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Abstract: Three-dimensional (3D) bioprinting has significant potential for addressing the global problem of organ shortages.
Extrusion printing is a versatile 3D bioprinting technique, but its low accuracy currently limits the solution. This lack of
precision is attributed largely to the complex thermal and dynamic properties of bioinks and makes it difficult to provide
accurate estimations of the printed results. It is necessary to understand the relationship between printing temperature and
materials’ printability to address this issue. This paper proposes a quantitative thermal model incorporating a system’s printing
temperatures (syringe, ambient, and bioink) to facilitate accurate estimations of the printing outcomes. A physical model
was established to reveal the relationship between temperature, pressure, and velocity in guiding the printing of sodium
alginate—gelatin composite hydrogel (a popular bioink) to optimize its extrusion-based printability. The model considered
the phenomenon of bioink die swells after extrusion. A series of extrusion experiments confirmed that the proposed model
offers enhanced printing outcome estimations compared with conventional models. Two types of nozzles (32- and 23-gauge)
were used to print several sets of lines with a linewidth step of 50 wm by regulating the extrudate’s temperature, pressure,
and velocity separately. The study confirmed the potential for establishing a reasonable, accurate open-loop linewidth control
based on the proposed optimization method to expand the application of extrusion-based bioprinting further.
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efficiency, accuracy™, and ability to fabricate scaffolds
that provide 3D microenvironments, thereby avoiding the
drawbacks associated with traditional two-dimensional
monolayer cell culture®. In extrusion-based printing>1%,
syringes and pistons are used to extrude bioinks with

1. Introduction

The three-dimensional (3D) bioprinting technique has the
potential for creating functional tissues and organs in vitro,
which could address the global shortage of human tissue/

organ donation in the context of rising transplantation
demands!'?. Over recent years, 3D bioprinting has
become the focus of increasing attention due to its high

viscosities of 30 — 107 mPa's from nozzles to form
complex 3D architectures that offer various benefits in cell
culture!"!. The technique allows the low-cost and high-
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precision fabrication of cell-laden scaffolds with high cell
viability!'?. Advancements based on this technology have
been demonstrated, including mandible bones!”), liver
tissuel'®!, cardiac patches!'¥, brain microenvironment!'s!,
and multi-layered skin('®l.

The differing properties of bioinks are a primary
consideration in 3D bioprinting for fabricating different
tissues/organs!'”!¥l, Extrusion-based bioprinting requires
the use of biocompatible materials that must be fluid
in the nozzle and solid after printing!"”. Increasingly,
temperature-sensitive materials, such as gelatin, gelatin
methacryloyl, collagen, and agarose, which are tunable
in a sol—gel state through the alternation of temperatures,
are becoming the focus of research attention!*. Among
these materials, a sodium alginate—gelatin composite
hydrogel can be crosslinked just with divalent ions?!.
It is widely used because of its mild gelation, good
printability, and high biocompatibility™?>2],

Bioink printability is critical to the in vitro
reproduction of the complex micro-architectures of
native tissues??%. Tt is regarded as the ability to form
complex 3D structures with high accuracy, integrity,
and cell viability®?”. The intrinsic properties and printing
parameters of bioinks affect their printability. Researchers
have created several physical models to enhance this
property that considers such variables, including pressure,
the inner diameter (ID) of the nozzle, and the nozzle’s
moving velocity. However, as all these models ignore
temperature, the experimental results in the original
research could not be fitted accurately®!-33],

Many studies have found that temperature is a
critical variable that affects printability®?”*. When
alginate—gelatin composite hydrogel is kept at 37°C,
even low pressure and a fast printing velocity cause
the width of the printed lines to increase, resulting in
variations in width from those lines printed near the sol-
gel transition temperaturel’!. Ouyang et al. demonstrated
that temperature affects the printing region in which
the printability of a bioink is excellent’*”). Chen et al.
found that the thermal parameters of a bioink obtained
from a rheometer differed from those measured
experimentally through a printing test. This disparity
was attributed to the temperature difference between
the two systems!**,

In addition, both the holding time and holding
temperature have been proven to affect the viability of
cells™, Although significant progress has been made in
studying the printability of bioinks, a quantitative and
comprehensive law is required to guide the printing
process. Consequently, the printing capability of the
3D bioprinting technique remains compromised?>#,
Furthermore, a lack of research regarding the thermal
effects makes it challenging to construct large-scale tissue
scaffolds using temperature-sensitive materials”-4,

This study presents an optimization of the
printability of extrusion-based bioprinting with a
consideration of the thermal effects. A quantitative
thermal model was established that considered the
printing system’s temperatures (nozzle, ambient, and
bioink) to demonstrate the extrudate’s thermal effects.
The model can be applied for the precise regulation of
extrudate temperature. A mathematical model revealing
the relationship between the extrudate’s temperature,
pressure, velocity, and linewidth was established to
optimize the printing process. The experimental results
agreed reasonably well with the physical model, which
outperformed conventional models. Nozzles with
gauges (G) of 32 and 23 were used, and the temperature,
pressure, and velocity of the extrudates were varied,
respectively. Several sets of lines were fabricated using
the established physical model with a linewidth step of 50
um. The precise linewidth step control demonstrated by
the proposed optimization model suggests it could guide
soft biomaterials’ fabrication with precise shape control
and high cell viability.

