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Abstract

Drop-on-demand electrohydrodynamic jet (DoD E-Jet) printing is considered a well-known type of fabrication method
contemporary since it can be used to print high-resolution microstructures (<1 pm) on various insulating substrates. This
paper presents a numerical study of DoD E-Jet printing using a novel combination of needle and focused electrode ring to
print stable and consistent microdroplets on a Polyethylene terephthalate substrate. Primarily, a phase field method was used
to generate a stable cone-jet morphology that can allow the production of high-resolution micron/nano structures on PET
substrates. The numerical simulation of cone-jet morphology was performed by COMSOL multiphysics software. Further,
the impact of key parameters such as flow rate and dc positive pulse voltage was studied on cone-jet morphology through
numerical simulation. Subsequently, optimized operating parameters i.e., f=5.3x 10" m®s™!, V. =1.9kV and V,=0.7 kV
were achieved by performing a series of numerical experiments. Then, optimized parameters by simulation were directly
used to print arrays of stable droplets on PET substrate using the focused electrode ring in different locations by regulating
distance 0.2 mm to 1.3 mm between needles to focused electrode ring. The minimum size of stable microdrop was measured
3 pm on PET substrate (thickness =0.2 mm) using a 50 pm size quartz capillary maintaining a distance of 0.2 mm between
combined needle and focused electrode ring. The experimental results proved that the simulation model is useful for print-
ing different microstructures on insulating substrates and creating a promising production path for micro-electro mechanical
system and nano-electro mechanical system (MEMS and NEMS).
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1 Introduction

In recent years, the demand for MEMS/NEMS devices [1]
(i.e., airbag sensors, microphones, projection screen chips,
actuators, blood pressure and tire sensors, optical switches
and many other products) has grown in consumer and indus-
trial products [2]. MEMS devices consist of gadgets with
sizes between 1 and 100 pm and MEMS devices usually vary
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in size from 10 pm to 1 mm. Moreover, microscale compo-
nents which are arranged in many string structures that can
be in size more than 1000 mm? such as digital micro-mirror
devices [3]. Microsystem technology (MST) is a method
that allows the fabrication of electronic circuits on insulat-
ing substrates (i.e., PET) because the role of insulating sub-
strate in power electronics is to provide interconnections to
form a printed circuit board and to cooled ingredients. The
advanced MST is also applied to print stable microstructures
on polyimide films (PI) and glass substrates which are used
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in various electronic devices [4]. The fabrication of MEMS
devices evolved from manufacturing process technology in
semiconductor device fabrication, i.e. basic techniques are
deposition of material layers. Similarly, MEMS devices are
composed of silicon, polymers, metals and ceramics materi-
als [5].

The most distinctive substrates used in MEMS devices are
polymeric materials such as PET because the polymers are
produced in large volumes, with a great variety of material
characteristics [6]. MEMS devices can be made from insulat-
ing substrates by applying various techniques such as inkjet
printing, stereolithography and E-Jet printing. PET substrates
have several advantages over rigid glass substrates, such as
reduced weight, ease of storage in rolled form [7]. Equally,
PET substrates are commonly considered as a highly insu-
lating material in electronics industry and provide thermal
insulation on space blankets. However, still PET substrate
is facing some critical challenges such as not being able to
be used as a direct electrode during DoD and direct writ-
ing printing of different microstructures. The stability of a
cone-jet morphology and droplets generation have been sig-
nificantly impaired due to its non-conductive properties [8].

Inkjet printing [9] is the most common printing method
in MEMS devices, in which two different techniques are
used (i.e., thermal bubbles and piezoelectric forces) to
deposit liquid on a substrate to pattern different micro-
structures [10]. Unlike DoD inkjet printing, the DoD E-Jet
printing is a continuous process through which a stream
of microscale/nanoscale droplets is created by applying
an electrostatic charge between needle and an insulating
substrate. Therefore, recently the production of differ-
ent micron/nano structures using DoD E-Jet printing tech-
nology has raised very wide and productive interest, due to
its broad applications in MEMS devices [11]. Thus, DoD
E-Jet printing technique has many advantages over the
stereolithography and inkjet printing methods, such as it
provides a three-dimensional structuring, multi-spatial-
selective modeling, high resource distribution efficiency,
high speed, affordable cost and a non-contact method [12].
As with a single microdroplets stream, the characteristics
of individual droplet can be easily varied by changing the
flight time, which allows the creation of films with differ-
ent microstructures during DoD E-Jet printing. In addition,
a much smaller droplet can be produced than the needle
diameter during the DoD E-Jet printing method. This is
due to the high effect of electrostatic forces produced by
the applied voltage which overcome the surface tension
force and push the functional ink towards the substrate
surface [13]. This technology works more efficiently under
the simplest needle structure than other complicated types
[14]. During, DoD E-Jet atomization, the charged liquid is
pull out from the needle when concentration of liquid mol-
ecules is greater than needle size at phase field interface

[15]. Therefore, DoD E-Jet printing process has a signifi-
cant impact on improving the resolution of microdroplets
by patterning microstructures on insulating substrates. The
method is considered to be the most effective tool in micro
and nanofabrication [16] for MEMS devices.

