printing plate.
During this transition there is a build up of viscoelastic
stresses on the outside of the nozzle tip, which may
influence the cell survival. Therefore it is valuable that
simulation can be used to predict these stresses, as
shown in figure 10 where the distribution of viscoelas-
tic stresses is visualised within a printed line. For both

inks, the stresses are highest closest to the nozzle outlet
and decrease further from the outlet along the printed
path. Comparing the viscoelastic stresses between the
two bioinks, the stresses are higher in the 4% CNF ink.
This is an important factor for the characteristics of a
4% CNF ink printed line, whereas the surface tension
forces are of greater importance for the characteristics
of aink 6040 printed line.

3.3.2. Different nozzle heights

The nozzle height is the distance between the outlet of
the printer head nozzle and the printing plate upon
which ink is being dispensed. The measurements of
height and width of simulated printed lines is pre-
sented in figure 11. It is seen that decreasing or
increasing the nozzle height with 0.1 mm, to 0.3 mm
and 0.5 mm, respectively, does influence the line
resolution, but not to a very great extent. For 4% CNF
ink there is a trend towards better line resolution with
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fewer fluctuations as the nozzle height is increased.
Both the standard deviation and the difference
between the minimum and maximum values are very
low for a nozzle height of 0.5 mm. The same cannot be
said for ink 6040, where the results suggest that using a
lower nozzle height of either 0.3 or 0.4 mm would be
favourable. At the highest nozzle height, the difference
between the minimum and the maximum value
becomes considerably larger, and an increase in
standard deviation is observed as well.

Another factor which the nozzle height may influ-
ence is the printability of bioinks containing cells,
since the distribution of viscoelastic stresses will
change as shown by figure 12. For both inks, the vis-
coelastic stresses are clearly decreasing with increasing
nozzle height, although a stronger trend is seen for 4%
CNF ink. In the way of viewing changes to both nozzle
height and printing speeds as tools to increase the
printability of bioinks containing cells, by using them

to reduce the viscoelastic stresses, the printing speed
showed to have greater effect on the printability than
the nozzle height.

4. Conclusion

As the field of 3D bioprinting advances, the need for
simulations to predict the printability of bioinks and
their influence on cells is increasing. Simulation will
therefore be an essential tool for future development
of 3D printed tissues. We have shown that CFD
simulation with IPS IBOFlow is successful in capturing
the dispensing of inks when 3D bioprinting and
predicting the printing process for the studied para-
meters. The ability to simulate 3D bioprinting of inks
with distinct difference in viscoelastic properties
showed that the simulation tool can be utilised for a
wide range of viscoelastic solutions and hydrogels.
Furthermore, simulation is useful for determining the
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impact on line resolution and viscoelastic stresses
when changing printing parameters such as printing
speed and nozzle height. Understanding which para-
meters affect the line resolution is vital for the
mechanical properties of the printed structure. The
ability to determine which printing parameters to
change to reduce the effect of viscoelastic stresses on
biochemical and biomechanical signalling is impor-
tant for cell viability. In this study, simulation of a
specific part of the 3D bioprinting process was
presented: the flow of bioink out from the nozzle
dispensed on the printing plate. Future development
of the model used for simulating 3D bioprinting is
expected to also consider the flow inside the nozzle to
enable simulation of the ink from the point it starts to
flow until the whole shape has been printed. Since
simulation can aid in reducing costs, material usage,
and time, it will be a valuable tool when developing
and evaluating bioinks for 3D bioprinting in the
future.
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Appendix. IPS IBOFlow

Here follows a brief introduction to 3D bioprinting in
IPSIBOFlow and how the framework is functioning.

A.1. Luascript

The 3D bioprinting simulation in IPS IBOFlow is
controlled through a Lua script. The first part of the
script contains the setup of the simulation, which
involves reading options from a separate options file,
importing nozzle definitions and defining the bound-
ary conditions used in the simulation. The boundary
condition used for all boundaries, except the negative
Z boundary, is an outlet boundary condition. In the
negative Z direction a no-slip wall boundary condition
is utilised, and both advancing and receding contact
angles are prescribed at this boundary for the dynamic
contact angle model. The path of the nozzle and the
speed at which it follows it, is setup after the nozzle
definitions has been imported, and it consists of
multiple position points, which describes the printing
path, and the nozzle speed. After these steps, the
simulation is setup. The last part of the script contains
the initialisation of the nozzle, activation of dynamic
grid refinements and execution of the simulation.

