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Abstract

Ink-jet printing is a non-impact printing technology in which drops jetted from an orifice onto a designated position. This
technology can digitally transport fluids containing cells precisely onto desired substrates to construct three-dimensional
organs. In order to obtain the stable uniform droplets, a stream is the key point of this technology. However, there are so many
factors that affect the uniform droplet stream construction process: print parameters, material parameters, control method,
etc. A good understanding of the various coupled transport processes that occur during bio-ink impact and spreading on bio-
structure can improve the success of print-ability. This paper aims to obtain a good linear bio-structure with ink-jet printing
technology. First, a typical droplet deposition process model is constructed; including droplet dynamics impact models and
droplet diffusion cap models. Second, a model of successive droplet overlap, to form linear bio-structures, is constructed.
Third, the finite element method is used to simulate the droplet impact, collision, and fusion process. Finally, the main
influencing factors of the continuous injection printing process, namely the time interval between consecutive droplets and
the droplet contact angles, are discussed. Sodium alginate is selected as bio-ink to verify the theory, and it is found that a
good linear bio-structure could be obtained if the printing parameters are controlled optimally, i.e., if the initial contact angle
is set as 60 degrees and the trigger frequency is set as 150 kHz. With a proper printing speed and gel coating, a good survival
rate of printed cells could be obtained.
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List of symbols h The height of the cap
0 The contact angle
Raroplet  The radius of the initial droplet 0, The contact angle when spreading to the maximum
R The droplet spreading radius area
r The radius of the gap Uy The dropping speed
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Dy The diameter of the droplet
P The density of fluid

o The surface tension

Exi1 The kinetic energy

Esi The surface energy of the droplet

Es The surface energy of droplets falling on the sub-
strate and spreading to the maximum area

w The viscous dissipated energy

t The spreading time

2 The volume of viscous fluid

10 The dissipation function

8 The thickness of the spreading boundary layer

Re The Reynolds number of fluid

Ur The droplet spreading speed

d The spreading diameter of the base plate when the
droplet impacts

D The diameter of the wetted surface area

H The thickness of liquid when spreading to maxi-
mum diameter

B The original spread factor computation formula

Brew The new spread factor computation formula

v The nozzle moving speed

f The transmission frequency

Ax The center distance between the prints

L The length of linear bio-structure

N The droplet number of printed

Te The equilibrium wetting radius

U The moving speed of the base plate

Wy The maximum width of linear bio-structure

Introduction

In the traditional method of tissue engineering, a bioma-
terial scaffold is adapted to seed cells from a patient, and
an organ construct is cultured via a bioreactor and then
implanted into the patient [1]. A critical problem, however,
exists. The patient cannot wait for too long to obtain the con-
struct. The engineered tissue construct must control cells in
three-dimensional (3D) spaces and assemble them as a func-
tional structure. All the methods for 3D cellular patterning
currently being researched have advantages and substantial
disadvantages. The disadvantages of the old 3D cell fab-
rication methods have led researchers to recently focus on
ink-jet printers [2, 3]. Ink-jet printing is a non-contact print-
ing technique. By receiving data from a computer, ink-jet
printers print tiny ink drops onto a substrate without hurting
the cells. Ink-jet printers can either drop ink continuously
or by the drop-on-demand (DoD) technique during which
ink drops are printed only where and when they are required
to create structures on the substrate. The ink stream is bro-
ken into equal-sized droplets by applying a piezoelectrically
modulated pressure wave behind the nozzle. Ink-jet print-
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ing can accurately transfer liquid-containing cells to the
required substrate to form a three-dimensional organ, which
is a superior way to adapt to micro-droplet impact solid-
surface printing in various coupling transmission processes.

Although ink-jet printing technology was in continuous
use for many decades in the paper graphics industry, its
application to nanotechnology-based fabrication processes
presents many challenges. The physics of drop formation
and detachment during ink-jet printing defines the range of
ink fluid properties (surface tension, viscosity, volatility) for
successful printability. The application of ink-jet printing in
bio-fabrication requires the precise control of the final pattern
and shape [4]. Such control demands a good understanding
of the various coupled transport processes that occur dur-
ing ink impact and spreading on a non-porous solid surface,
coalescence with previously deposited fluid/dried structures,
and the final assembly of the functional solid.