To date, DoD E-Jet printing on different insulating sub-
strates similar to what we are presenting in this existing work
has been reported in many research studies around globe.
Kim et al. performed experimental study and produced DoD
E-Jet patterning in pulsed cone-jet mode at different fre-
quencies. Using the pulse voltage frequency of 25 Hz, the
droplets diameter was measured at approximately 95 pm
on the substrate surface [17]. Similarly, Abbas et al. per-
formed a numerical simulation of DoD E-Jet and printed
different microstructures on PET substrate. The study deter-
mined the optimized parameters for the development of DoD
E-Jet to print control and stable microstructures on a PET
substrate [4]. In another study, Abbas et al. introduced a
numerical simulation of the stable cone-jet formation [8]
and printed continuous line structures on flexible PET sub-
strate. The study offered 2-phase-field method to optimize
parameters for stable cone-jet morphology on a PET sub-
strate using a set of copper control electrodes. Choi et al.
proposed experimental study on DoD printing of conductive
ink by electrostatic field induced inkjet head. Conductive
silver ink was used to aim of printing microstructures and
further examined the characteristics of droplets and lines
patterned on a PET substrate [13]. Hakiai et al. investigated
electrostatic droplet ejection event using planar needle inkjet
head [18]. Rahman et al. conducted DoD E-Jet printing
with fine resolution of conductive silver traces on the glass
substrate. The minimum droplet diameter of 3.6 um was
achieved on the insulating substrate after the sintering pro-
cess [19]. Li et al. discussed the formation and droplet size
of E-Jet drippings mode induced by overlap of an electric
pulse at background voltage. The influence of the applied
voltage was investigated on the droplet size [20]. Rahman
et al. presented a numerical simulation study based on CFD
method and investigated the phenomena by generating drops
through a nozzle with the help of electrostatic forces [21].
Rahman et al. reported a study of DoD E-Jet printing phe-
nomena by applying the multi-step pulse voltage and pat-
terned minimum droplet diameter of approximately 40 um
at 325 Hz frequency on the glass substrate [22]. Lim et al.
proposed a numerical simulation of cone-jet formation in
DoD E-Jet atomization using ring electrode. The study was
based on CFD model and to generate monodisperse droplets
on a substrate surface [23]. To the best of our knowledge and
the cited literature, use of a dc pulse voltage at needle and
focused electrode rings can cause development in DoD E-Jet
process to printing on insulating substrates, but challenges of
residual charges still remained. Thus, such a novel geometric
model has been explored and introduced by assembling the
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focused electrode ring together with the combined needle
system during DoD E-Jet printing on PET substrate.

To summarize, we present a numerical simulation study
and printing microstructures based on the DoD E-Jet printing
method. The study introduces a novel focused electrode ring
coupled with the combined needle system. The production-
oriented technique was defined in the phase field method in
which the resolution, size and stability of microdroplets were
consistently improved on a PET substrate. In our previous
simulation work, an attempt was made to control the size of
a cone-jet morphology and printed microstructures using
different size and shape control electrodes around the com-
bined needle. However, to develop stable cone-jet shape and
print high-resolution droplets with minimum size on a PET
substrate, this new approach overcomes challenges and dis-
tortions between the meniscus profiles. Thus, the particular
size and shape of a focused electrode ring was chosen using
specific values of dc positive pulse voltage and flow rate,
which creates a significant effect on the output size of micro-
droplets. Therefore, the optimized parameters developed by
simulation model print stable microdroplets and reduce the
reverse impact of residual charges on insulating substrate.
Hence, it can play a very important role for patterning on dif-
ferent MEMS devices using DoD E-Jet printing technique.

2 Simulation Model and Experimental Set
Up

2.1 Physical Materials

The simulation and experimental studies are based on DoD
E-Jet printing method and a typical curing functional ink of
UF 3808 is regulated smoothly in a combination needle. The
insulating substrate (i.e., PET) is used for printing because
PET in its natural state is a colorless and semi-crystalline
resin. Depending on how it is processed, PET can be semi-
rigid to rigid and is very lightweight. The physical prop-
erties of functional ink (Henkel Corporations Group Ltd,
United States) were achieved by the suppliers. However,
this material can provide excellent mechanical properties for
electronic devices, which is widely used in flexible printed
electronics. The PET substrates are widely used in biotech-
nology and MEMS devices, which has high strength barrier
that can resist interference for various characteristics. Stain-
less steel needles and focused electrode ring were used in
the experiments according to simulation study. The focused
electrode ring was fixed between the steel needle and a sub-
strate using special retaining support. The PET substrate
thickness was used 0.5 mm and 0.2 mm in the simulation
model as well as in experiments. Table 1 describes the physi-
cal properties of functional ink used in phase field simula-
tions for the fabrication of microdroplets.