JGohletal

A.2.Nozzle definition

The nozzle definition is kept in a separate file and read
by the main script. It contains definitions of both the
nozzle and the bioink. The nozzle definitions are
shape, which is usually a cylinder, and diameter, which
varies from nozzle to nozzle. The flow out of the nozzle
is also defined, as either mass flow rate or volumetric
flow rate. The bioink is defined by entering density,
rheology model and parameters of the rheology
model. A viscoelastic rheology model is used for 3D
bioprinting and the parameters of the model are
explained in section 2.3.1.

A.3. Options file

The options related to the simulation is stored in an
options file. It contains options related to time settings,
such as time step length, simulations end time and
how often to write VTK output, which contains the
data of the simulation at that time step. It also contains
options for the surrounding fluid in the computational
domain, which is the density and viscosity of air. VOF
related options such as surface tension and type of
dynamic contact angle model is also set here. Options
related to the computational domain is also found
here, by defining the number of base grid cells in each
direction, and the length of a base grid cell.

ORCIDiDs

Johan Goéhl @ https: /orcid.org/0000-0002-
0705-6504

Kajsa Markstedt @ https:/orcid.org/0000-0001-
6737-6887

Andreas Mark @ https:/orcid.org/0000-0003-
0038-3307
Karl Hakansson
4919-1771

https:/ orcid.org/0000-0002-

References

[1] HolzlK, Lin S, Tytgat L, Van Vlierberghe S, Gu L and
Ovsianikov A 2016 Bioink properties before, during and after
3d bioprinting Biofabrication 8 032002

[2] Dubbin K, Tabet A and Heilshorn S C 2017 Quantitative
criteria to benchmark new and existing bio-inks for cell
compatibility Biofabrication 9 044102

[3] Ribeiro A, Blokzijl M M, Levato R, Visser CW, Castilho M,

Hennink W E, Vermonden T and Malda ] 2018 Assessing

bioink shape fidelity to aid material development in 3d

bioprinting Biofabrication 10 014102

Malda]J, Visser J, Melchels F P, Jungst T, Hennink W E,

Dhert W J, Groll ] and Hutmacher D W 2013 25th anniversary

article: engineering hydrogels for biofabrication Adv. Mater. 25

5011-28

[5] Saunders R Eand Derby B 2014 Inkjet printing biomaterials
for tissue engineering: bioprinting Int. Mater. Rev. 59 43048

[6] XiongR, ZhangZ, Chai W, Chrisey D B and HuangY 2017
Study of gelatin as an effective energy absorbing layer for laser
bioprinting Biofabrication 9 024103

[7]1 Koch L, Brandt O, Deiwick A and Chichkov B 2017 Laser-
assisted bioprinting at different wavelengths and pulse
durations with a metal dynamic release layer: a parametric
study Int. J. Bioprinting 3 42-53

[4

—

10


https://orcid.org/0000-0002-0705-6504
https://orcid.org/0000-0002-0705-6504
https://orcid.org/0000-0002-0705-6504
https://orcid.org/0000-0002-0705-6504
https://orcid.org/0000-0002-0705-6504
https://orcid.org/0000-0001-6737-6887
https://orcid.org/0000-0001-6737-6887
https://orcid.org/0000-0001-6737-6887
https://orcid.org/0000-0001-6737-6887
https://orcid.org/0000-0001-6737-6887
https://orcid.org/0000-0003-0038-3307
https://orcid.org/0000-0003-0038-3307
https://orcid.org/0000-0003-0038-3307
https://orcid.org/0000-0003-0038-3307
https://orcid.org/0000-0003-0038-3307
https://orcid.org/0000-0002-4919-1771
https://orcid.org/0000-0002-4919-1771
https://orcid.org/0000-0002-4919-1771
https://orcid.org/0000-0002-4919-1771
https://orcid.org/0000-0002-4919-1771
https://doi.org/10.1088/1758-5090/8/3/032002
https://doi.org/10.1088/1758-5090/aa869f
https://doi.org/10.1088/1758-5090/aa90e2
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1179/1743280414Y.0000000040
https://doi.org/10.1179/1743280414Y.0000000040
https://doi.org/10.1179/1743280414Y.0000000040
https://doi.org/10.1088/1758-5090/aa74f2
https://doi.org/10.18063/IJB.2017.01.001
https://doi.org/10.18063/IJB.2017.01.001
https://doi.org/10.18063/IJB.2017.01.001