This study aims to investigate the fabrication process of
3D vascular-like tubular constructs using ink-jet printing. As
illustrated in Fig. 1a, during ink-jetting, the 3D tubular con-
struct could be printed vertically or horizontally based on
the relative configuration between the moving direction of
the dispensing nozzle and the axis of the tube being printed
[5]. The typical horizontal printing setup is illustrated in
Fig. 1b. The dispensing head, attached to the XY stages, trav-
els parallel to the longitudinal axis of the tube at the designed
velocity, and the alginate droplets are precisely positioned as
the constituent elements to form a polygonal layer at the
given height.

A z-shaped platform is used to improve the adhesion
between the platform and the tube being printed. If the mov-
ing direction of the nozzle is parallel to the longitudinal axis
of the tube, the fabrication process, as illustrated in Fig. lc,
is called horizontal printing. Horizontal printing technology
could realize complex vascular network construction. The
authors previously conducted detailed research on a method
for predicting the compensation path during the printing
process [6], which could be used to obtain a good circu-
lar vascular structure. As discussed previously, an important
aspect of ink-jet printing in manufacturing technology is the
process by which adjacent drops interact to form a linear bio-
structure. This methodology, however, produces an irregular
deposit with poor surface roughness for each printed layer,
with a consequent risk of defects from the poor penetra-
tion of the liquid. If printing is conducted with appropriate
drop spacing to allow for overlap before solidification, the
interaction between adjacent liquid drops and the consequent
influence of surface tension will produce smooth surfaces and
eliminate possible defects between solidified drops. Fully
understanding the spreading characteristics of droplets on
the bio-structure and printing multiple overlapping droplets,
therefore, are critical for the construction of successful bio-
structures.
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1. Flashing light.2.Nozzle.3. Liquid storage bottle.
4.7 movement stage.5.X movement stage.6. CCD
camera.7Y movement stage

1.Container with cal2 2. Tube being printed horizontally 3.
Bio-mk droplet 4. Dispensing head attached XY stages 5. Z-
shaped platform attached to Z stage

(b)

Fig. 1 Typical 3D vascular structure printing process. a Print setup, b the typical horizontal printing process, ¢ multiple droplets overlapping to

form a vascular structure

Research background

Challenging problems in the dynamics of drop impact and
spreading have existed for many years. The important factors
that govern the drop dynamics on a solid surface are the liquid
properties (density, surface tension, and viscosity), the sur-
face characteristics (contact angle and roughness), the drop
impact velocity, and the surface inclination [7].

In experimental research, Duineveld et al. studied the sta-
bility of ink-jet-printed liquid lines and constructed a model
to illustrate the dynamic instability that occurs due to a newly
arrived drop. They found that when given a sufficiently small
transport flow rate, the printed line should be stable, and the
width of the printed line should be constant [8]. Sikaloet et al.
used high-speed cameras to determine how different viscous
droplets affect the deformation of paraffin and glass panels
at different impact velocities. Their research results revealed
that viscosity affects the spreading process of droplets [9, 10].
Roux et al. studied the spreading characteristics of droplet
impact walls under different collision speeds. They pointed
out the linear relationship between the velocity of the three-

phase contact line and the velocity of impact and found that
the impact of droplets could not be fully understood by energy
conservation [11].

In theoretical research, Bennett et al. derived the maxi-
mum spreading radius of a droplet hitting a plate from the
viewpoint of energy conservation [12, 13]. By analyzing the
surface force and gravity of the droplet, Vafaei et al. deter-
mined the influence of the size of the droplet on its contact
angle [14, 15]. Eggers et al., via the law of conservation of
mass and momentum, found that the spread of droplets could
be divided into the phases of initial non-viscous spreading,
the growth of the boundary layer, the formation of liquid
film, the spreading of the liquid film, and the formation and
retraction of the liquid film edge. They presented a quanti-
tative discussion of the thickness of the boundary layer and
the retraction of the edge of the liquid film [16]. Shamit et al.
evaluated the droplet impinging on a drying spherical surface
and pointed out that the Reynolds number of droplets and the
dimensionless diameter of the surface affect the thickness of
the liquid film formed after the impact.
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In the numerical simulation research field, Quan used the
Boltzmann method to simulate droplet collision. The results
demonstrated that the maximum relative diameter of the
droplet is linear with the web number [17, 18]. Zeng et al.
used VOF to simulate the impact of a single droplet on a
solid wall and found that the change of the flow field in the
droplet is critical in the change of the droplet shape. Tao et al.
analyzed the influences of the droplet radius, viscosity, con-
tact angle, and impact velocity on the maximum spreading
radius of droplets by the numerical simulation of the spread-
ing characteristics after droplet collision [19, 20].