Table 1 Physcial properties of functional ink UF 3808

Density Dynamic Surface ten-  Storage Dielectric

(g-em™) viscosity (m sion (N/m)  modulus (N/ constant
Pas) mm?)

1.16 450,000 0.031 260 3.24

2.2 Governing Equations for Fluid Flow

The conservation of mass and the Navier—Stokes equations
are foundations for the motion of functional fluid which is
solved in COMSOL multiphysics as explained in Eq. (1).
According to E-Jet printing theory, the cone-jet morphol-
ogy is numerically simulated by using the functional fluid,
applied electric field and Cahn—Hilliard equations. The phase
field simulation of DoD E-Jet printing process involves trac-
ing the functional liquid—gas interface at needle apex. The
schematic diagram of the distribution of forces acting in
cone-jet morphology is illustrated in Fig. 1. This numeri-
cal work holds two phase fields such as inner liquid and air
which were assumed to be immiscible and incompressible.
op R

5P XVxi=0 1)
where, 1 denotes the flow rate of functional fluid. The mul-
tiple forces exerting on the interface of functional fluid was
based on the Taylor—-Melcher leaky dielectric model [24,
25]. The Navier—Stokes incompressible flow equation is
applied in numerical simulation model to solve laminar fluid
flow, which is given by Eq. (2).
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2

where, p is an internal fluid pressure, g is the gravitational

acceleration, p is a liquid density, while F, and F_  represent
the surface tension and electric forces, respectively.
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Therefore, A is considered real distance between the
functional liquids which is used as a variable and in other
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Fig. 1 Forces acting around
the Taylor cone in DoD E-Jet
printing process
Stainless steel
Needle

Air

Functional ink Air

Normal electric /

forces

Potential field
tangential stress

Electric field 1 11

words it is known as the determinant coefficient as given in
Eq. (3). Where, o expresses the surface tension. Similarly, o
and ¢ are executed independently during Cahn Hilliard equa-
tions [26]. Thus, y = X indicates the driving force of liquids
defined as a variable. The concentration of two liquid phases
during numerical simulation is very important to regulate
the fluid flow as given in Eq. (4). The Cahn Hilliard potential
is an auxiliary variable which is used in the variable contour
to assist particle directions during the mass flow of liquids
as explained in Eq. (5).

F() =0,4583 85 + Oac®L 0 + Opcdads + badbp(Y ba+ D )
A B

Z =0;; t 0

®)
where, The A and B are phase variables used to identify the
location of each phase in 2-phase flow model throughout
simulation work. So, Zi denotes total effect of surface ten-
sion. The summation of entire two phases with high con-
centration values is assumed to be equal to unity in each
numerical box as given in the following Eq. (6).
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2.3 Governing Equations for Electric Field

Throughout the phase field simulation, the electric field
produces effective actuation at the needle outlet. There-
fore, electrical forces and surface tension are developed in
Navier—Stokes equation [27] as a body forces in simulation
model as given in Eq. (7&8).

F, =qE - %EZVS + Ve, 7)

F, = -GVeg 8)

where, the symbol G is a chemical potential [28] and ¢ dem-
onstrates the phase field symbolic variables. The chemical
potential G is categorically given in Eq. (9).

pX(@—1|_ 354

G=A-(V*xq)+ =
( ®) 0 507

(wo) )
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where, A is a combination energy density of the fluid, simi-
larly 6 is a metal needle width and commonly known as an
interface thickness in the simulation model. While calcu-
lating the body forces, € indicates electric permittivity of
the functional ink and ¢, defines permittivity of vacuum.
Furthermore, V¢ shows value for gradient of the scalar elec-
tric potential. Additionally, (E) expresses electric field near
the tip of combined needle system. The Coulomb force is
produced when free charges strike down with the interface
in presence of ground electrode. The term (Eeg) is a volume
charge density in Eq. (10), the electric field is directed by
Poisson and volumetric charge density [29] as defined in
Eq. (11). Where, _j is a current density and is demonstrated
in Eq. (12).

[V x (Ee)] = p, (10)
0P, =

+VXppXj=q (11
St
—-j=pu+KE=0 (12)

Thus, K represents the electrical conductivity of func-
tional ink. It also describes the electric current due to
charge convection and electric current where charge con-
duction along the cone profile drives beyond. The phase
field simulation begins with the reduction of free external
energy. The Cahn—Hilliard equation was generated for two
non-miscible fluids over time in simulation models [26,
30], which is given in Eq. (13). To trace a 2-phase inter-
face during laminar phase, the conservative phase-field
form was used to determine the interface between liquid
phase and gas phase in the simulation model as given in
Eq. (14).

dc . wA
— -V xMxV =VXxX =V
o T VX MXVXE) = VX oV (13)
2\ 6
Yy = _§66A¢+249¢(1 _ @)(1 _2(0)+ 6_ fouter
2 € A oo
(14

where, o is the surface tension force at interface and p is a
chemical potential of the mixture. Hence, % is the gradient
of liquid derivative, and M represents as aamobility factor.
It is distinguished that the concentration of ¢ changes in
liquid state with a sequence form that has a special value
(¢=+1) and respectively the concentration changes in gase-
ous state with special value (p=— 1). Throughout the phase
field simulation, phase field variables must satisfy the state
0<@< 1. The physical parameters i.e., ¢ and €, are imposed
independently during the Cahn—Hilliard potential. To trace
the two-phase interface at needle apex using phase field
method [31], the functional fluids i.e., liquid and gas are

considered as a single effective unit. The significant fluids
properties are demonstrated in Eq. (15).