2. Materials and methods
2.1. Bioprinting system design

As shown in Figure 1A, a customized bioprinter was
produced comprising a temperature control module, a nozzle
motion control module, and a bioink dispensing system.

Two nozzles with precise temperature control were
installed on the x—y—z stage. The low-temperature (LT)
module was tunable from 0°C to 70°C with individual
temperature control for the nozzle tip. The high-
temperature (HT) module was tunable from ambient
temperature (AT) to 250°C. The temperature tuning
range of the printing platform ranged between —5°C
and 45°C. Since the AT has a significant impact on the
printing process, this parameter was controlled using
a temperature-adjustable (between 10°C and 40°C)
chamber. The modules were designed to allow the precise
temperature control of the bioink’s flow path to produce
a bioink with predictable thermal properties, a suitable
viscoelastic modulus, and high cell activity!?*?>3], The
output pressure regulated by the pneumatic circuit was
tunable from 1 kPa to 1 MPa with a resolution of 1 kPa.

Bioink properties must be controlled precisely to
achieve excellent printability. A low-viscosity material
will deform and collapse after printing, while a high-
viscosity material will become clogged and excessively
swollen. This study tested the rheological properties of
the prepared bioink (Figure 1B). The obtained thermal
parameters were entered into the established physical
model. To achieve controllable deposition and to predict
the printed linewidth, the model considered the pipe flow,
the die swell, and the deposition stages.
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Figure 1. Schematic showing of the bioprinting system. (A) Diagram of the 3D bioprinter is composed of a temperature control module, a
motion control module, and a dispensing module. (B) Schematic of the printing process. The rheological properties of the bioink are input

into the mathematical model to realize the controllable deposition.

2.2. Sodium alginate—gelatin composite hydrogel
preparation

The composite hydrogel comprised sodium alginate
(Sigma-Aldrich, Shanghai, China), gelatin (from porcine
skin, Sigma-Aldrich, Shanghai, China), and phosphate
buffer saline (PBS) (GENOM, Hangzhou, China). The
sodium alginate powder (2% w/v) and gelatin powder
(10% w/v) were combined thoroughly in PBS by
stirring at 60°C for 40 min at 400 r/min. The mixture
was maintained at a temperature of 37°C to remove any
bubbles before being transferred into a 30-cc syringe.

2.3. Rheological measurements

A rtheological properties test was conducted using a
rotational rheometer with a parallel plate measuring
system (MCR302, Anton Paar, Austria). A 1 mm thick
specimen was loaded onto the test plate and heated to
40°C before measurement. Then, it was cooled from
40°C to 10°C at increments of —2°C/min. The strain was
set at 1% at a frequency of 1 Hz for the dynamic moduli
measurements. As the power-law equation’s coefficients
remain almost constant in the shear rate range until the
material is broken, the shear rate was set to 20 and 35 s™
in the rotation measurement, respectively®'.

2.4. Composite hydrogel thermal analysis

The composite hydrogel’s specific heat and isotropic
thermal conductivities were measured using a thermal
conductivity analyzer (TPS 2500S, Hot Disk, Sweden).
The stainless steel and the polypropylene manufacturer
kindly provided the properties of the materials, and the

experimental temperature was measured using a k-type

thermocouple (GM1312, Biaozhi, China). As the film

coefficient varies according to environmental conditions,
this study fitted the coefficient to 50 W/m?>°C, which was
experimentally derived.

The temperature gradient of the model was simulated
using Ansys 15.0 (ANSYS, USA) software, and Table 1
summarizes the critical parameters used in the simulation.
Two models were built using the SolidWorks (Dassault
System, France) program using identical cylinder lengths
of 13 mm and cylindrical nozzle IDs 0f 0.34 and 0.11 mm.
The length of the nozzle exposed to the air was 5 mm, and
a meshing size of 1 x 107*™™ was used. The thermal effect
analysis considered the effect of both heat conduction and
convection, and thermal radiation was disregarded due to
its negligible influencel**!.

The study conducted four sets of simulations, as
follows: (a) The transient temperature of the central
material during heating/cooling, (b) the influence of
syringe temperature, (c) the AT on the steady extrudate
temperature, and (d) the transient temperature change of
the extrudate during heating/cooling.

The simulation parameters were established as
follows:

1. The temperature of the outer surface of the syringe
was set to 19°C (lower than the AT of 20°C) and
31°C (higher than the AT), respectively. The initial
temperature of the material was set to 21°C. Then, the
central material’s transient temperature change was
simulated, and experiments with identical parameters
were performed to verify the simulation results.

2. The outer surface temperature of the syringe was
set to 19°C, 21°C, 23°C, 25°C, 27°C, 29°C, and
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31°C, respectively. A steady extrudate temperature
was simulated. The results were verified, and the
film coefficient was fitted by experiments conducted
under identical conditions.

3. The outer surface temperature of the syringe was set
to a constant temperature of 27°C, while the AT was
set to 20°C, 25°C, 30°C, 35°C, and 40°C, respectively.
Then, a steady extrudate temperature was simulated.

4. The outer surface temperature of the syringe was set to
a constant temperature of 27°C, which was identical
to the initial temperature of the material. The AT was
set to 20°C (lower than the nozzle temperature), 27°C
(equal to the nozzle temperature), and 32°C (higher
than the nozzle temperature), respectively. Then, the
transient temperature change of the extrudate at the
tip was simulated.

