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Abstract: Extrusion-based three-dimensional (3D) printing has recently become a major field that
provides significant benefits, as it is principally employed to fabricate 3D scaffolds, exploiting soft
biomaterials. The 3D printing hydrogel-based ink requires crucial properties, such as printability
and printing fidelity to fabricate the appropriate structure. However, it typically uses trial and
error techniques to achieve a three-dimensional structure, which wastes material and time. This
study employed multiphysics simulation to predicate the potential printability of chitosan hydrogel
as a desirable biomaterial used in tissue engineering. The flow was presumed to be laminar and
two-phased in the simulations. Furthermore, the impact of different velocities and viscosities in
extrusion-based chitosan 3D printing was investigated. Moreover, the model validation of the printed
chitosan hydrogel was investigated to confirm the simulation outcomes for high-quality printing.
The effect of different printing settings was studied during the experimental test. The results obtained
from the simulation and experiments provide information for deciding the optimum parameters for
printing chitosan-based ink with high quality.

Keywords: 3D printing; modeling simulation; chitosan hydrogel; extrusion 3D printing

1. Introduction

Three-dimensional (3D) printing, also referred to as additive manufacturing, is a
type of rapid prototyping technology [1-4]. Extrusion-based 3D printing has broad ap-
plication prospects in the area of tissue engineering [5-8], drug delivery [9,10], and med-
ical equipment [11-14]. Hydrogel-based 3D printing combines additive manufacturing
methods and hydrogel biomaterial [15-18]. Degradability, biocompatibility, printability,
mechanical strength, and chemical modification level affect the quality of 3D printing
hydrogel-based ink [19-21]. The printability of hydrogel is one of the important factors in
3D printing [22,23].

Among hydrogels, chitosan is a polysaccharide material from the deacetylation of
chitin [24-27]. The printed chitosan hydrogel requires some ability to construct a complex
structure and high resolution devoid of structural defects [28]. Consequently, chitosan has
more applications than the common materials in biological tissues due to its exceptional
biocompatibility, biological activity, safety, and inexpensive printing production [29,30].
Additionally, chitosan can be desirable for hydrogel fabrication in soft tissue regenera-
tion [31].

Therefore, chitosan can be preferred for hydrogel fabrication in tissue engineering
applications [32-35]. Numerical simulation helps prevent wasting material and time in
chitosan printing. In this way, some researchers have reported the simulation modeling
of hydrogel-based 3D printing. For example, Chiesa et al. [36] inferred that the modeling
3D bioprinting SAPHs and printing setups resulted in successful printing. Gohl et al. [37]
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investigated the impact of different printing parameters and examined the printing process
using computational fluid dynamics simulation, which reduces the time and cost of bio-
ink. This study examines the influence of cell viability on 3D bioprinting. Guo et al. [38]
compare the screw and syringe-based extrusion 3D printing techniques by employing
a computational simulation model and printing experiment. Zhu et al. [39] reported
mathematical simulations of cell scaffold fabrication. The glucose and TGF-[32 with mass
transfer in a wall vessel bioreactor (RWVB) and cell culture were simulated using the
computational fluid dynamic (CFD) technique. The findings paved the way for fabricating
tissue-engineered cartilage using chitosan/gelatin hydrogel. To simulate extrusion-based
3D printing, Behdani et al. [40] studied a numerical model of temperature-dependent
non-Newtonian viscosity. A polylactic acid melt flow as a non-isothermal power-law fluid
is used in the numerical simulation. The findings reveal that the nozzle’s temperature can
influence the shape strand and surface topography.