Biofabrication 10 (2018) 034105

[8] NgWL,Lee] M, Yeong WY and Win Naing M 2017
Microvalve-based bioprinting—process, bio-inks and
applications Biomater. Sci. 5 632—47

[9] PaxtonN, Smolan W, Bck T, Melchels F, Groll J and Jungst T
2017 Proposal to assess printability of bioinks for extrusion-
based bioprinting and evaluation of rheological properties
governing bioprintability Biofabrication 9 044107

[10] Suntornnond R, TanEY S, AnJand Chua CK2016 A
mathematical model on the resolution of extrusion
bioprinting for the development of new bioinks Materials
9756

[11] Jungst T, Smolan W, Schacht K, Scheibel T and Groll ] 2016
Strategies and molecular design criteria for 3d printable
hydrogels Chem. Rev. 116 1496-539

[12] Melchels F P W, Domingos M AN, Klein T J, Malda]J,

Bartolo P J and Hutmacher D' W 2012 Additive manufacturing
of tissues and organs Prog. Polym. Sci. 37 1079-104

[13] Tibbitt M W and Anseth K S 2009 Hydrogels as extracellular
matrix mimics for 3d cellculture Biotechnol. Bioeng. 103
655—-63

[14] NgW L, GohMH, YeongW Y and Naing M W 2018 Applying
macromolecular crowding to 3d bioprinting: fabrication of 3d
hierarchical porous collagen-based hydrogel constructs
Biomater. Sci. 6 562-74

[15] Diamantides N, WangL, Pruiksma T, Siemiatkoski J,
Dugopolski C, Shortkroff S, Kennedy S and Bonassar L] 2017
Correlating rheological properties and printability of collagen
bioinks: the effects of riboavin photocrosslinking and ph
Biofabrication 9 034102

[16] AxpeEand Oyen M L2016 Applications of alginate-based
bioinks in 3d bioprinting Int. J. Mol. Sci. 17 1976

[17] Wust S, Godla M E, Muller R and Hofmann S 2014 Tunable
hydrogel composite with two-step processing in combination
with innovative hardware upgrade for cell-based three-
dimensional bioprinting Acta Biomater. 10 630—40

[18] AraiK etal2016 The development of cell-adhesive hydrogel
for 3d printing Int. J. Bioprinting 2 153—62

[19] KlotzB]J, Gawlitta D, Rosenberg A J, Malda ] and Melchels F P
2016 Gelatin-methacryloyl hydrogels: towards biofabrication-
based tissue repair Trends Biotechnol. 34 394-407

[20] ZhouM, Lee BH and Tan L P 2017 A dual crosslinking strategy
to tailor rheological properties of gelatin methacryloyl Int. J.
Bioprinting3 130-7

[21] Markstedt K, Mantas A, Tournier I, Martinez Avila H,

Higg D and Gatenholm P 2015 3d bioprinting human
chondrocytes with nanocellulose-alginate bioink for cartilage
tissue engineering applications Biomacromolecules 16 1489-96

[22] Nguyen D 2017 Cartilage tissue engineering by the 3D
bioprinting of iPS cells in a nanocellulose /alginate bioink Sci.
Rep. 7658

[23] CuiXand Boland T 2009 Human microvasculature
fabrication using thermal inkjet printing technology
Biomaterials 30 6221-7

[24] Murphy SV, Skardal A and Atala A 2013 Evaluation of
hydrogels for bio-printing applications J. Biomed. Mater. Res. A
101272-84

[25] Skardal A, ZhangJ and Prestwich G D 2010 Bioprinting vessel-
like constructs using hyaluronan hydrogels crosslinked with
tetrahedral polyethylene glycol tetracrylates Biomaterials 31
6173-81

[26] Chung] HY, NaficyS, Yue Z, Kapsa R, Quigley A,

Moulton S E and Wallace G G 2013 Bio-ink properties and
printability for extrusion printing living cells Biomater. Sci.
1763