2.5. Printing parameters

This study’s main focus was the linewidth as a printed
outcome, which was measured using fluorescence
microscopy (DM IL LED, Leica, Germany) and
industrial microscopy (JC-2001G, Jingtuo, China). Two
different types of nozzles were used; the 23-G nozzle was
cylindrical with a 13-mm cylinder length and an ID of

0.34 mm, and the 32-G nozzle was cylindrical with a 13-

mm cylinder length and an ID of 0.11 mm. The distance

between the tip of the nozzle and the platform was set

as the nozzle diameter’s value to exclude its effect and
produce continuous fiberst!.

1. The study conducted two sets of orthogonal
experiments to determine the most suitable zone
for well-defined printing lines. In these tests, the
extrudate temperature, pressure, and velocity were
varied separately.

2. To validate the physical model and to determine the
coefficients, additional fiber extrusion experiments
were conducted to investigate the effects of
temperature, extrusion pressure, and nozzle velocity
on the linewidth. Identical conditions were used
except for the primary variable under investigation.

3. The observed results were used to determine the
parameters for guiding the printing with a fixed
linewidth step. The values at which the extrudate
temperature, pressure, and velocity were set were
calculated from the established physical model to
acquire lines with a 50-um linewidth step, respectively.

2.6. Cell culture and bioink preparation

According to the authors’ previous research, sodium
alginate—gelatin composite hydrogels are suitable for the
in vitro fabrication of corneal substitutes®’*’; this finding
has received increasing attention over recent years. To test
the effect of the printing process on cell viability, the cell-
laden scaffold printing experiment used human keratocyte

(HK) (ScienCell, CA, USA) cells. Cells were cultured in
T25 flasks with Dulbecco’s modified Eagle’s medium/F12
(Life Technologies, USA) supplemented with 10% fetal
bovine serum (Fisher Scientific, USA) and 1% penicillin-
streptomycin (Life Technologies, USA) under a 5% CO,
concentration. The culture media were replaced daily. The
HKs were detached using Trypsin-EDTA (0.25%, Life
Technologies, USA) and were centrifuged at 1,000 r/min
for collection at a cell density of ca. 1.5 x 107 cells/mL.

The cells were suspended in growth media (ca.
1.5 x 107 cells/mL), centrifuged, and gently mixed
into the sodium alginate—gelatin composite hydrogel at
37°C before being drawn into a sterilized commercial
30-cc syringe. The typical final concentrations of each
component were as follows: 2% sodium alginate, 10%
gelatin, and ca. 3 x 10° cells/mL.

2.7. Cell-laden scaffolds printing

For higher cell viability, the 23-G nozzle was used in
the printing of cell-laden scaffolds!**!. The pressure and
velocity were set to 130 kPa and 7 mm/s, respectively. To
investigate the effect of temperature on cell viability, the
extrudate temperature was regulated to 24°C, 27°C, and
30°C, respectively.

2.8. Cell viability assay

A Live/Dead cell viability/cytotoxicity assay kit (Thermo,
USA) was used to determine cells’ viability before and
after printing. The assay solution was prepared by mixing
I-uL/mL Cal-AM and 2-uL/mL propidium iodide in
PBS. Then, the mixture was added to the samples and
was incubated (Thermo, USA) at 37°C for 20 min. After
three 3-min washes with PBS, the samples were evaluated
using fluorescence microscopy (Leica, Germany). For
each sample, three fluorescent images were obtained from
different areas. Live cells were shown in green, while dead
cells were shown in red. The number of live and dead cells
was counted using Image] (NIH, USA) software under
the same thresholds. Cell viability was calculated as the
number of living cells divided by the total number of cells.

2.9. Statistical analysis

The linewidth data were expressed as mean + standard
deviation. The inter-group variations were analyzed via
a one-way ANOVA test in conjunction with Tukey’s test
using SPSS (IBM, USA) software.

3. Results and discussion

3.1. Rheological measurements

The rheological properties of the sodium alginate—
gelatin composite hydrogel (Figure 2) were measured
in a temperature sweep test, in which the temperature
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Figure 2. Rheological properties of the hydrogel. (A) Dynamic properties of 2% sodium alginate and 10% gelatin composite hydrogel. (B)
Viscosity versus temperature characteristic of the hydrogel. (C) &, n value of the hydrogel.

was reduced from 40°C to 10°C. As the temperature
decreased, the viscosity of the hydrogel increased, and
the material’s state was transformed from a liquid to a gel.
A sol—gel transition was observed, during which the loss
modulus of the hydrogel approached the storage modulus
(Figure 2A)P4, At temperatures between 20°C and 30°C,
there was a noticeable change in viscosity (Figure 2B).

Achieving excellent printability with a bioink is
possible only within a specific range of viscosity. The
temperature range for a hydrogel with good printability
lies in the phase transition zone, in which the viscosity
of the bioink is sensitive to changes in temperaturef*+27.,
Usually, composite hydrogels are regarded as non-
Newtonian fluids with viscoelastic properties and are
often modeled using the power-law equation. The
relationship between viscosity, shear stress, and shear
rate can be described as follows:

p=ky" (1)

T=k " (2)

where u is the apparent viscosity, 7 is the shear
stress, k is the flow consistency index, n is the flow
behavior index, and 7 is the shear rate. The parameters
k and n are temperature sensitive and are determined
from the experimental data shown in Figure 2B using the
interpolation method. The results after interpolation are
presented in Figure 2C. There is a sudden change in the
values of & and n between 20°C and 30°C, which is in
the sol—gel transition region. Following the transition, the
values of k£ and n exhibit a smooth change. The curve’s
fluctuation could be attributed to the unsteady sol—gel
transition state and experimental error.