Moreover, Wu et al. [33,41] reported that 3D printing of chitosan hydrogel in the air
causes shrinkage during printing and the formation of chitosan hydrogel. They immersed
dry fabricated chitosan hydrogel in a sodium hydroxide (NaOH) solution for the neutral-
ization process and attempted to reduce shrink-induced shape deformation. However,
because the printing and incubation processes are independent, it is difficult to get the
fabrication done in a short time. For this reason, the chitosan hydrogel is usually prepared
via acid solvent and chemical crosslink. A novel chitosan hydrogel was used in this study.
The new chitosan ink is dissolved in an alkaline aqueous solution called the green technique
and rapid fabrication [42]. Therefore, the innovation of this study is a CFD simulation of
the 3D printing of a novel chitosan ink. An experimental test supports this finding and
paves the way for the optimization of the printing step and saving time and material in the
3D printing process. This simulation was conducted in COMSOL Multiphysics software
version 5.2.a (Hangzhou, China). Because the simulation results of the extrusion formation
gave the optimal parameters for the printability fidelity of chitosan ink, the main goal
of these simulations was to theoretically demonstrate the extrusion-based 3D printing
of new chitosan hydrogel. Therefore, theoretical techniques were used to describe the
fiber formation in the 3D printing and modeling simulation of chitosan 3D printing. The
simulations were based on the laminar two-phase flow level set. The two phases were
made up of a nozzle, as shown in Figure 1, where the continuous phase of air impinges on
the dispersive phase from side channels while the inner fluid, or dispersive phase (chitosan
ink), enters through a vertical channel. Furthermore, the impact of important variables
such as the inlet velocity and hydrogel viscosity on the chitosan extrusion 3D printing was
studied. Ultimately, the simulation results help reduce time and cost in the printing fidelity
of chitosan-based ink in the experimental test process. The findings of the experimental
test are shown together with the fidelity printability of novel chitosan hydrogel.

Simulation Modeling
3D printing

Air pressure controller Chitosan Ink ! ‘ :
Isosurface: Veolume fraction of fluid 1 (1)

Slice: Velocity magnitude 1 (m/s)
Nozzle . T~ ; = o

Hydrogel Ink

0.5

0

Figure 1. Schematic description of the numerical simulation of hydrogel 3D printing.
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2. Fundamental and Modeling

The extrusion-based 3D printing involves depositing ink to construct the 3D structure
layer by layer, with a group of sub-um to mm scale [43]. However, a chitosan-based
3D printing numerical simulation aids in studying the flow characteristics and design
enhancement of chitosan-based inks. Therefore, the scaling properties and the mechanism
of chitosan-based ink were studied for various velocities and viscosities. Usually, with
the 3D printing of hydrogel, other variables (such as substrate temperature) are also
important. However, in such a novel material as chitosan hydrogel, the temperature of the
substrate was maintained constant at 60 °C. Hence, this novel chitosan hydrogel requires
a unique condition for 3D printing in which the chitosan ink is a stable solution kept at
a low temperature (5 °C). In contrast, once heated, the chitosan chains will self-assemble
to gelation. Based on this principle, the effect of viscosity concentration and velocity
parameters in the CFD simulation were studied. The variables employed in the CFD
simulation are attached in Support Information SI1 and SI2.

The presented simulation falls into the computational fluid dynamic (CFD) category,
as the forces and torques and their effects on the motion were studied. Examples of these
simulations include the flow simulation through the nozzle by creating a representative
geometry, and employing the phase-field technique between the fluid and air. Since the
computational fluid dynamics (CFD) simulations provide insight into the 3D printing
process, parameters such as the surface tension, viscosity, and velocity will affect the
motion. For this reason, the study of viscosity and velocity is important for extruding ink
from the nozzle.

The two-phase flow level set was used to accomplish the objectives of this numerical
simulation. This technique represents the interface with a smooth function. Therefore, it is
much more convenient to compute the curvature and surface tension forces and regulate
the formation of an extrusion fluid from the nozzle. Furthermore, the level set method
facilitates the tracking of shapes that change the topology. For instance, when a shape
divides into two, it develops a nozzle and may reverse the operations. These properties
make the level set technique great for modeling time-varying objects, such as the extrusion
fluid surrounding air. Hence, it is more appropriate to model the extrusion system inside
air. The problem described in this study is straightforward to set up with the two-phase
flow, laminar, and level set application modes. The application mode sets up a momentum
transport equation, a continuity equation, and a level set equation. Thus, the 0.5 contours
of the level set function defined the fluid interface. The application mode employs the
following equations.