Although much research was conducted on droplet impact
regarding smooth surfaces, due to the difficulty of droplet
molding and the complexity of the problems, there are few
experimental studies on the actual process of linear bio-
structure formation. This work focuses on printing linear
bio-structures, namely vascular tubes. To fabricate vascu-
lar tubes using ink-jet printing, several requirements must be
satisfied. First, stable bio-ink suspensions with defined fluid
properties must be produced such that they can be passed
through a droplet generator and form regular drops. Sec-
ond, these suspensions must be delivered onto a substrate
or a previously printed layer of solidified bio-ink, and the
drops must be in sufficient proximity to each other to allow
them to interact and form the desired linear structure features.
Next, the printed bio-ink must undergo a phase transition to
a solid deposit. Finally, to produce 3D structures, the depo-
sition and drying processes must be repeated on a layer of
pre-deposited and dried material. This work pays more atten-
tion to the processes of droplet deposition and fusion, and
the optimization of which will aid in the direct printing of
vascular tubes. The remainder of the paper is organized as fol-
lows. “Mathematical model of a linear bio-structure printing
process” section provides a mathematical model of droplet
deposition and fusion processes. “Simulation analysis of the
droplet deposition process and linear bio-structure formation
process” section presents the numerical simulation of droplet
impacting processes and droplet coalescence simulation and
the conditions and results of an experiment of linear bio-
structure printing. “Conclusion” section concludes the paper.

Mathematical model of a linear bio-structure
printing process

Figure 2 summarizes the typical series of printing processes
of ink-jet printing events described so far and includes typical
droplet impacting and a succession of droplets overlapping
to form a structure. The droplet falls on the solid substrate
with certain conditions. Under the combined action of the
inertial force, surface tension, and viscous force, the droplet
will continue to spread and retract on the solid surface, as
illustrated in Fig. 2a. Under the action of viscous dissipa-
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(a)

Fig. 2 Typical 3D bio-printing processes. a A single-droplet spreading
process, b multiple droplets overlapping to form a linear structure

Fig. 3 The model of droplet spreading on a substrate

tion, the amplitude of this state will become increasingly
smaller, and finally, the droplet will remain on the base; this
is called a static spread. Then, a fluid structure such as a linear
structure (Fig. 2b) is formed by printing a succession of over-
lapping droplets. The typical mathematical model, therefore,
includes two parts: (1) a single-droplet spreading process
model and (2) a multiple-droplet overlapping process model.

Droplet spreading process dynamics model

The entire volume of droplets can be kept unchanged during
dropping. As shown in Fig. 3, the droplets falling on the
substrate are part of a sphere, such as a droplet diffusion cap.
Because the total volume of droplets does not change when
dropping, the volume of droplets falling on the substrate
should be equal to the spherical volume of droplets in the
air. It could be concluded that the spreading coefficient g is:

4
B = =sinf x ] 5 (1
Raroplet (2 +conf)(1 — cosd)

where Rgroplet i the radius of the initial droplet, R is the
droplet spreading radius, r is the radius of the gap, # is the
height of the cap, and 6 is the contact angle.
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From Eq. (1), the spreading radius of the droplet is related
to the contact angle. When the contact angle is fixed, the
spreading coefficient is fixed. The theoretical derivation
process, however, is under ideal conditions and does not
consider viscous dissipation and other problems. In the
early stages of droplet diffusion, the kinetic energy is in the
dominant position. As the droplet spreads further, kinetic
energy is slowly converted into surface energy. Part energy
is consumed by the internal flow of the droplet (i.e., viscous
dissipation) and by the friction between the droplet and the
substrate during diffusion.

The kinetic energy E; before impact could be represented

by Eq. (2):
(L o\ (T 3
Ex1 = (EPU())(gDO)’ @)

where Uy, Dy, and p are the dropping speed, diameter of the
droplet, and density of the fluid, respectively.