3.2. Thermal analysis

As illustrated in Figure 2, the material’s viscosity is
affected significantly by the material’s temperature, which

is a factor that is closely related to the printing process.
Figure 3A presents a schematic of a flowing hydrogel
within a nozzle exposed to air, in which 7. is the controlled
nozzle temperature, 7, is the AT, and T, is the extrudate
temperature. The temperature at the nozzle inlet and the
AT are assumed to be both constant and controllable. For
a specific extrusion rate, the temperature of the bioink
inside the nozzle can be considered an isothermal system.
Assuming there is no temperature gradient in the direction
of the nozzle radius, the temperature differential (A7)
along the nozzle length (AL) can be described, as follows:

¢in = ¢out (3 )

D, -D;
by = (T ~ (T - a7)2, 2P L)

D2
+(Tp = (T, —AT)) 4, ZAL

“4)
Borr = h(# —TAjnDOAL,and Q)

- 4hD, AL’
2hD,AL + A, (D] = D} )+ 2,D;

AT (Te -T,) (6)

where ¢ is the heat flux, D, is the ID of the nozzle, D is
the outer diameter of the nozzle, 4_is the heat conductivity
of the stainless steel, 4, is the heat conductivity of the
composite hydrogel, AL is the length differential of the
nozzle exposed to the air, and 4 is the film coefficient.
After integrating Eq. (6) along the length of the nozzle,
the temperature difference between the controlled nozzle
temperature (7,) and the extrudate temperature (7)) can
be calculated. The steady temperature of the extruded
material can be calculated using Eq. (6) irrespective
of whether the AT is higher or lower than the syringe
temperature. When the situation changes, only the
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Figure 3. Schematic of nozzle exposed in the air with flowing hydrogel. (A) The temperature distribution. (B) The stress on the microelement.

(C) Printing process.

direction of the heat flow will change. The steady-state
means that the extrudate temperature, 7, will always be
between the temperatures of the syringe and the AT, that
is, when the AT is lower than the syringe temperature,
then 7> T,> T,, while when the AT is higher than the
syringe temperature, then 7> 7> T .

Four sets of analyses were conducted using ANSY'S
software to explore the temperature change during
printing using the thermal parameters given in Table 1.
Figure 4 presents the simulation results.

The temperature of the composite hydrogel in the
nozzle center increased from 21°C to 31°C and decreased
from 21°C to 19°C gradually (Figure 4B). After more
than 40 min of heating/cooling, the temperature reached
a constant value; this phenomenon could be used as a
criterion to determine whether a bioink is well heated
or cooled. Because of the slight heat loss caused by the
exposed nozzle, the hydrogel’s steady stage in the syringe
was not affected significantly by the nozzle’s scaling.
The results of one nozzle were plotted, and several sets
of experiments verified the simulation results. There
was a good agreement between the hydrogel’s measured
temperature in the center of the syringe and the heating
and cooling processes’ predicted temperature. This
confirms that the thermal simulation is reasonably
accurate.

The controlled syringe temperature was increased
from 19°C to 31°C at a constant AT of 20°C (Figure 4C),
and the temperature of the extrudate at the tip of the nozzle
was measured. The film coefficient was determined (5 —
200 W/m?°C in the native flow) using the experimental
temperatures of the extrudate. After fitting, the film

coefficient was set to 50 W/m?°C. There was a good fit
between the experimental and predicted temperatures,
and it was found that the extrudate temperature rose as
the controlled nozzle temperature increased. Because the
large ID nozzle contained more materials that carried
the syringe’s thermal energy, the temperature was less
susceptible to the AT; consequently, the 23-G nozzle
produced a steeper slope.

The model was used to explore the influence of the
AT on the steady temperature of the hydrogel extrudate
(Figure 4D), and the simulation results confirmed that the
AT had a significant effect on the extrudate’s temperature.
The influence of the AT on the extrudate’s temperature
was opposite to that of the syringe temperature. It was
confirmed that the smaller (32-G) nozzle containing
fewer materials was more vulnerable to the AT.

During the printing process, the flow of materials
inside the nozzle was affected by the AT. To explore the
transient change of the material’s temperature, the AT was
set to 19°C, 27°C, and 32°C, respectively (Figure 4E).
The simulation revealed that the extrudate’s temperature
responses were relatively fast for both nozzles, reaching
a steady-state within 10 s. A smaller ID corresponded
to faster response in the simulation; furthermore, it
demonstrated that a smaller nozzle was more vulnerable
to the AT.

The experimental results are briefly summarized
as follows: (a) The central material’s temperature inside
the syringe changed slowly and reached a constant
temperature after more than 40 min of heating/cooling,
(b) Nozzles with larger IDs were less susceptible to
the AT and more vulnerable to the controlled syringe
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Figure 4. Results of the simulation. (A) The temperature distribution at 20 s in analysis for 32-G nozzle. (B) Transient change of the central
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temperature. established based on the proposed physical model.

temperature, and (c) there was a rapid change in extrudate ~ 3.3. Influence of multiple factors on printability

temperature of under 10 s, which must be considered in Often, a primary indicator of printability is the

the printing process. linewidthB4%, which affects the porosity™*!], cell viability,
114
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and uniformity of the printed outcome®*#>#, This section
explores the influence of temperature, pressure, and
velocity on printability (as represented by linewidth).
Both the power-law model and the die-swell phenomenon
were considered before establishing a physical model for
the a priori prediction of the linewidth.