3. Theoretical Model

As previously mentioned, different factors, such as the inlet velocity, nozzle diameter,
and viscosity, can influence the printing quality during the printing process. The chitosan-
based ink 3D printing demonstrates shear-thinning behavior—the shear-thinning changes
with temperature and shear rate. Hence, Equation (1) states that shear stress determines
the fluid viscosity with gradual deformation.

= - 1
Ui y 1)

where 7 is the viscosity, T (Pa) is the shear stress, and y (s71) is the shear rate. Addi-
tionally, the shear rate behavior affects the viscosity of the fluid. The Carreau Yasuda
model is the simplest approach to explain this process. This model determines the fluid
viscosity at a shear rate. The viscosity equations of the Carreau model are expressed in
Equations (2) and (3).

i = k|y|" " for shear — thinning fluids (n < 1) ()
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where K is the consistency coefficient, 7 is the fluid viscosity when the shear rate is zero,
Ninf is the fluid viscosity in the case of infinite shear rate, A is the relaxation time index, a is
a dimensionless parameter, y is the shear rate, and # is the shear-thinning index.

The viscosity decreases by raising the shear rate when the shear-thinning of fluid # is
less than one (n < 1). Conversely, when the shear-thinning of fluids 7 is greater than one
(n > 1), the viscosity increases by raising the shear rate. In Newtonian fluids, whenn =1,
the shear rate does not affect the fluid viscosity.

In this study, the interface of two immiscible fluids was tracked. As there is more
than one phase in this system, the numerical simulation of the two-phase flow model
solves the system. The two fluids’ level set and phase-field were solved using the general
Navier-stokes equation, which is given by the following:

P%{ +pu-V)u=V-: [—PI + y(Vu + (Vu)T) _ %V(T)(Vu)l Ypgt Bt F ()

where p denotes the density (kg/m?), u is the velocity (m/s), t represents the time (s),
1 is the dynamic viscosity (Pa-s), p is the pressure (Pa) such that p = 0, and F;; denotes
the surface tension force (N/m?). The level set technique explains the fluid interface.
Therefore, a continuity equation solves the level set technique:

eV-u=0 ®)
o(u-V), = V-[oI +k +F (6)

Jd
a%zv-{fpl+y<Vu+(Vu)Tﬂ +pg+FEs+F 7)

The two-phase flow and laminar level set modes set up the momentum transport. The
COMSOL Multiphysics can solve the transport equation to track the interface of two fluids
employing the following equation:

Z‘f+u-V¢=vV(—¢(1—¢)|§Z|sV¢) ®)
where ¢ is the level set function interface (0.05), ¢y and ¢ are the numerical stabilization
parameters, and u is the flow velocity.

In this model, the continuum air contour is set as 0, and the dispersed fluid ink contour
is set as 1 of the level set function. 7y represents the start variable. It is an estimated value of
the maximum speed occurring. Because the flow speed is not always known in advance,
an initial computation must find a correct value. ¢ is the controlling interface thickness.
It is the maximum element size in the subdomains passed by the interface. Based on this
calculation, ¢ is 1 m/s, and e is (tpf.hmax) 2 m. The smooth function is used to transit in
the fluid interface region.

Additionally, the volume fraction is a variable that regulates the interface. In a two-
phase flow level set simulation, for the viscosity and density adjustment, the following
equations are employed:

Fst = 06knjy; + 6Vso )
K= =Vt Vs = (1= ety ) V (10)
p=p1+(p2—p1)9 (11)

po=p1+ (g2 —p1)e (12)
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where the volume fraction is denoted by ¢, p; and p, are the densities of phases 1 and 2,
respectively, and p1 and p; are the viscosities of phases 1 and 2, respectively. Subsequently,
the volume fraction is computed, adjusting the interface between the two-phase fluids.
When ¢ = 0, the volume fraction is blue; this means that the blue part presents the air in
a simulation of two-phase fluids. When the volume fraction is 1 (¢ = 1), the red shows
the hydrogel ink in the simulation system. Additionally, the viscosity and density of
ink change when hydrogel ink is extruded from a nozzle. This function is computed
by Equations (11) and (12). Consequently, viscosity and density calculation results are
repeated in all equations to clarify new values. This process is maintained until the
completion of the simulation. The boundary types of entrances A and B are set as the inlet
type, as shown in Figure 2. The boundary condition is the laminar flow with volume flow
velocities with ink and air, respectively.

r — — — — — — -

| Out side Rhessh

| Volume Fraction=0

| Inside
Volume fraction =1
I

Interface
| Phase B Volume fraction =0.5

(N S

Figure 2. Presentation of different phases in the two-phase flow simulation by a level set method.

Figure 3 presents the boundary conditions (Equation (13)) of the model. The boundary
of inlet A (ink) is set as the laminar flow, as in the following equation;

un=20
Foatt = 00 (111t — 08 (820) )it — %[u — (un)n]

n-(eisw—cp(l —m%) ~0 (13)

where the boundary condition of inlet A (ink), the volume fraction of the ink is defined
by ¢ = 0. M. Moreover, the volume fraction of air is adjusted to ¢ = 1. The boundary
condition of the outlet was normal stress without viscosity. The wetted wall boundary
condition is applied to all the solid boundaries with the contact angle specified; the contact
angle is 3 axes (6, = 3" pi/4) in the junction of the break dispread and continuous phase.
Moreover, the initial interface is set to a solid type in the channel, and the ink velocity is
1 [m/s], and the pressure is zero (p = 0 pa).
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Figure 3. Schematic boundary condition representation for the numerical simulation of chitosan
3D printing.

4. Results and Discussion
4.1. Chitosan-Based Ink Characterization in 3D Printing Modeling

This section presents the simulation results and ink characterization in 3D printing
models. It shows the results obtained using a numerical simulation in which a 3D printing
device was used to extrude chitosan ink from a nozzle. The effect of different velocities and
viscosities on extrusion formation in 3D printing was also studied.

A set of numerical simulations using chitosan 3D printing was performed. First,
different viscosity and velocity parameters were investigated. The major purpose was to
demonstrate that any changes in the viscosity of the ink can lead to generating different
shapes of fiber fluid after extruding from the nozzle. Therefore, to explore the potential
effects of different variables on the fiber formation of 3D printing techniques, the viscosity
of the ink was changed, whereas the velocity was kept constant. Additionally, the viscosity
of the ink was regulated to constant parameters, and any potential differences in the results
were observed by changing the velocity step by step. The basis is that the viscosity and
velocity of the ink play a vital role in determining the shape of the extrudate ink from the
nozzle. As anticipated, the results were significantly different.

As demonstrated in Figure 4, the viscosity of the ink highly affects the formation of the
extruding fluid from the nozzle. Figure 4A shows what the fluid does around the nozzle;
when the viscosity is low, it occurs due to the surface tension. As shown in Figure 4B,C,
the fluid ink can easily flow from the nozzle and be extruded when the viscosity increases.
Furthermore, the numerical simulation represents the volume fraction shear rate depending
on the viscosity in the system. It is observed from this numerical simulation that increasing
the viscosity and shear rate of ink influences the stable extrusion. The shape of the extrudate
at higher viscosity and shear rates is bigger, as shown in Figure 4D. Hence, increasing the
viscosity highly affects the instability of filaments and extrudates. A viscosity differential
exists between the center and the internal wall, since high extensional stress occurs when
ink is extruded from a nozzle. According to this finding, regulating the extrusion formation
of chitosan ink depends on viscosity. At low viscosity, the formation of an extrusion does
not happen, and the chitosan ink is around the nozzle. This trend implies that the ink cannot
regularly extrude, and each layer could not support each other during the printing test.
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Viscosity viscosity viscosity shear rates
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Figure 4. Influence of the viscosity on the behavior of the extruding hydrogel ink; (A) Constant
viscosity = 1 Pa-s; (B) Constant viscosity 15 Pa-s; (C) Constant viscosity = 25 Pa-s; (D) Shear rate-
dependent viscosity.