[27] LeppiniemiJ, Lahtinen P, Paajanen A, MahlbergR,
Metsi-Kortelainen S, Pinomaa T, Pajari H, Vikholm-Lundin I,
Pursula P and Hytonen V P 2017 3d-printable bioactivated
nanocellulose-alginate hydrogels ACS Appl. Mater. Interfaces 9
21959-70

[28] OuyangL, Yao R, Zhao Y and Sun W 2016 Effect of bioink
properties on printability and cell viability for 3d bioplotting of
embryonic stem cells Biofabrication 8 035020

JGohletal

[29] Daly A C, Critchley SE, Rencsok EM and Kelly D] 2016 A
comparison of different bioinks for 3d bioprinting of
fibrocartilage and hyaline cartilage Biofabrication 8 045002

[30] ZhaoY,LiY,Mao S, Sun W and Yao R 2015 The influence of
printing parameters on cell survival rate and printability in
microextrusion-based 3d cell printing technology
Biofabrication 7 045002

[31] NgWL, Yeong WY and Naing M W 2017 Polyvinyl
pyrrolidone-based bio-ink improves cellviability and
homogeneity during drop-on-demand printing Materials
10190

[32] Kyle S, Jessop Z M, Al-Sabah A and Whitaker IS 2017
‘Printability’ of candidate biomaterials for extrusion based 3d
printing: state-of-the-art Adv. Healthcare Mater. 6 1700264

[33] OzbolatIT and Hospodiuk M 2016 Current advances and
future perspectives in extrusion-based bioprinting
Biomaterials 76 321-43

[34] Reid] A, Mollica P A, Johnson G D, Ogle R C, Bruno R D and
Sachs P C2016 Accessible bioprinting: adaptation of alow-cost
3d-printer for precise cell placement and stem cell
differentiation Biofabrication 8 025017

[35] Muller M, Ozturk E, Arlov O, Gatenholm P and
Zenobi-Wong M 2017 Alginate sulfate-nanocellulose bioinks
for cartilage bioprinting applications Ann. Biomed. Eng. 45
210-23

[36] Billiet T, Gevaert E, De Schryver T, Cornelissen M and
Dubruel P 2014 The 3d printing of gelatin methacrylamide
cell-laden tissue-engineered constructs with high cell viability
Biomaterials 35 49—62

[37] ChangR, Nam Jand Sun W 2008 Effects of dispensing pressure
and nozzle diameter on cell survival from solid freeform
fabrication based direct cell writing Tissue Eng. A 1441-8

[38] Almeida H A and Brtolo P J 2013 Numerical simulations of
bioextruded polymer scaffolds for tissue engineering
applications Polym. Int. 62 1544-52

[39] Gatenholm P, Markstedt K, Mantas A, Tournier I,

Martinez Avila H and Higg D 2015 Novel nanocellulose
alginate bioink for 3d bioprinting of soft tissue Tissue Eng. A 21
S13-13

[40] Paikko M et al 2007 Enzymatic hydrolysis combined with
mechanical shearing and high-pressure homogenization for
nanoscale cellulose fibrils and strong gels Biomacromolecules 8
193441

[41] Wagberg L, Decher G, Norgren M, Lindstrom T,

Ankerfors M and Axnas K 2008 The build-up of polyelectrolyte
multilayers of micro brillated cellulose and cationic
polyelectrolytes Langmuir 24 784-95

[42] Hollister SJ 2005 Porous scaffold design for tissue engineering
Nat. Mater. 4518

[43] Martinez Avila H, Schwarz S, Rotter N and Gatenholm P 2016
3d bioprinting of humanchondrocyte-laden nanocellulose
hydrogels for patient-specific auricular cartilage regeneration
Bioprinting 1-222-35

[44] Pedde R D et al 2017 Emerging biofabricationstrategies for
engineering complex tissue constructs Adv. Mater. 29 19

[45] WangL,XuMe, LuoL, ZhouY and Si P 2018 Iterative
feedback bio-printing-derived cell-laden hydrogel scaffolds
with optimal geometrical fidelity and cellular controllability
Sci. Rep. 82802

[46] Rueden CT, Schindelin J, Hiner M C, DeZonia BE,

Walter AE, Arena E T and Eliceiri K W 2017 Imagej2: Imagej
for the next generation of scientific image data BMC Bioinform.
18529