1- 1
e s (15)

where, nis a fluid real property n, is the gaseous state prop-
erty and n, is the functional ink property. The dynamic vis-
cosity and relative permittivity of fluids place strong influ-
ences on the phase field variables ().

2.4 Numerical Simulation

The equations above in governing section describe the
viscous motion of a functional fluid, the expression of an
electric field in a fluid, the tracking of a two-phase inter-
face, and the coupling of a flow field to the electric field.
In this work, the cone-jet morphology is simulated under
ternary phase field state. The combined needle system
was used in phase field simulation model. It can be seen
from Fig. 2 that cone-jet morphology in DoD E-Jet tech-
nology involves two basic physics fields, i.e., a flow field
and an electric field, and the coupling of the two phys-
ics fields. Similarly, amid them flow field contains one
liquid phase and one gaseous phase. According to DoD
E-Jet Reynolds number, the hydrodynamic field selects
the laminar flow module because the working voltage is
dc positive pulse voltage [32]. Further, the electrostatic
field selects the electric field module where the two inde-
pendent physical fields are interconnected through mul-
tiphysics module. The simulation research focuses on the
morphological changes of two-phase interface (the inner
liquid-outer air interface) at different time durations.
Therefore, the study type is transient. According to the
principle of combined needle DoD E-Jet printing process,
the operative electric field is distributed in large space
between the combined nozzle and ground electrode. This
area has three-dimensional axial symmetry and existence
of liquid flow is not considered. The three-dimensional
electric field can be simplified as a two-dimensional
axisymmetric electric field. After the functional fluid is
applied then electric field distribution is only affected by
flow of liquid near the interface of printing nozzle. Con-
sidering that the diameter of cone-jet is much smaller than
the inner diameter of printing nozzle in order to clearly
observe the formation of microdroplets and reduce the
cost of simulation calculation of fluid flow. Therefore,
the key simulation area is limited to inner diameter of the
nozzle in phase field DoD E-Jet printing nozzle. Accord-
ing to the schematic diagram of phase field simulation
scheme as shown in Fig. 3, the electrostatics and lami-
nar phase flow physics were computed in multiphysics
contour to generate stable microdroplets on different
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Fig.2 Flow chart of phase field simulation scheme

insulating substrates. The physics curve and phase field = model, the basic geometry and boundary conditions were
model variables are controlled by time dependent com-  set as those used by our research team during the numeri-
ponent throughout study period. However, the times are  cal simulation for DoD E-Jet printing process [4, 8, 31,
resolved on contour in range of (0, 5e-6, 0.2) with respect 33].

to time-dependent solver. In the existing axisymmetric
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Fig.3 The schematic diagram of DoD E-Jet printing process

2.4.1 Establishment of Simulation Model and Setting
of Boundary Conditions

In order to reduce the amount of calculation and improve the
efficiency of simulation model, the three-dimensional struc-
ture is simplified to a two-dimensional axisymmetric struc-
ture based on axial symmetry of combined needle DoD E-Jet
printing process. The numerical simulation model for E-Jet
printing, the geometric model and setting of boundary con-
ditions are shown in Fig. 4a. In addition, the finer meshing
system for the simulation model was setup in mesh contour as
shown in Fig. 4b. Table 2 summarizes the boundary conditions
of the electrostatic field and flow field simulation. Further, ¢
denotes the electric potential of electrostatic field similarly u
and P respectively represent the fluid velocity and pressure.
Among them, A is the inner liquid inlet, which satisfies p=V,,
U=Qj e/ Ainnerr Where V is the voltage, Q.. is the inner
liquid flow rate, and A, is the effective flow area of inner
liquid. More, B is the outer wall of combined needle, which
satisfies 9=V, U=Qye/Bouterr Where Qe 15 the flow rate
of outer air, and B, is the effective flow area of outer air
near wall side. Thus, C is the wall of focused electrode ring,
which satisfies 9=V, u=0. Thus, D is the charge density of