The surface energy of the droplet Eg, can be written as
Eq. (3):

Es, = nD%a, 3)

where o is the surface tension.
Equation (4) gives the surface energy of droplets falling
on the substrate and spreading to the maximum area:
T2
Es, = ZDmaxU(l — c0s6y), @)
where 6, is the contact angle when spreading to the maximum
area.

The viscous dissipated energy W could be expressed as
Eq. (5):

te
W:/ /¢d{2dt~¢fztc, 5)
0 Jo

where .. is the spreading time, €2 is the volume of the viscous
fluid, and ¢ is the dissipation function. The thickness of the
spreading boundary layer § could be expressed as Eq. (6):

5 — 2Dy
B \/Re’

where Re is the Reynolds number of the fluid. The flow of
spherical droplets impacting on the substrate at the initial
velocity is equal to the volume spread on the substrate, so it
can be concluded that:

Ugp d*

=4 7
Uy  4Dh 7

Q)

where Up, is the droplet spreading speed, d is the spreading
diameter of the base plate when the droplet impacts approx-
imately half of the original diameter of the droplet, D is the
diameter of the wetted surface area, and / is the thickness of

the liquid when spreading to the maximum diameter. /# could
be represented as Eq. (8):
3
2Dy

= 3 .
3Dmax

®)

The lost energy during the dissipation process can be esti-
mated by Eq. (9):

W= %pU&DODfn ©)

1
ax’ e
According to the principle of the conservation of energy, a

new spread factor computation formula can be obtained as
Eq. (10):

8 _ R . We + 12
"™ Raroptet  \ 3(1 — cos@) +4(We/v/Re)

(10)

In “Simulation analysis of the droplet deposition process and
linear bio-structure formation process” section, the accuracy
of the predictions using Eq. (10) is evaluated by comparing
the results of experimental measurements for a variety of
droplet-surface combinations.

Droplet overlap model

When the nozzle accelerates and reaches the target posi-
tion corresponding to the observation point, the programmed
printing sequence starts. Encoder feedback is used to send the
main hardware trigger to the waveform generator to start the
pulse at a controlled frequency. The transmission frequency
f is combined with the nozzle moving speed v to determine
the center distance between the prints of Ax.

Ax = —
f

A linear bio-structure with a length of L and several droplets
N is expressed as:

(1)

L
N=—+1.
Ax

12)

The necessary geometric criterion for the continuous print-
ing of droplets under a given condition is that the distance
between the droplets must be less than two times the equi-
librium wetting radius r, of a single droplet on the surface
of the substrate, namely

Ax < 2r,. (13)
This is not a satisfactory condition, because the original
droplet on the surface could shrink to a wetting radius smaller
than that of r, before the next small drop of liquid. The effect
on the droplet is the surface of a fixed droplet with a balanced
contact angle of 6 on the substrate. If Ax is large enough, a

@ Springer



114

Bio-Design and Manufacturing (2020) 3:109-121

single fixed droplet will be formed. The overlap of droplets
could be expressed as:

£ (2Raropler) /U > v(0), (14)

where U is the moving speed of the base plate,

sin® @ 5 3 b4
v(@) = |: 7 (1 —cos ) (2+cos@)i| 0 < 3 (15)
1
V() = H(l _ cos9)2(2+cos9)]3 6> % (16)

When the equation is satisfied, the overlapping droplets con-
verge and form a continuous linear structure. The shape of
the linear bio-structure is controlled by the contact angle on
the smooth substrate. Here, a model is proposed based on the
contact angle 6, which defines the contact width between the
droplet and substrate b, and the maximum width is wy; which
is expressed as:

b _ 2 sin? 0 f(szroplet) (17)
2Raroplet | 3(6 — sin6 cos 0) U ’
Wy 27 sin2 6 f(ZRdroplet) 9 T
= . < -,
2 Rdroplet 3(0 — sinf cos H) U 2
(18)
Wy _ 2 . f(ZRdroplet) 0> T
2Raroplet | 3(6 — sin6 cos ) U 2’
(19)

This can be derived from geometric considerations. It can
then be extended to the wetting condition of a balanced linear
bio-structure. The theoretical derivation provides a theoreti-
cal basis for the study of the spreading radius of the droplets.