Figure 3C shows there are three stages in the
printing process. In the first, the bioink flows inside the
nozzle with a viscoelastic fluid behavior. In the second,
the bioink is extruded from the nozzle and swells due
to shear stress’s disappearance™**1. Here, the die-swell
phenomenon causes a faster volume flow rate than in the
first stage. In stage three, the extruded bioink accumulates
on the receiving plate. The difference between the
moving velocity of the nozzle and the extrusion velocity
contributes to a secondary swell3!434,

Figure 3B presents the first stage, in which the
nozzle radius is R, and the length is L. The pressure drop
across the nozzle is AP and the volume flow rate through
the nozzle is Q. To simplify the calculation, the following
assumptions are made based on past literaturel3!-334347]: (a)
The flow is isothermal and incompressible, (b) the length
of the nozzle is adequate, (c) inertial effects in the flow
are ignored, and (d) gravity, surface tension, and other
body forces are also ignored.

The force equilibrium can be expressed as follows:

QU

%d(ﬂ),and (7)

5 dr

”rdrdp=”d(rr)dy (8)

where P is the pressure, 7 is the radius, and 7 is the
shear stress. The left-hand side of Eq. (7) represents the
pressure difference along the y axis, and the right-hand
side shows the distribution of the shear stress along the
r axis. After the integration concerning r and scale dP/dy
with AP/L, Eq. (9) is derived:

-

=T, ©)

where 7 is the wall shear stress, which is defined as

t =RAP/2L™). The shear rate, ¥, can be defined as

y =du/ dr, where u(r) is the velocity. After substituting

Eq. (9) into Eq. (2), the power-law formula can be
rewritten as follows:

du\' -
au) _ T 1
k(dr) 2 (10)

After integrating Eq. (10) with respect to r, the
function concerning the velocity and volume flow rate
can be described in Eqgs. (11) and (12):

1 l+1 l+l
AP \n R" —r"
H(V):(%J l—H and (11)
n
T R (APRY»
Q=Iu(r)2nrdr=f (—Zijn (12)
0 —+3
n

In the previous literature, Eq. (12) was regarded as the
usual model for predicting the printability of bioinks?!-3!,
During the second stage of the printing process, the
extrudate’s diameter emerging from the nozzle swells due
to the release of the shear stress. The relationship between
the diameter before and after extrusion can be expressed
as Eq. (13)#44649:30] "below:

1

D —

£ =(l+erl)® (13)
d

where D, is the extrudate diameter, d is the ID, and ¢

is the fitted shear coefficient. The radius of the extrudate,
R,, can be expressed as:

R, :(1+crfv)é'R (14)

After substituting Eq. (14) into Eq. (12), the volume
flow rate of the bioink during the third stage can be
written as:

1
X . 1 3+;
an (AP \n RAPY ¢
= = 1 - R 1
Or 1+3n[2ij ( +c( 2L j ] (15)

During the third stage, the bioink is deposited on the
substrate. Considering the moving velocity of the nozzle,
v, and assuming that the cross section of the printed line
is a part of a circle, which is determined by the contact
angle, the linewidth can be expressed as Eq. (16):

1 2
by (2] (1o 222 |
v 1+3n\ 2kL 2L
where b is the fitted shape coefficient influenced
by the distance between the nozzle tip and the substrate
and by the contact angle between the material and the
slide (0). Thus, the relationship between the printed
hydrogel linewidth (Dp), pressure (AP), moving

velocity of the nozzle (v), and extrudate temperature
(T,), which affects the flow consistency index (k)

3+l

|~

b (16)
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and the flow behavior index (n), can be described by
Eq. (16).

Experimental verification was conducted on the
proposed physical model (Figure 5), and Table 2 lists the
printing conditions. The minimum change step is shown
in brackets, for example, there is a change in nozzle
temperature from 25°C to 29°C in increments of 1°C.

The plots of the overall phase diagrams of the
printed filaments using the 32-G (ID=0.11 mm) and the
23-G (ID=0.34 mm) nozzles are shown in Figures SA-D.

The filaments were divided into four types. The first was a
well-defined swollen filament with a linewidth greater than
the nozzle diameter (denoted by the red dots), the second
was an equivalent-diameter filament with a linewidth
approximately similar to that of the nozzle diameter
(green dots), and the third was a stretched filament with
a linewidth narrower than the nozzle diameter (pink
dots). The fourth type was an irregular filament with a
standard deviation too large to be adapted (blue dots).
For both nozzles, filaments’ formation was shown to be
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Figure 5. (A) Overall phase diagram of the printed filament using 32-G nozzle. (B) A typical two-dimensional phase diagram showing
the influence of the velocity and the temperature on the linewidth. (C) Overall phase diagram of the printed filament using 23-G nozzle.
(D) A typical two-dimensional phase diagram showing the influence of the pressure and the temperature on the linewidth (n=9, P<0.0001,

error=S.D.).
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a synergistic consequence of various factors, including
pressure, velocity, and extrudate temperature. Forming
stretched filaments with the small-diameter nozzle are
challenging, although swollen or irregular filaments can
be produced easily; this could be due to the high shear
stress and long duration on the rheological properties of
the material®!l. Conversely, the low shear stress and rapid
flow time during extrusion make it easier for the larger
diameter nozzle to form filaments of equivalent diameter.