Functional ink

/........ ) Ve

PET substrate

Syringe pump

Stainless
steel needle

S Camera

#
Video monitoring
system

focused electrode ring, which satisfies ¢ =V, u=0. Moreover,
E is the outlet of combined needle structure which satisfies
@=0,P=0. So, G is an axisymmetry of the geometric model,
which satisfies ¢, =0, u,=0, d, refers to the radial component
of electric potential, and u, refers to the radial component of
velocity. F is a boundary of the entire computational terri-
tory which satisfies @ =V, P=0, and the value of V is not
constant and changes with calculation time. The geometric
model dimensions simulated in this study are mainly based
on commercial needles, in which the inner diameter of a steel
needle was kept 365 pm and outer diameter was set to 700 pm.
Similarly, inner diameter of quartz capillary was maintained
at 50 pm and outer diameter was set to 365 pm, respectively.
In addition, to obtain stable cone-jet for fabrication of micro-
droplets on insulating substrates during DoD E-Jet printing
process, the focused electrode ring was used in between the
steel needle and a PET substrate. The thickness of focused
electrode ring was kept at 1 mm, respectively. Similarly, the
distance between needle and copper focused electrode ring
can be regulated from 0.2 mm to 1.5 mm. The inner diameter
of focused electrode ring was set to 3 mm and outer diameter
was maintained at 10 mm. In order to reduce the amount of
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Fig.4 The numerical simulation model for the DoD E-Jet printing (a) Geometric model and setting of boundary conditions (b) The finer mesh-

ing for the simulation model

Table 2 Simulation boundary

o . Boundary
conditions of electrostatic field

Electrostatic condition Hydrodynamic condition

and flow field A: Needle inlet

B: Needle wall

C: Focused electrode ring wall
D: Focused electrode ring charge
E: Needle outlet

G: Axi-symmetry

F: Boundary of computational territory

H: Air territory

17 x} =V, U= Qinner/Ainner
o=V, w=0,u=0
o=V, w=0,u=0
p=V, w=0,u=0

@ ><_jt =V, 1= Qouer’Aouter
L=0 u=0,2=0
V=0 p=0,u=0
V=0 p=0,u=0

calculation, improve simulation efficiency and accuracy, the
simulation model has been simplified in the following aspects.

e Simplifying a three-dimensional model into a two-dimen-
sional axisymmetric model.
e Ignore the outer diameter of the outer needle.

The justification for this is that the needle shape is axisym-
metric and two-dimensional axisymmetric model is sufficient
to express the combined needle model. Similarly, the simula-
tion difficulty and calculation amount can be greatly simplified
and outer diameter of the needle has no influence on flow field.

@ Springer KE;E

3 Results and Discussion
3.1 Simulation of DoD E-Jet

The DoD E-Jet printing technology (known electrojet
printing) is a new type of micro-nano structure forming
method based on electrohydrodynamic effect and inkjet
printing technology (thermal bubble type, piezoelectric
type) adopts a "push" driving method. The major differ-
ence is that, the E-Jet printing uses electric field force to
"pull" the liquid to form very thin jet morphology with a
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Fig.5 Schematic diagram of traditional DoD inkjet printing and DoD
E-Jet printing [34]

diameter much smaller than inner diameter of the needle.
The comparison of two techniques is discussed in the sche-
matic as shown in Fig. 5. The DoD E-Jet printing technol-
ogy can pattern manufacturing of micron and sub-micron
high resolution structures without clogging nozzle and has
a very wide range of material applicability such as poly-
mers, ceramics, metals, inorganic functional materials,
and biological materials. In addition, E-Jet printing tech-
nology has simple process, low cost, no need for molds or
masks and no special environmental requirements. This
model simulated a stable cone-jet mode which was later
transformed into a microdripping mode due to regulation
of high pulse voltage on needle and focused electrode ring.
The study discusses influence of several parameters on
cone-jet and microdroplets size.

3.1.1 Electric Potential Effect on DoD E-Jet Evolution

In the preliminary examination of the effect of working
parameters and microdroplets generation on PET substrates,
the distribution of electrical potential (V) around the needle
tip was evaluated at initial and final intervals, respectively.
Since, the electric potential distribution is the most immedi-
ate internal factor that forms a DoD E-Jet morphology for
stable droplets on substrate surface. As mentioned in Fig. 6a,
the light pink color indicates distribution of electric potential
around needle interface at initial time interval (0.0184 s).
The region around needle tip determines abundance of
electric potential which is not rich compared to final time
interval. Similarly, Fig. 6b illustrates dark pink color which
indicates the distribution of electric potential around needle
interface at final time interval (0.0999 s).

Likewise, when the electrical field lines are set impar-
tially charged, then electric potential is evenly distributed at
2-phase interface and gradually it generates cone-jet profile
over the volume fraction of liquid. The comparison illus-
trates that maximum electrical charges are concentrated
around top view of Taylor cone with increasing time inter-
vals gradually in the electric potential contour. Lastow et al.
determined this electric field lines distribution for cone-jet
shape, but the study did not include a droplet break-up model
[32]. When electric charges accumulate to a certain degree,
the electrical shear force is sufficient to overcome the surface
tension. Then, the cone-jet is formed and moves towards
the substrate surface. Subsequently, the electric field lines
increase charge accumulation near combined needle inter-
face. However, the effect of shear electric force is further
increased to overcome the surface tension, and then micro-
droplets are formed on a PET substrate. The photograph

a Time=0.01843 s Surface: Electric potential (V)
Contour: Electric potential (V)
T T T T T

3r Electric field effect at
initial stage .