Simulation analysis of the droplet
deposition process and linear bio-structure
formation process

Single-droplet impact on the substrate

During droplet ejection, the droplet striking the plate surface
is a typical gas—liquid, two-phase flow problem. The key is to
track the free surface, namely the droplet contact with the air
medium. The changes of the related parameters could also
be calculated directly in the simulation model. The droplet
deposition simulation model proposed in this paper has the
following assumptions:

1. The fluid diffusion process is an incompressible Newto-
nian fluid.
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Fig.4 Boundary definition of . 2 |
grid partition !
4 2
P 1

2. The droplet spray liquid is stable, and its properties will
not change with time or position.
3. All structures and fluids are centered on the central axis.

Because spreading after droplet collision is a symmetric
process, an axisymmetric model is adopted to reduce the
computational complexity and shorten the computation time.
To reduce the solution time, the model does not involve the
droplet formation process. A spherical droplet with an initial
velocity is defined in the model.

The properties of the fluid are determined by phase sepa-
ration in the control volume. In this study, the air is set as the
main phase, the droplet is set as the second phase, and the
volume fraction of the droplet is used to track the material
type. The spreading behavior of the droplets is determined
by the interaction of the inertial force, the viscous force,
and the surface tension. There are many dependent factors
during the spreading process during which droplets could
rebound or even break, and the process of deformation
differs from case to case.

In Fig. 4, interface 1 is defined as the nonslip wall, inter-
faces 2 and 3 are defined as the pressure inlet, and interface
4 is defined as the symmetry axis. In this case, the surface
tension of the liquid is 0.073 N/m, the dynamic viscosity is
20 cp, the density is 1150 kg/m3, the radius of the droplet
is 80 pm, the initial velocity of the droplet is 2 m/s, and the
operation time is set to 500 ws. Figure 5 presents a simula-
tion of droplets impacting the substrate at a certain speed and
then spreading on the substrate.

As presented in Fig. 5, the entire process can be divided
into three main stages. The first stage is the spreading stage,
which occurs between 0 and 100 ps. The droplets, which are
rapidly deformed after contacting the substrate, extend along
the horizontal direction of the substrate to the maximum
transverse radius. The second stage is the relaxation stage,
which occurs between 100 and 350 ws. The direction of the
liquid surface is finally extended after the slow expansion
is stopped. The droplet film gradually increases and slowly
begins to reverse until the radius gradually trends to a stable
value. The third stage is the wetting equilibrium stage,
which occurs after 350 s, and at the end of the droplet
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Fig.5 Simulation of a
single-droplet spreading process

300 us

Fig.6 Bubbles involved during
the spreading process

energy dissipation, a stable liquid film is formed. When the
expansion period is short, the spherical droplet drastically
deforms in a short time, and a flat film is formed on the
surface of the substrate.

The second stage lasts longer, but the corresponding mor-
phological changes are not as strong as those during the first
stage and are eventually stabilized. The free surface of the
liquid film presents an automatic contraction trend due to sur-
face tension where the angle between the cutting edge and the
substrate is the contact angle. During the process of droplet
impact, the introduction of bubbles is inevitable. The bubbles
in the core part of the image are difficult to discharge, and
holes will form when the droplets evaporate, which is not
conducive to the continuity of the final film formation.

The essence of droplet spreading is the two-phase change
of liquid to gas. The liquid phase is replaced by the gas phase,
so when the liquid has viscosity, part of the gas is involved
in the liquid when the velocity is not synchronized during
the dynamic contact process. As presented in Fig. 6, there
are bubbles in the center of the droplet, and bubbles on both
sides of the droplet are found to escape during simulation.

Influence of the contact angle on the spread
of droplets

To study the spreading of droplets at different contact angles,
12 groups of parameters are set to simulate the contact angle
from 10 to 120 degrees. The surface tension of the material
is 0.073 N/m, the dynamic viscosity is 20 cp, the density is
1150 kg/m?, the droplet diameter is 80 jum, and the droplet
dropping speed is set to 1 m/s. A running time of 500 ps
is set to simulate the spreading of different contact angles.
The droplet spreading radius varies with time, as shown in
Fig. 7. When the time is close to 120 ws, the radius reaches
the maximum. After that time, the droplet begins to contract,
and the radius becomes small.
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Fig.7 Change of the spreading radius of a liquid drop

Figure 8 presents the entire spreading process of the
droplet. The following can be concluded: (1) The larger
the contact angle, the larger the maximum droplet spread-
ing radius. The spreading radius will first increase and then
decrease. (2) The greater the contact angle, the faster the
deformation process, and the shorter the time for the droplet
to reach equilibrium. (3) The larger the contact angle, the
smaller the droplet radius, and the thicker the film.