Figure 5 shows the volume fractions and viscosities of chitosan. The extruder process
was set at a time, t = 1 s. The melting point of ink viscosity was 2.0 x 10° kPa-s. The viscosity
of air is in an extremity of a line. It can be noticed that the viscosity increases. The volume
fraction is 0.5 in the boundary condition between air and ink. The dashed line indicates the
theoretical boundary between the two phases in Figure 5A. Moreover, the volume fraction
of the extruder printing system indicates that the interface boundary between the ink and
air is wide. This wide interface of the two phases can influence simulation precision. When
the interface of two flows is reduced, the simulation becomes more precise. Two options
can be used to reduce the interface; 1. use finer meshes; 2. reduce the value of the parameter
controlling the interfacial thickness (g15) in the level set equation. In Figure 5B, the mass
fluid ink mass is demonstrated when extruder time increases. The mass of the ejected ink
is approximately 3.4 x 10° kg. Furthermore, the mass of the ink is more than the inlet.

The formation process of the extrude ink in a 3D printing device is shown in Figure 6.
The extruder ink generation is shown step by step from 1 to 7 in Figure 6. The velocity of
ink was considered as 10 [m/s]. Thus, the densities of ink were set to 960.0 [kg/ m3], and
the dynamic viscosities of ink were equal to 25 [Pa-s]. The surface tension coefficient was
0.7 [N/m]. Furthermore, the variables used to demonstrate the velocity and viscosity were
similar to those of the experimental test. Figure 6 demonstrates the velocity magnitude
and volume fraction of ink in the 3D printing model. The velocity increases from inside to
outside the filament formation of ink (as shown in stages 5—7), where the volume fraction
and velocity of the fluid are similar to those obtained via experimental printing.
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Figure 5. (A) Illustrated is the volume fraction and viscosity during chitosan 3D printing;

(B) description of the mass fluid ink during simulation of chitosan 3D printing.

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7

Figure 6. Filament formation in extrusion chitosan 3D printing device with the COMSOL software.

The simulation results show the filament formation and the ink extrusion shape
in Figure 7 for different velocity parameters. Figure 7 presents the whole generation
process, including the filament formation process of the 3D printing model. Figure 7A,
step (1) presents the start of the filament formation process. At this stage, the dispersed
phase (ink) completely enters the nozzle channel and begins to squeeze out of it. When the
ink is squeezed out of the nozzle channel, the filament’s size increases, the ink pushes itself
into the main channel, and the pressure decreases.

In the second step of the filament formation process (cf. Figure 7), the filament is
elongated, and the size also increases. When the pressure reaches its maximum value, a
filament is formed, and the pressure returns to a small value. Generally, surface tension
and viscosity dominate the filament formation process dynamics. In Figure 7, step (3), no
droplet formation occurs. However, the ink flows are in air phase distance, representing
the filament formation and die swelling after extrusion from the nozzle. Figure 7 at stages 1
to 3 shows the step by step generation of the filament.
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Figure 7. The extrusion formation process in extrusion 3D printing, when the velocity increases;

S e

showing process (A) squeezing, (B) dripping, and (C) fluid flow.

The variations in the filament length are presented in Figure 7A-C; the ink’s flow rate
(velocity) is changed to another constant parameter when the filament length is short. The
figures illustrate a gradual increase in the ink’s velocity rate that changes the filament’s
length. The general conclusion is that the filament length increases at a corresponding
scale. Furthermore, when the velocity of ink is increased from 5 [m/s] to 10 [m/s], it can
be inferred from Figure 7, Step 3, that ink can easily be formed after extruding from the
nozzle, showing the filament deposition shape properly.