2f Ground effect N

-4 2 0 2 4

b Time=0.099995 s Surface: Electric potential (V)
Contour: Electric potential (V)

7.. -
6.5r .
6_ —
55} i
5_.' -
45F 18y -
35 &3 i
3HES 1
25F12 5 -
2._ —
1.5 .
1_ -
0.5F -
0_ -

-4 -2 0 2 4
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of electric potential distribution is taken at optimized value
of applied voltage and flow rate i.e., f=5.3x 1075 m? s7!,
V,=19kV and V,=0.7 kV.

3.1.2 Microdroplets Generation Under Different Focused
Electrode Ring Locations

The DoD E-Jet printing method is a reasonable fabrication
technique for MEMS devices to generate high-resolution
and consistent microdroplets on the PET substrate. In order

w nccdlc

Va,=19kV V,=18kV

PET substrate

No focused electrode ring

PET substrate

Distance b/w focused
electrode ring and needle = 0.3mm

V, =1.9KkV, V, = 0.7kV V, = 18KV, V, = 0.6 kV

Focused
electrode ring

Distance b/w focused
electrode ring and needle = 1.3mm

Va=19KkV, V;=0.7kV V,=18KkV,V,=0.6 kV

PET substrate

to control microdroplets size and cone-jet morphology, the
optimized voltage values are required for specific needle
geometry. In this work, we regulate dc positive pulse volt-
age on both the combined needle system and focused elec-
trode ring. There were a series of experiments performed to
obtain optimized parameters using focused electrode ring in
different locations. Similarly, Fig. 7 shows the morphologi-
cal difference of simulated results at different dc positive
pulse voltages and flow rates. Where, the applied voltage
values vary such as V,=1.5kV and 1.9kV, V,=0.3 kV and

V, = 1.6kV

V,=17kV

V, =1.6kV, V,= 0.4 kV

V,=1L7KV, V,=0.5KkV

V,=17KkV,V,=05kV V,=1.6kV, V,= 0.4 KV

Fig.7 The (a) different specific morphologies of simulated DoD E-Jet without focused electrode ring, and (b & c) the different specific mor-
phologies of simulated DoD E-Jet using focused electrode ring at different locations keeping all parameters constant
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0.7 kV. For flow rate the values vary such as f=5.3 x 10714
m? s7! and 5.3x 107> m? s~!. Figure 7a represents simula-
tion morphologies without using of a focused electrode ring
by applying dc pulse voltages i.e., V,=1.5kV to 1.9 kV at
combined needle keeping all other parameters constant. In
addition, Fig. 7b and c represent simulation morphologies
using a focused electrode ring at different locations applying
similar parameters as applied in without focused electrode
ring model. The simulation results showed if there is no
electrode ring, then the proper DoD E-Jet morphology does
not evolve due to exceeding residue charges on the surface of
a PET substrate. When the applied voltage was V =1.7 kV
on combined needle, then cone-jet morphology was thick in
shape due to low voltage value which produce weak electric
field lines that get away from the needle tip. Further, as the
voltage increases at combined needle, the morphology of
cone-jet varies in small size, however it does not produce
microdripping mode at V,=1.9 kV.

Successively, a focused electrode ring was placed under
the combined needle system at a distance of 0.3 mm and the
voltage was appliedi.e., V,=1.5kV to 1.9 kV at combined
needle and V,=0.3 kV to 0.7 kV at focused electrode ring,
respectively. Then, the cone-jet diameter becomes smaller in
this case leading to cone-jetting mode. The focused electrode
position was changed and distance was maintained 1.3 mm
by keeping all parameters constant, but the simulated mor-
phologies showed no specific changes in shape and size of
cone-jet. To reduce the distance from combined needle to
electrode ring illustrates significant development during a
series of simulation experiments. When the focused elec-
trode ring distance was reduced to 0.2 mm, then simulated
cone-jet mode transforms into microdripping modes which
generate spheroidal shape droplets due to strong effect
of applied voltage to focused electrode ring. Although,
the applied parameters were used similar to other results
obtained from simulation as shown in Fig. 8a. In particular,
the simulation results showed in Fig. 8a that droplet breaks
up due to joint effect of applied voltage and vectors of resid-
ual charges opposes their propagation effect on a PET sub-
strate. Therefore, it can be seen that focused electrode ring
impact is able to reproduce precisely the droplet detachment
time, which is one of the most important operational tools
of phase field method. Subsequently, in another simulation
experiment the flow rate value was increased respectively
from f=5.3 X 10 m? s t06.5x107 m? s However,
it can be seen in Fig. 8b that the droplet diameter is differ-
ent at high value and returns to discharge of the functional
liquid, due to charges repulsion of insulating substrates. The
small cone-jet diameter is generated by regulating low flow
rate value of f=5.3x 107" m? s~! while keeping all other
parameters constant. The E-Jet morphology is transformed
into pulsation mode in a short time at the outlet of a com-
bined needle interface to form microdroplets. However, this