Influence of velocity on the spread of droplets

The droplets on the base affect the effect of droplet spreading
on the base of the substrate. In this simulation, a suitable 60-
degree contact angle is selected as the basic parameter, the
surface tension of the material is 0.073 N/m, the dynamic vis-
cosity is 20 cp, the density is 1150 kg/m>, and the diameter
of the droplet is 80 wm. To spread the droplets successfully,
independent droplets must be generated. A single droplet is

@ Springer



116

Bio-Design and Manufacturing (2020) 3:109-121

PN T e T W E———
B et Eeese— — — —
=N TN e PE——" pe—— ==~
| | | | _______ | ___ ___ |
et | ) — | — — | —— |
L | —_ J — — | —— ] |
L ] ] — ] —— § — ] ]

= ] | =" 1 " 1 - ] > ]
L ] — | - 1 — | - ] () |
L ] ~— ]| ~— ] -~ 1 - | (O |
| ] a1 an § _ab | o | () |
L ] - 1 ~ - 1 ~— 1 o J O ]

e — 1~ | ~—~ | _~—~ | ~ ] > ]
o~ 1 | - 1 - | > | > |
2y O I o 1 A ] A ] A ] - |

Fig.8 Change diagram of the volume fractions of different contact angles

generated under the coordination of certain voltage param-
eters and pulse width. Scholars have conducted relevant,
in-depth research on the formation and speed of droplets,
which were determined to be between 0.5 and 5 m/s [21,
22]. In this study, the initial velocities of the droplets that
are spread on the substrate, therefore, are set to 0.8, 1.2, 1.5,
1.8, 2.1, and 2.5 m/s, and the running time is set to 500 s.
Figure 9 shows the change process of the droplet morphology.

The following can be concluded from Fig. 9: (1) With the
increase in velocity, the maximum spreading radius of the
droplet will gradually increase; however, if the velocity is too
large, the droplet will break down into a stable deposition;
(2) The initial velocity of the droplet has little effect on the
radius of the droplet balance if the velocity is too fast, because
the viscosity is not enough to lead to the liquid. The droplets
are separated into scattered shapes. (3) The larger the initial
velocity of the droplets, the faster the deformation rate, and
the longer the equilibrium time.

Droplet spreading, therefore, is a complicated process.
The spreading of droplets under different conditions was
investigated in this section. The changes in internal velocity
at different times of droplet spreading are further analyzed,
as presented in Fig. 10.
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Fig.9 Change diagram of the volume fraction of droplets at different
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The velocity vector diagrams at different times presented
in Fig. 10 reveal the flow trend of the droplets at different
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Fig. 10 The velocity vector clouds during the spreading process

times during the entire process. During the process of droplet
spreading, the droplet has a velocity of outward flow and an
upward movement trend in the center of the droplet. When
the time reaches 120 ps, the droplet s close to the equilibrium
state. The flow fluctuates, moves downward for a moment,
and then moves upwards; the droplet will oscillate at this
stage and eventually reach the equilibrium state.

Simulation of multiple-droplet depositions to form
alinear bio-structure

In this section, a two-droplet fusion simulation process is
reported to research continuous, multiple-droplet deposi-

Fig. 11 Spreading and fusion
simulation of two continuous
droplets

90us 95us

120us 125us

180us 250us

tions. The nozzle used in the simulation has a 10 s average
jet velocity vgropler Of the convex surface. The nozzle is
defined as having a base total height of H, and two under
the emission frequency of the nozzle. The height difference
between droplets could be expressed as Eq. (20):

Udroplet

f

H= (20)

The other parameters remain unchanged, and the numerical
simulation is conducted in the case of a 60-degree contact
angle with an initial velocity of 1.5 m/s, a center height dif-
ference of the drop of 80 wm, and an interval of 180 pm.
Figure 11 presents the simulation results of the two-droplet
fusion process.