The distance between the nozzle and filament formation is important in 3D printing. We kept
this distance constant in the simulation design, as shown in Supplementary Information SI1,
owing to the crosslink characteristics of novel chitosan ink. The novel chitosan inks should
be printed in deionized hot water for better crosslink. However, the preparation of this
environment in COMSOL Multiphysics is not feasible. Therefore, the distance between the
nozzle and filament formation was 2 cm.

The formation of hydrogel extrusion in the 3D printing technique is presented. Simu-
lations were conducted using the two-phase level set method; the ink flow from the nozzle
was regulated by controlling the velocity during simulation. Thus, the velocity magnitude
of the numerical simulations is demonstrated in Figure 8. The findings revealed that the
size of the filaments was determined based on counting the pixels using the COMSOL
software (Hangzhou, China). Figure 8 presents the surface of the velocity magnitude. The
effect of the velocity on the shape of the extruded is determined from 0 m/s to 1.6 m/s. The
observations showed that the extruded shape was cylindrical with a smooth surface for the
lowest shear rates. In contrast, deformations were observed on the surface at higher shear
rates and inlet velocities. These numerical simulation results reveal that when the inlet
velocity increases, the ink flow stabilizes with no deformation of the extrudate. Therefore,
the numerical simulation precisely reacts to the filament formation after extrusion from
the nozzle. By comparing the filament formation of the numerical simulation and experi-
mental test, it can be inferred that the shape of the filament in the numerical simulation has
proper stability.
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Figure 8. Effect of inlet velocity and shear rate on chitosan extrusion 3D printing.

The abovementioned findings with the information presented in Figure 9A show
that the volume fractions will scale the relationship between the viscosity and the volume
fractions as a function of time. The results of viscosity were compared. As expected, it is
inferred that the plot of the viscosity increases, and thus, the volume fraction of ink can
have a more dramatic increase. Hence, in Figure 9B, the volume fraction is increased from
0.02 to 0.1. The constant pressure becomes highly dependent on the ink flow rate at the
increased viscosity and volume fraction, as shown in Figure 9C. Therefore, it resulted in
the numerical simulation of the obvious viscosity and velocity formation of chitosan ink,
where the extruded phase starts.
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Figure 9. (A) Viscosity of ink; (B) volume Fraction of ink; and (C) constant pressure of 3D printing.

4.2. Model Validation—Printed Chitosan Hydrogel
4.2.1. Preparation Material for Experimental Test

The chitosan aqueous solution was prepared by dissolving chitosan in an alkaline
solvent. The chitosan powder with a level of deacetylation (DD = 89%) sourced from Ruji
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Biotechnology Co., Ltd. (Hangzhou, China). was used. Firstly, LiOH, urea, KOH, and
deionized water with a mass ratio of 4.5:8:7:80.5 were mixed to prepare an alkaline aqueous
solvent. All the chemicals were purchased from Sigma—Aldrich. The chitosan powder
(4 wt%) was dissolved in an alkaline solution. The solution was stirred for 5 min at room
temperature. It was then stored at —30 °C for 6 h until completely frozen. Afterwards, the
solid solution was thawed and stirred at room temperature. After centrifugation (7000 rpm,
10 min under 5 °C) to eliminate air bubbles, the chitosan hydrogel was ready, with a
concentration of 4 wt%. All the solutions were freshly prepared before using the 3D printing
experiment. The chitosan 3D printing system is shown in Figure 10. The experimental
system uses a 3D printer, EFL-BP-6800, from Suzhou Intelligent Manufacturing Research
Institute. A nozzle temperature controller and a plate temperature controller are equipped
to control the temperature during printing.