has occurred due to effect of weak charge density and the
effect of strong electrical forces. It has been experimentally
proven during numerical simulation that the joint effect of
needle system and focused electrode ring is absolutely rel-
evant to the electric field lines generated by high dc positive
pulse voltage. The diameter of the microdroplets is obtained
smaller on PET substrate, but the morphology of cone-jet
disappears and converts into the microdripping mode due to
strong voltage effect of focused electrode ring. The simula-
tion results determine that applied voltage is inversely pro-
portional to the microdroplets size and flow rate is in direct
proportion to the droplet size. The phenomenon of cone-
jetting shows that it can print stable and high-resolution
microdroplets using the DoD E-Jet printing method for the
application of MEMS devices by regulating dc positive pulse
voltage at a focused electrode ring. Finally, the simulated
microdroplets on the PET substrate with magnified images
are shown in Fig. 8c at identical simulation time intervals of
t=0.185 s (scale bar=20 pm).

3.2 E-Jet Simulation Verification
3.2.1 Drop-on-Demand E-Jet Printing

DoD E-Jet printing uses only enough functional ink to pat-
tern microdroplets and DoD print heads can create gradi-
ents and grey scale effects at effective resolutions of 1200
dpi and higher [35]. Among E-jetting modes, the dripping
mode, micro-dripping mode, cone-jet mode and multi-jet
modes have been widely observed in experiments. Notice-
ably, for precision manufacturing, the micro-dripping mode
(i-e., pulsation) and steady-state convection mode provide
the required controllability of a printing process and high
resolution which are used as DoD printing and direct writ-
ing, respectively. Micro-dripping mode occurs only when
the functional ink flow rate and ink dynamic viscosity are
low and applied voltage is high. Therefore, amid many jet-
ting modes of E-Jet printing, the micro-dripping mode (i.e.,
pulsation mode) and steady-state convection mode provide
such a high precision fabrication capability [36].

Figure 9a shows schematic illustration of the experimen-
tal apparatus using a focused electrode ring. Figure 9b illus-
trates the focused electrode ring is used to verify numerical
simulation results under the optimized parameters. In order
to verify simulation results, a series of experimental inves-
tigations were performed on a PET substrate at their vari-
ous thicknesses to obtain high-resolution microdroplets. The
results demonstrate that the actual cone-jet and droplet diam-
eter are inversely proportional to the applied voltage, and the
needle to substrate distance and the liquid flow rate are in
direct proportion. Similarly, the printing microdroplets size
on substrate surface is also consistent with this rule which
proves the correctness of model and simulation results. To
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Focused
electrode ring

Micro-drop
PET substrate

Distance across focused
electrode ring and steel needle = 0.2mm
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V, =1.9KkV, V,=0.7kV

Fig.8 The (a) different specific morphologies of simulated DoD
E-Jet at different applied voltages using focused electrode ring, (b)
the different specific morphologies of simulated DoD E-Jet at dif-

obtain small diameter cone-jet morphology and further to
generate smaller-sized drops, the applied dc positive pulse
voltage must be higher as determined by the numerical simu-
lation. Likewise, as inferred from numerical simulation that
the designed focused ring is a highly effective and innova-
tive electrode used in current DoD E-Jet printing. Moreover,
it is equally suitable for patterning small size drops on a
PET substrate during experimental study. The high dc posi-
tive pulse voltage does not produce opposite effect of eddy
current on outer surface of focused electrode ring due to
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ferent flow rates using focused electrode ring and (¢) The simulated
droplets on PET substrate with magnified images, scale bar=20 pm

use of insulating retaining holder which adjusts the posi-
tion of electrode ring. Accordingly, the use of UF3808 as a
functional ink in this work was intended to test the simula-
tion parameters by printing stable microdroplets on a PET
substrate. Process parameters such as applied voltage, flow
rate, focused electrode ring position and needle to substrate
distance integrate DoD E-Jet printing with insulating sub-
strates. The experimental setup for droplet generation on
PET substrate is shown in Fig. 9c. The microdrops fabri-
cated during simulation and the entire experimental process



International Journal of Precision Engineering and Manufacturing (2022) 23:545-563 557

Syringe pump

Monitoring system

Combined needle
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Microdrops s
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Experimental setup

\ ¢
SN XYZ moving stage
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Fig.9 The (a) schematic illustration of the experimental apparatus using a focused electrode ring, (b) designed focused electrode ring and (c)

experimental setup for droplet generation on PET substrate

for the formation of microdroplets on a PET substrate is
shown in Fig. 10a and b.