The simulation analysis reveals that the droplets are well
separated at the appropriate contact angle, initial velocity,
height difference, and proper interval, the surface morphol-
ogy is better, and the thickness of the film is suitable.

Experiment of the linear bio-structure printing
process

To investigate the drop formation dynamics and identify the
optimum printing parameters, a DoD ink-jet printing sys-
tem was setup, as depicted in Fig. 12. The DoD stimulation
pulse was produced by a MicroFab Jet Drive. A pneumatic
regulator was used to regulate the backpressure of the solu-
tion tank’s dispensing head to obtain a perfect meniscus
for a fine droplet. Throughout the experimental period, the
backpressure was adjusted within the range of 3.0-1.2 kPa
to aid the droplet development. An electrical energy wave-
form (voltage waveform) was used as external stimulation to
make the PZT instrument deflect circularly. This deforma-
tion transformed into pressure pulses and was applied to the
solution inside the nozzle. In general, each stimulation phase
is accountable for printing droplets in DoD ink-jetting.

75 us

80us 85us

110us 115us

100us 105us

130us 135us 140us 145us

300us 400us 450us 500us
— 100um
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Observation system

Injection nozzle

X-Y-Z stage

Fig. 12 Experimental ink-jet setup

Fig. 13 Single-droplet spreading
process observation

Oms

A 0.3% concentration of sodium alginate water solution
was selected for experimentation. The physical parameters
of the solution were similar to those used in the numerical
simulation. The contact angle of the solution and the printed
substrate was about 60 degrees as the instrument began to
pulse at the controlled frequency, which was determined by
the joint action of the emission frequency f and the moving
speed v of the shot head. The center of the printed drops was
Ax. The spread of the droplets can also be changed by the
trigger frequency and the contact angle. The initial speed and
the time interval of the droplets can be controlled with dif-
ferent printing effects. Figure 13 depicts the single-droplet
spreading process of a drop on a substrate obtained by a ver-
tical electronic magnifying mirror during the actual process.
Before the droplet was dropped on the surface, a whole fluid
sphere with a diameter of 180 m was observed. The droplet
underwent spreading when the time was 3 ms. The spread-
ing process finished close to 6 ms, and the final spreading
diameter was about 225 pm.

The deposition radius of the droplets can be solved accu-
rately via simulation, and the distance between the droplets,
therefore, can be controlled by only controlling the moving
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Light control
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Pressure control
system

Piezoelectric control
system

3ms 6ms

Final deposionresult

speed of the nozzle and the trigger frequency of the droplet.
The velocity of the droplet is changed by the voltage ampli-
tude of the piezoceramic to obtain different printing paths.
Figure 14a—d presents the deposition conditions under the
printing frequencies of 70, 90, 110, and 150 Hz.

When the droplet spacing is less than the spreading diame-
ter of the droplets, the droplets cannot be connected, as shown
in Fig. 14a. When the droplet spacing is close to the depo-
sition diameter, slight fusion will occur between them, as
shown in Fig. 14b. When the distance between the droplets
is about 80% of the droplet spreading radius, the effect of
the deposited line segment is better, and the droplet spacing
is about 50% of the droplet spreading radius, as shown in
Fig. 14c and d. When the overlap rate is high, the deposi-
tion result is a straight line, the width of which is wider than
the spreading diameter of the droplet, affecting the printing
accuracy.

Experiment of the bio-ink printing process

Two processes occur during the printing of bio-ink with
cells: the formation and spraying of cell droplets and the
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Fig. 14 Linear structure printing
results under different
parameters (Hz)

Print frequency
(um)

Print distance

Print results 100 um

Fig. 15 Bio-ink droplet
spreading process at different
injection speeds (red cells are
dead cells and green cells are
live cells)

0.5m/s

landing of cell droplets, both of which could cause cell dam-
age. During the process of cell droplet landing, the sprayed
cell droplet lands on the receiving substrate at a certain
vertical speed. After a period of decline, the cell collides
either once or repeatedly with the receiving substrate, and
the cell suffers mechanical damage. The bio-ink used in this
experiment was composed of cells surrounded by hydrogels.
After continuous injection, the first droplets of the injected
cells first entered the gel coating area and collided with the
hydrogel, and the latter droplets were sprayed down as per
the set print interval. The two cell droplets will collide and
melt in the hydrogel coating. It, therefore, is necessary to
study cell death before and after spraying. The experimental
conditions were as follows. The bio-ink was composed
of 0.3% sodium alginate solution and 293T cells. Sodium

2.5m/s

alginate is used as a typical hydrogel for cell encapsulation
in medical and biomedical engineering.