‘ < "4
|
.- Tttt :
T T | : > < 1 o
. " f DI W“
| ! i | i
[y L i 1 |
o | 1
e \
H Die-swelling
effect
¢ No. Measure  Result |
11 Points LT un
2 2 Points 899.47 un
f 2 Points 811.76 un
(D) 9004 T | - Velocity 10 (kPa) (E) 1400 ey —=— Viscosity 3.5 Wt%
A Yy + Velocity 15 (kPa) . ; o
800 = ’1'1-11_1'1\ | -4 Velocity 20 (kPa) 12004 LS . VESCOS!W 4 Wt /30
3 BN v Velocity 28 (kPal | F % 4 Viscosity 4.5 Wt%
27004 & Ay 210004 et
5 LI — ,: 1000 = H"'a._
: . \ -u
2 6004 - L= Sy \Fﬂv Y. & 800 *‘A\:\
2 e e £ N e
Z 500 R Y v s Wy
a g X\ o 6004 v
5 \ A 5 . Lo S
o 400 v A 2 .
g e i 4004 """&;,‘v
3004 e !
\ 200 ilse
Y "'t
200 o E'Y
T T T T T T T T 0 T y L ¥ 8
o 2 4 6 8 10 12 14 16 18 0 5 10 15 20

Printing Speed V{mm/s)

Printing Speed V(mm/s)

Figure 10. (A) Schematic illustration of chitosan hydrogel. (B) Typical setup for printing chitosan
hydrogels. (C) Schematic of measuring fiber diameters. (D) Effect of the velocity on the printed fiber
diameter. (E) Effect of the viscosity v on the fiber diameter d. (F) Optical image of a printed scaffold
Scale bar: 2 mm.

4.2.2. Chitosan 3D Printing Method

This technique uses chitosan-based ink to be loaded in a syringe and assembled into a
printer with a nozzle shield. The temperature controller was designed around the syringe to
avoid chitosan pre-gel solution gel formation during printing. Chitosan ink must be stored
at low temperatures because of the complex formation of its hydrogen bond. Moreover, the
chitosan ink was extruded into hot deionized water. The heating system was implemented
under a receiving plate to maintain the stable temperature of deionized water for better situ-
crosslink. This process makes rapid situ-crosslink, which leads to self-support and adhesion
of the filament layer. The printing chitosan shape was created. After printing, the sample
was immersed in a hot water bath for 30 min at a temperature of 60 °C. Subsequently, the
form of chitosan physical hydrogel was obtained. The printing procedure, including the
hardware and software systems, is reported in Supplementary Information SL
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4.2.3. Printability Results of Chitosan Hydrogel

The relevant chitosan biomaterials were extruded by air in their positions in this
study’s direct writing (DIW) technique. The corresponding nozzle adjusted the air pressure.
When chitosan-based ink was extruded from the nozzle to the substrate, the nozzle moved
horizontally, and the chitosan based-ink was embedded in the form of fiber in the relevant
layer position. These fibers were parallel to each other. The distance between each fiber
depends on the user-defined porosity during the design phase. After completing one layer,
the nozzle rotates 90 degrees and prints the next layer. This process continued until a
complete physical chitosan structure was obtained, as shown in Figure 10A. Various factors
can impact the printing of chitosan hydrogel with high resolution. An experimental test
was conducted to examine the printing settings; the nozzle diameter, air pressure, and
printing speed are all printing settings. Figure 10B shows the nozzle diameter D, where
an air pressure P extruded chitosan hydrogel ink. The printer nozzle moves at V speed to
make chitosan fiber. Microscope multifunction determined the fiber diameter, as shown in
Figure 10C. Figure 10D shows that the printing setting proficiently regulates the diameter of
the printed chitosan fiber. The effect of the nozzle diameter is obvious in 3D printing. More
accurately, a larger nozzle diameter, D, has a larger printed fiber diameter. In addition, the
diameter of the extruded fiber is typically larger than the nozzle diameter, owing to the
effect of die-swelling viscoelastic ink. Therefore, the results reveal that the fiber diameter
D will be larger when the velocity V increases. This finding reveals the same phenomena
in a simulation study. In CFD simulation with increasing velocity, the fiber diameter will
be large, as shown in Figure 7. Thus, the simulation and 3D printing tests have shown the
same results. Due to the traction effect of the printed fiber, the fiber diameter D decreases
when the printing speed V is increased. As illustrated in Figure 10E, the fiber diameter
will be larger when the concentration viscosity of chitosan ink decreases, owing to the
effect of the chitosan chain in die-swelling. These findings certify the simulation study,
which reveals similar phenomena in an experimental test. Additionally, a simulation study
showed that when the viscosity is low, the extrusion nozzle does not occur, and the chitosan
ink develops around the nozzle; however, increasing the viscosity to 25 Pa-s causes the
extrusion formation to occur. In the experimental test, when the concentration of chitosan
ink was 3.5 wt%, the printed structure was too weak to support each layer. Although at
4 wt% concentration, chitosan printing was fidelity; a high concentration of chitosan ink
results in the clogging of the nozzle. Therefore, we preferred a 4 wt% concentration of
chitosan ink for the printing sample.