Figures 5B and C summarize two representative
sub-phase diagrams. In Figure 5B, the pressure was
set to 600 kPa. Lower velocity and higher temperature
result in irregular filaments; therefore, filaments of
equivalent diameters can be printed at a relatively high
velocity and at an appropriate temperature. The velocity
in Figure 5C was set to 12 mm/s. Under low pressure
and low temperature, discontinuous filaments can be
produced easily. Therefore, the selection of appropriate
temperature and pressure ranges results in producing the
desired equivalent-diameter filaments.

To verify the proposed model, several experiments
were conducted to determine the coefficient in Eq. (16).
The relationships between temperature, pressure, and

Table 2. Printing condition of each experiment

linewidth are shown in Figure S1 (Supplementary File).
Figures 6A-D present the fitted shear and shape coefficients.
For each printing result, well-defined filaments were formed,
and nine samples were measured. In terms of the inaccuracies
in the diameters’ measurement, the systematic errors in
deriving the values of £ and n and the error in regulating
extrudate temperature could be the main reasons for the
disparity between the experimental and predicted linewidths.

Figure S1A-E shows the lines printed with the 32-G
nozzle at the controlled syringe temperatures of 25°C,
26°C, 27°C, 28°C, and 29°C, in which the predicted values
of the proposed and conventional models are plotted. To
predict the linewidth with consideration of the temperature
change during extrusion, the predicted temperature of the
extrudate was substituted into Eq. (16). The fitted shear
coefficient, ¢, is shown in Figure 6A. The value of ¢ was
found to be almost linear with the temperature (R>=0.91).
As shown in Figure 6C, the shape coefficient, b, which
can be influenced by the nozzle tip—substrate distance and
the contact angle of the material, was found to be linear
with the temperature (R*>= 0.97).

The filaments printed at 25°C were discontinuous,
which invalidated the results. Therefore, the linewidths

Group Ambient temperature (T ) (°C)  nozzle temperature (T ) (°C)  Pressure (kPa)  Velocity (mm/s)
32-G 20 (constant) 25-29 100 — 800 1-16
0.11 mm L.D. (1) (100) 3)
23-G 20 (constant) 25-29 70 -170 1-16
0.34 mm L.D. (1) (20) (3)
A@ 1.5% 1051 — Shear coefficient (32G) B? 81071 — Shear coefficient (23G)
E 1.2x10¢{ o *g 610
& 9x107 ¢ S
‘5' \.\' % 4X]0'7' [ )
S 6x1071 54
5 a0 g 2107
= =
m 0 T T T T T 1 m 0 T T T T 1
23 24 25 26 27 28 29 26 27 28 29 30
Tip Temperature ('C) Tip Temperature (C)
C D
= 2.6 — Shape coefficient (32G) 2 0.307 — Shape coefficient (23G)
~ ~ L
2.4 . s 0.27
= =
%) 4 = .
% 22 £ 0.24 .
g 2.0 . S 0214
] ° -°
5 181 S 0481
= =
“ 16 T g T y T 1 @ T T T y d
23 24 25 26 27 28 29 26 27 28 29 30

Tip Temperature ('C)

Tip Temperature (C)

Figure 6. Shape coefficients and shear coefficients. (A) Shear coefficient ¢ for 32-G nozzle. (B) Shear coefficient ¢ for 23-G nozzle. (C)
Shape coefficient b for 32-G nozzle. (D) Shape coefficient b for 23-G nozzle.
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of the fibers printed at the controlled syringe temperatures
of 26°C, 27°C, 28°C, and 29°C using the 23-G nozzle are
plotted in Figures S1F-I. An almost linear relationship
was also found between the value of ¢ and the temperature,
which is presented in Figure 6(B) (R*> = 0.96). This was
also the case for the relationship between the shape
coefficient, b, and the temperature (R*> = 0.96), as shown
in Figure 6D.

The differences in coefficients ¢ and b for different
nozzles could be attributed to the nozzle diameter. The
contact angle could be affected when the experimental
linewidth was widened by the collapse of more
materials extruded by the larger nozzle. A negative
correlation was found between the shear coefficient, c,
and the temperature. This could be attributed to the high
temperature decreasing the viscosity of the material,
thereby weakening the die-swell phenomenon. The
increase in temperature decreased the material-slide
contact angle, which increased the shape coefficient, b.

In Figure S1, the linewidths, predicted using
the conventional model (Eq. [12]) at the extrudate
temperature, do not match the experimental results
(R? = 0); Chen et al. reported a similar conclusion®,
However, when using k and n’s values at the predicted
extrudate temperature and the proposed physical model,
good agreement is found between the predicted and
experimental linewidths (R>> 0.8 for each experimental
set). Those results reveal that the extrudate temperature
predicted by the syringe temperature and the AT, rather
than by the syringe temperature alone, was similar to
the actual printing temperature. And the physical model
considering the die-swell phenomenon could describe the
extrusion process more exactly. This could explain the
difference between the predicted and experimental results
reported in Chen et al.’s study®¥.