Among various biomaterials for the encapsulation of bio-
materials, alginate hydrogel attracted much attention due to
its great similarity to a natural extracellular matrix (ECM)
and its ability to serve as a cellular immune barrier. Sodium
alginate is a type of natural polysaccharide polymer extracted
from seaweed, which has a high molecular weight, linear
shape, and high hydration. Its water-soluble salts, therefore,
have a high viscosity at low concentrations, making it a
good thickening and suspending agent. Its molecular chain
contains several hydroxyl and carboxyl groups. Under the
condition of two valence ions, such as Ca2+, cross-linked cal-
cium alginate polymers will form, showing that the gel state
with high water content is ridiculed [23]. The nozzle adopted
for the experiment was a 120-micron-diameter MJ-ABL-01
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B death cells velocities. Furthermore, the variation laws were the same,

8000 = Eiive cells and the errors were small.
3. The influence laws of droplet spreading determined in
7000 1 ] this work are as follows. (a) The greater the velocity,
6000 4 the greater the maximum spreading radius of the droplet;
however, if the velocity is too large, the droplet will break
o 5000+ down to a stable deposition. (b) The size of the initial
E 4000 velocity of the droplet has little effect on the radius of the
s droplet balance. When the velocity is too fast, because
" 3000 the viscosity is not enough to lead to droplet formation, it
— is separated into a scattered shape. (c) The greater the ini-
tial velocity of droplets, the faster the deformation rate,
1000 and the longer the equilibrium time. (d) When the con-
0. B tact angle is larger, the maximum spreading radius of
0.5 1.0 15 2.0 25 the droplet first becomes larger and then smaller. (e) The

The initial velocity of the droplet (m/s)

Fig. 16 The dead and live cells in the droplets at different initial injecting
speeds

MicroFab nozzle, which was controlled by different pres-
sures to obtain different spraying speeds. In this study, cell
death and life statistics were obtained under the conditions of
initial velocities of 0.5, 1.5, and 2.5 m/s. It was found that the
spreading diameter of a single cell droplet was circular with
different velocities and diameters. As depicted in Fig. 15,
when the velocity was 0.5 m/s, the spreading diameter was
about 135 wm. When the velocity was 1.5 m/s, the spreading
diameter was about 160 wm. When the velocity was increased
to 2.5 m/s, the spreading diameter reached about 210 pwm.
With the increase in the printing speed, the number of dead
cells also increased. The reason for cell death was that the
cell suspension died during the process of droplet formation
and collision with the substrate, as presented in Fig. 16.

Conclusion

By establishing a mathematical equation of a spherical
droplet model, the researchers could determine the simple
relationship between the static spreading of the droplet, the
velocity of the droplet, and the contact angle. The influ-
ences of various parameters on the static spreading of the
droplets were studied. Experimental observation of the com-
mon spread of several droplets was made according to these
analyses. The following conclusions were obtained.

1. The simple theoretical formula of the static spreading of
droplets can be used to analyze the static spreading of
droplets on a flat surface, as well as the change laws of
the droplet velocity and contact angle.

2. Calculation by the theoretical model agreed with the
results of numerical simulations and actual experimen-
tation in the range of all simulated contact angles and

@ Springer

greater the contact angle, the faster the deformation pro-
cess, and the shorter the time it takes for the liquid drop
to reach equilibrium.

4. It has been demonstrated that bio-ink drops could form
stable lines through the coalescence of trains of overlap-
ping drops with proper printing parameters. By increas-
ing the printing speed, the spreading diameters become
bigger, and the number of dead cells increases. To achieve
a better cell printing survival rate, it is critical to adjust
the printing speed and the thickness selection of the gel
layer on the substrate. In future research, the optimum
printing parameters should be investigated to obtain a
good survival rate of cells.

The results of this paper provide a solid theoretical basis
for the subsequent implementation of the 3D assembly of
complex biological structures using micro-droplet injection
technology.
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