3D printing of different three-dimensional models was performed to demonstrate
the quality of the printed chitosan hydrogel. Hydrogel scaffold can be printed with high
resolution and quality, as shown in Figure 4A,B. These models were selected to evaluate
the effect of the simulation and the height of the infill level. More specifically, it notes that
the important parameters of the experimental test were used according to the simulation
result. Simulation and printing tests employed the viscosity and density parameters in
the Supplementary SI. The print speed was set at 50 mm/s, the outer perimeter speed
was 45 mm/s, and the infill speed was set at 80 mm/s. The dimensions of a printed
scaffold are 5 x 5 mm, and the scale bar of an optical image of a printed scaffold is 2 mm.
The experimental and numerical results indicate that the three-dimensional structure was
printed with the appropriate resolution. As shown in Figure 10F, the scaffold specimen was
printed with high quality.

5. Conclusions

A combined experimental and numerical study was performed to evaluate the printing
of the chitosan hydrogel, which included numerical simulations of extrusion-based chitosan
3D printing devices. According to the simulations, the two phases comprised a nozzle
through which the inner fluid, or dispersive phase (chitosan ink), entered through a vertical
channel, and a continuous phase or air impinged on the dispersive phase from side channels
in a diametrical contact with each other. Additionally, the filament size and extrusion ink
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from the nozzle can accelerate the extrusion formation depending on the velocity and
viscosity ratios of the two-phase flow rate ratios of the incoming ink fluids. The length of
the filament also increases with an increase in velocity as well as an increasing viscosity
rate. Therefore, it can be inferred from the results of the 3D printing device that the extrude
breakup time from a nozzle (period of extruding formation) decreased as the volume
fraction increased. This trend occurs primarily due to the shearing force, which causes
the formation of the extrusion ink between the continuous phase (air) and discrete phase
(hydrogel ink), and can also be observed from the simulations. Furthermore, an actual 3D
printing experiment was employed in the validation model of chitosan hydrogel printing.
The effect of different printing parameters was studied to evaluate the printing process.
The simulation and experimental evaluation results can help reduce the cost and time
of the printing process of chitosan hydrogel. Therefore, this study will be significant in
constructing chitosan hydrogels in tissue engineering applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12157530/s1. Supporting Information is available from the Ap-
plied Science Library or from the author. The schematic of the two-dimensional simulation (COMSOL
5.2a) for the extrusion-based 3D printing method will be given. The dimension of the main channel is
15 mm in height, and in width 2 mm, and the side channel is 0.4 mm in width. Further, the parameters
are given. Where the density of ink is setas 1 x 10> [kg/m?] and 0.02 x 10> [kg/m?] and the density
of air is 1.225 x 10 3 [kg/m®]. And the viscosity of ink is 150 x 107! [Pa-s] to 250 x 10~! [Pa-s]
and viscosity of air is 1.789 x 10~° [Pa-s], the surface tension coefficient is 0.07 [N/m]. Further-
more, the ink velocity was adjusted to 1 [m/s], 2 [m/s], 3 [m/s]. For this numerical simulation,
physics-controlled meshes use the predefined finer size and free triangular.
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