When comparing the linewidths predicted by the
proposed and conventional models, a deviation between
two lines is evident for the 32-G nozzle but not for the
23-G nozzle. This could be attributed to differences
in shear stress and flow duration. A greater pressure is
required to force materials through the smaller diameter
nozzle, which increases the wall shear stress and causes
the extrudate to swell. For the larger nozzle (23-G), the
deviation is decreased by the fast flow rate and the low
shear stress.

The influence of the AT between 15°C and 40°C
(data not shown) was also investigated. The significant
difference between the predicted and printed linewidths
suggests that the AT could result in different contact
angles and collapse of the printed line, and it was
demonstrated that the contact angle influences the
measured linewidth322,

During the third stage of the extrusion process, the
mismatch between the nozzle’s moving velocity and the

extrusion velocity contributes to a secondary swell. For
example, the printing condition was set to a pressure of
600 kPa for the 32-G nozzle and 130 kPa for the 23-G
nozzle at a temperature of 27°C. The effect of nozzle
velocity on linewidth is presented in Figures S1J-K. The
faster the velocity, the thinner the linewidth. There was a
gradual decline in the rate of change, as shown by Eq. (16).
The derived shear coefficient, ¢, and the shape efficient, b,
were substituted into the equation, and an approximation
was found between the theoretical and experimental
linewidths (R? = 0.9807 and 0.9421, respectively, for the
32-G and 23-G nozzles).

The above discussion results can be summarized as
follows: (a) The formation of filaments is a synergistic
consequence of various factors, including pressure,
velocity, and extrudate temperature. (b) The predicted
extrudate temperature (T,), which was derived from the
syringe temperature (T ) and the AT (T ), was close to the
real extrudate temperature. (c¢) The modified model with
consideration of the die-swell phenomenon was used to
predict the printed linewidth. The results were superior
to those of the ordinary model. (d) A reasonably accurate
open-loop control could be established based on the
proposed physical model.

3.4. Linewidth printing steps

The first step to printing 3D scaffolds is to use an
appropriate linewidth, which can be achieved using
the established physical model (Eq. [16]). The model
describes the relationship between the extrudate’s
temperature, pressure, moving velocity, and linewidth.
A series of lines with a stepped linewidth were printed
using this model. The shape coefficient () and shear
coefficient (c) were derived from Figure 6, and the AT
was set to 25°C.

A series of experiments was conducted to modify
the physical model’s different parameters. Lines were
printed using the 32-G and 23-G nozzles separately with
a 50-um linewidth step. Figures 7A and B show the
fabricated lines, and a comparison between the printed
and predicted linewidths is given in Figures 7C-H. The
white dotted line denotes the outline of the printed lines.

With the 32-G nozzle, the initial linewidth was set
to be equal to its nozzle diameter of 110 wm. The printed
lines were expected to have linewidths of 110, 160, 210,
260, and 310 um. In the first set of experiments, the
printing pressure and velocity were maintained at 200
kPa and 8 mm/s, respectively. The extrudate temperature
was controlled to 26.1°C, 27.3°C, 28.1°C, 28.7°C, and
29.3°C separately by changing the nozzle temperature,
the values of which were determined by the thermal
model and the simulation (Section 3.2). Then, the AT of
25°C and the thermal parameters (as given in Table 1)
were substituted. In the second set of experiments, the
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A 32G nozzle B 23G nozzle
Temperature (°C) 200kPa 8mm/s Temperature (°C)  90kPa 8mm/s
26.1 25
273 25.5
28.1 25.9
28.7 26.3
293 26.7
Pressure (kPa) Pressure (kPa) 25.9°C 8mm/s
100 68
155 78
200 90
250 98
290 105
Velocity (mm/s) Velocity (mm/s) 25.9°C 90kPa
64 13.2
30 10
17.4 8
11.4 6.4
8 52
32G nozzle (Temperature) D 32G nozzle (Pressure) E 32G nozzle (Velocity)
501 5 5
3507 o Experimental line width a 350 o Experimental line width a 330 a - Experimental line width
300+ Nozzle Diameter 300 Nozzle Diameter b 300- Nozzle Diameter
) - Predicted line width h - Predicted line width 7 - Predicted line width
P = g
5250- c gz:n §as0-
= = =
= 2004 200 = 200
= = =
£ 1504 2150 2150+
1004 100 100
501 50 50+
26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 100 150 200 250 300 1020 30 40 50 60
F Temperature (°C) G Pressure (kPa) H Velocity (mm/s)
23G nozzle (Temperature) 23G nozzle (Pressure) 23G nozzle (Velocity)
6007 o Experimental line width a 6001 o Experimental line width a o0t a - Experimental line width
550- " Nozzle Diameter 550 Nozzle Diameter 350 Nozzle Diameter
7 = Predicted line width b + Predicted line width o b -+ Predicted line width
5500' éstm gﬁt)t)
= k=t =
= 450+ 8450 = 450~
= z =
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Figure 7. Linewidth gradient printing. (A) Lines printed using 32-G
between the experimental linewidth and the predicted linewidth. (C) 3

Pressure (kPa)

90 100 110 8 10

Veloeity (mm/s)

nozzle. (B) Lines printed using 23-G nozzle. (C-F) Comparison
2-G nozzle with variable extrudate temperature. (D) 32-G nozzle

with variable pressure. (E) 32-G nozzle with variable velocity. (F) 23-G nozzle with variable temperature. (G) 23-G nozzle with variable
pressure. (H) 23-G nozzle with variable velocity (#>9, P<0.0001, error=S.D.)

extrudate’s temperature and velocity were set to 28.1°C
and 8 mm/s, respectively. The printing pressure was
set to 100, 155, 200, 250, and 290 kPa. The moving
velocity was changed in the third set of experiments to
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64,30, 17.4, 11.4, and 8 mm/s, while the temperature and
pressure of the extrudate were set separately to 29.3°C
and 200 kPa. A comparison between the printed and
predicted linewidths is given in Figures 7C-E. The R’
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values of these figures are 0.9744, 0.9757, and 0.9833,
respectively (P<0.001).