[47] Mark A and van Wachem B G 2008 Derivation and validation
of a novel implicit second-order accurate immersed boundary
method J. Comput. Phys. 227 6660-80

[48] Mark A, Rundqvist R and Edelvik F 2011 Comparison between
different immersed boundary conditions for simulation of
complex fluid flows Fluid Dyn. Mater. Process. 7 241-58

[49] Rundqvist R, Mark A, Edelvik F and Carlson ] $ 2011 Modeling
and simulation of sealing spray application using smoothed
particle hydrodynamics Fluid Dyn. Mater. Process. 7 25978

11


https://doi.org/10.1039/C6BM00861E
https://doi.org/10.1039/C6BM00861E
https://doi.org/10.1039/C6BM00861E
https://doi.org/10.1088/1758-5090/aa8dd8
https://doi.org/10.3390/ma9090756
https://doi.org/10.1021/acs.chemrev.5b00303
https://doi.org/10.1021/acs.chemrev.5b00303
https://doi.org/10.1021/acs.chemrev.5b00303
https://doi.org/10.1016/j.progpolymsci.2011.11.007
https://doi.org/10.1016/j.progpolymsci.2011.11.007
https://doi.org/10.1016/j.progpolymsci.2011.11.007
https://doi.org/10.1002/bit.22361
https://doi.org/10.1002/bit.22361
https://doi.org/10.1002/bit.22361
https://doi.org/10.1002/bit.22361
https://doi.org/10.1039/C7BM01015J
https://doi.org/10.1039/C7BM01015J
https://doi.org/10.1039/C7BM01015J
https://doi.org/10.1088/1758-5090/aa780f
https://doi.org/10.3390/ijms17121976
https://doi.org/10.1016/j.actbio.2013.10.016
https://doi.org/10.1016/j.actbio.2013.10.016
https://doi.org/10.1016/j.actbio.2013.10.016
https://doi.org/10.18063/IJB.2016.02.002.
https://doi.org/10.18063/IJB.2016.02.002.
https://doi.org/10.18063/IJB.2016.02.002.
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.18063/IJB.2017.02.003
https://doi.org/10.18063/IJB.2017.02.003
https://doi.org/10.18063/IJB.2017.02.003
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1038/s41598-017-00690-y
https://doi.org/10.1016/j.biomaterials.2009.07.056
https://doi.org/10.1016/j.biomaterials.2009.07.056
https://doi.org/10.1016/j.biomaterials.2009.07.056
https://doi.org/10.1002/jbm.a.34326
https://doi.org/10.1002/jbm.a.34326
https://doi.org/10.1002/jbm.a.34326
https://doi.org/10.1016/j.biomaterials.2010.04.045
https://doi.org/10.1016/j.biomaterials.2010.04.045
https://doi.org/10.1016/j.biomaterials.2010.04.045
https://doi.org/10.1016/j.biomaterials.2010.04.045
https://doi.org/10.1039/c3bm00012e
https://doi.org/10.1021/acsami.7b02756
https://doi.org/10.1021/acsami.7b02756
https://doi.org/10.1021/acsami.7b02756
https://doi.org/10.1021/acsami.7b02756
https://doi.org/10.1088/1758-5090/8/3/035020
https://doi.org/10.1088/1758-5090/8/4/045002
https://doi.org/10.1088/1758-5090/7/4/045002
https://doi.org/10.3390/ma10020190
https://doi.org/10.1002/adhm.201700264
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1088/1758-5090/8/2/025017
https://doi.org/10.1007/s10439-016-1704-5
https://doi.org/10.1007/s10439-016-1704-5
https://doi.org/10.1007/s10439-016-1704-5
https://doi.org/10.1007/s10439-016-1704-5
https://doi.org/10.1016/j.biomaterials.2013.09.078
https://doi.org/10.1016/j.biomaterials.2013.09.078
https://doi.org/10.1016/j.biomaterials.2013.09.078
https://doi.org/10.1089/ten.a.2007.0004
https://doi.org/10.1089/ten.a.2007.0004
https://doi.org/10.1089/ten.a.2007.0004
https://doi.org/10.1002/pi.4585
https://doi.org/10.1002/pi.4585
https://doi.org/10.1002/pi.4585
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/la702481v
https://doi.org/10.1021/la702481v
https://doi.org/10.1021/la702481v
https://doi.org/10.1038/nmat1421
https://doi.org/10.1016/j.bprint.2016.08.003
https://doi.org/10.1016/j.bprint.2016.08.003
https://doi.org/10.1016/j.bprint.2016.08.003
https://doi.org/10.1002/adma.201606061
https://doi.org/10.1038/s41598-018-21274-4
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1016/j.jcp.2008.03.031
https://doi.org/10.1016/j.jcp.2008.03.031
https://doi.org/10.1016/j.jcp.2008.03.031
https://doi.org/10.3970/fdmp.2011.007.241
https://doi.org/10.3970/fdmp.2011.007.241
https://doi.org/10.3970/fdmp.2011.007.241
https://doi.org/10.3970/fdmp.2011.007.259
https://doi.org/10.3970/fdmp.2011.007.259
https://doi.org/10.3970/fdmp.2011.007.259

10P Publishing

Biofabrication 10 (2018) 034105

[50] Mark A, Bohlin R, Segerdahl D, Edelvik F and Carlson ] $ 2014
Optimisation of robotised sealing stations in paint shops by
process simulation and automatic path planning Int. J. Manuf.
Res. 94-26

[51] Svensson M, Mark A, Edelvik F, Kressin J, Bolin R,

Segerdahl D, CarlsonJ S, Wahlborg P J and Sundbick M 2016
Process simulation and automatic path planning of adhesive
joining 6th CIRP Conf. on Assembly Technologies and Systems
(CATS); Proc. CIRP 44 298-303

[52] Edelvik F, Mark A, Karlsson N, Johnson T and Carlson ]S 2017
Math-based algorithms andsoftware for virtual product
realization implemented in automotive paint shops Math for

JGohletal

the Digital Factory ed L Ghezzi, D Homberg and C Landry
(Cham: Springer) pp 231-51

[53] Thien N P and Tanner R11977 A new constitutive equation
derived from network theory J. Non-Newton. Fluid Mech. 2
353-65

[54] BrackbillJ, Kothe D and Zemach C 1992 A continuum method
for modeling surface tension J. Comput. Phys. 100 335-54

[55] Gohl]J, Mark A, Sasic S and Edelvik F 2018 An immersed
boundary based dynamic contact angle framework for
handling complex surfaces of mixed wettabilities submitted

[56] HeY, YangF, Zhao H, Gao Q, Xia B and Fu ] 2016 Research on
the printability of hydrogels in 3d bioprinting Sci. Rep. 6 29977

12


https://doi.org/10.1504/IJMR.2014.059597
https://doi.org/10.1504/IJMR.2014.059597
https://doi.org/10.1504/IJMR.2014.059597
https://doi.org/10.1016/j.procir.2016.02.113
https://doi.org/10.1016/j.procir.2016.02.113
https://doi.org/10.1016/j.procir.2016.02.113
https://doi.org/10.1007/978-3-319-63957-4_11
https://doi.org/10.1007/978-3-319-63957-4_11
https://doi.org/10.1007/978-3-319-63957-4_11
https://doi.org/10.1016/0377-0257(77)80021-9
https://doi.org/10.1016/0377-0257(77)80021-9
https://doi.org/10.1016/0377-0257(77)80021-9
https://doi.org/10.1016/0377-0257(77)80021-9
https://doi.org/10.1016/0021-9991(92)90240-Y
https://doi.org/10.1016/0021-9991(92)90240-Y
https://doi.org/10.1016/0021-9991(92)90240-Y
https://doi.org/10.1038/srep29977

	1. Introduction
	2. Methods
	2.1. Materials
	2.1.1. Rheology measurements

	2.2. Experimental setup
	2.3. Numerical methods
	2.3.1. Rheology model
	2.3.2. Surface tension force model
	2.3.3. Quasi-dynamic contact angle model


	3. Results and discussion
	3.1. Rheology
	3.2. Comparison of simulations and experiments
	3.3. Varying printing parameters
	3.3.1. Different printing speeds
	3.3.2. Different nozzle heights


	4. Conclusion
	Acknowledgments
	Appendix. IPS IBOFlow
	A.1. Lua script
	A.2. Nozzle definition
	A.3. Options file

	References