In addition, the 23-G nozzle was used to verify the
physical model and to print lines with a linewidth step.
With a nozzle diameter of 340 wm, the linewidth gradient
of the 23-G nozzle was 340, 390, 440, 490, and 540 um.
In the first set of experiments, the pressure and velocity
were set at constants of 90 kPa and 8 mm/s, respectively.
The extrudate’s theoretical temperature was calculated
according to Eq. (16) and was realized by regulating
the nozzle temperature based on both Eq. (6) and the
thermal simulation. The extrudate temperature was
regulated separately at 25°C, 25.5°C, 25.9°C, 26.3°C,
and 26.7°C. Then, in the second set of experiments, the
pressure was set sequentially at 68, 78, 90, 98, and 105
kPa. The temperature and velocity of the extrudate were
maintained at 25.9°C and 8 mm/s. In addition, in the third
set of experiments, the velocity (as a controlled variable)
was setto 13.2, 10, 8, 6.4, and 5.2 mm/s, respectively. The
temperature and pressure of the extrudate were maintained
as constants at 25.9°C and 90 kPa. Figures 7F-H plot the
results of the three sets of experiments, and the separate
R-square values of these results are 0.9724, 0.9661, and
0.9693, (P<0.001).

Lines with controllable linewidths were printed
during six sets of experiments with a linewidth step
of about 50 um. The remarkably high R? values show
that the applied parameters effectively fabricated lines
with the expected linewidth. Compared with the lines
printed by the 32-G nozzle, the lines printed by the 23-G
nozzle (with a wider ID) were more difficult to control,
which can be explained by Eq. (16). A larger diameter
nozzle requires both lower pressure and velocity to print
lines, thereby exacerbating the inherent error of the 3D
bioprinter and increasing the difficulty in controlling the
linewidth.

3.5. Cell-laden scaffold fabrication

In this study, printability was represented by the shape
integrity and cell viability after printing. The rheological
properties of the bioinks (in Section 3.1) and the physical
models (in Section 3.3) provided the foundation for cell-
laden bioprinting. The effect of pressure and nozzle type
had been explored previously and had confirmed that
higher shear stresses result in lower cell viability!?*27),
Therefore, the 23-G nozzle was adapted to investigate
the influence of temperature on cell viability. Cell-laden
scaffolds were fabricated at different temperatures using a
bioink comprising sodium alginate—gelatin hydrogel and
HKs with a cell density of 3 x 105/mL.

Three grid patterns were printed using the cell-laden
bioink; to optimize printability, the study used the 23-G
nozzle, 130 kPa of pressure, and a velocity of 7 mm/s.
The extrudate temperature was regulated separately
at 24°C (Figures 8A-E), 27°C (Figures 8B-F), and
30°C (Figures 8C-G). The LIVE/DEAD cell viability
assay revealed the cells’ viability after printing to be
89.21+4.09%, 91.83+2.05%, and 93.94+3.92%, as shown
in Figure 8D.

The printing results revealed that the cell viability
was almost identical in each experimental setup, although
the shape fidelity changed significantly according to
temperature. Shape fidelity was compromised when
printing with bioink at a temperature higher than the
gelation point of the ink. The minor change in cell
viability could be due to the different lengths of time the
cells remained in the syringe!®!.

The criterion for selecting appropriate printing
parameters using soft materials was described in Eq.
(16). It was confirmed by the result of the fluorescent live/
dead staining that the optimized printing process had no
significant negative impact on cell viability. Ouyang et al.
reported a similar conclusion®”.

D
100
= = =
z 80
= 60
S 40
=
20
A » $»
Temperature ('C)

Figure 8. Cell-laden scaffolds: (A) Scaffolds printed in 24°C; (B) Scaffolds printed in 27°C; (C) Scaffolds printed in 30°C; (D) The viability
of the cells printed in different temperature; (E) Live/dead staining images of scaffolds printed in 24°C; (F) LIVE/DEAD staining images of
scaffolds printed in 27°C; (G) LIVE/DEAD staining images of scaffolds printed in 30°C (n=3, P>0.05, error=S.D.).
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4. Conclusions

This study established a quantitative approach to evaluate a
sodium alginate’s printability—gelatin composite hydrogel
using linewidth as a criterion. A quantitative thermal
model was presented to facilitate precise temperature
control with consideration of the syringe temperature, AT,
and dispensing material temperature. A physical model
was established that described the relationship between
the temperature-sensitive indices, dispensing pressure,
velocity, and linewidth. Subsequently, it was used to guide
the accurate printing of lines with a 50-um linewidth
step. The cell-laden printing test results verified that cell
viability in the gelatin—alginate temperature zone was not
violated significantly by the printing process. Based on
the proposed physical model, an open-loop control can
be established to improve printability and expand the
potential application of extrusion-based bioprinting.
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