The resolution of DoD E-jet printing can be sub-microm-
eter. In order to obtain sub-micrometer feature, the needle
size should be reduced to sub-micrometer as well. In addi-
tion, the needle-substrate distance should be reduced to hun-
dreds of nanometers in order to focus the electric field. How-
ever, with the use of coaxial needle the feature size down to

100 nm can be printed [37]. In this method, the electrical
shearing force and electrical field induce viscous shearing
force and internal pressure that are jointly applied on the
inner ink by focusing the inner jet on nanoscale and print-
ing nanoscale structure. This method realizes the printing of
nanoscale structures with the use of a one hundred microm-
eter-sized needle and has the capability to print nanoscale
structures on flexible substrate for NEMS devices.
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focused electrode ring B

Microdroplets on PET substrate

Fig. 10 The (a) simulation results for droplet generation on PET substrate and (b) complete experimental process for droplet generation on PET

substrate

The low value of liquid flow rate and high dc posi-
tive pulse voltage (f=5.3x107° m*® s, V, =1.9 kV,
V,=0.7 kV) were obtained and used as optimized param-
eters to print various microstructures by using constant fre-
quency of 100 Hz and duty cycle of 80%. Subsequently,
various DoD patterns began to be printed directly on the
insulating PET substrate using printing speed 200 mm/s.
Furthermore, Fig. 11 illustrates different droplet string struc-
tures that are printed on a PET substrate which has widths
of 0.5 mm and 0.2 mm respectively. The optimized process
parameters are respectively the exact same as those used in
numerical simulation. In printing process, the parameters
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such as printing trajectory, printing speed, applied voltage,
and flow rate are linked and controlled accordingly the simu-
lation results. Figure 11a and b show the "droplets string"
patterns printed at room temperature using UF3808 with a
viscosity of 450,000 cps. The microstructures are uniform
and continuous, and there is no glue line breakage and accu-
mulation in each droplet. The minimum droplet size was
measured 3 pm (standard deviation: 1.5 pm) in the printed
microstructures, and the aspect ratio is about 0.4. The print-
ing results of microdroplets string prove that the parameters
used are perfect for flexible printed electronics in MEMS
devices. Furthermore, which increase their stability and
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Fig. 11 The strings of DoD E-Jet printing on PET substrates with various widths (a) 0.5 mm width and (b) SEM images of drops patterned on

PET with 0.2 mm width

resolution by using DoD E-Jet printing technique. It was also
discovered from the simulation model that capability and
versatility of a DoD method for well-adjusted microscale
structures on PET substrate is inevitable in future.

Figure 12 displays droplet array on a PET substrate
having a width of 0.2 mm. The droplet size was measured
15 pm on PET substrate (thickness =0.5 mm) which is very
small compared to the quartz capillary diameter. Although,
the extracted droplets are half to one-third of a diameter
of the combined needle, the propagation of the puncture
droplet increases its size to 4.5 pm on PET substrate (thick-
ness =0.2 mm). The performance of thick PET substrate is
similar to that of PET which has a width of 0.2 mm, except
that the droplet strings on PET having a width of 0.5 mm is
a several times larger than those having a width of 0.2 mm.
Further, the PET substrate with less width allows the reduc-
tion of diffusion in the impact of particles on substrate sur-
face due to its anti-residue charge effect. The magnified
views of printed strings after complete evaporation of the
solvent are shown in Fig. 12. An optical microscope was

used to capture these high-resolution images. Although, the
functional ink particles are not optimally dispersed, nev-
ertheless aggregation is observed. More, the microdroplets
retain the desired circular shape by containing minimum
size of 46 pm in printed droplet strings as shown in Fig. 11.
Because functional ink particles are relatively large in size,
the coffee ring effect is not noticeable [38]. This is another
advantage of using large size particles in microdroplet i.e.,
non-nanoscale.

4 Conclusion

The DoD E-Jet printing technology was explored for poten-
tial use in MEMS devices, especially for flexible printed
circuits. In this work, we present a phase field method to
generate a stable cone-jet morphology that can allow the
production of micron/nano structures on PET substrates. In
particular, the study introduces a distinctive combination of
needle and focused electrode ring, which has a significant
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Fig. 12 The printed droplets
array on PET substrate with
magnified images

100pm

impact on stability and resolution of microdroplets. Firstly,
the numerical simulation of cone-jet morphology was per-
formed. A Taylor-Mechler leaky dielectric model was estab-
lished for Taylor cone generation and effects of each force
on the cone-jet were examined. The motion equation, the
electric field equation and the interface tracking equation
between liquid and air were derived using the Navier—Stokes
equation and the Maxwell pressure tensor method. The
physical model was transformed into a geometric model
and boundary conditions were set. The numerical simula-
tion of DoD E-Jet was performed to analyze the influence
of key printing parameters on a cone-jet morphology. Fur-
ther, the impact of needle and focused electrode ring voltage
were studied on the cone-jet profile. The results exhibit that
microdroplet diameter is inversely proportional to the dc
pulse voltage and directly proportional to the liquid flow
rate. To sum up, optimized parameters by simulation were
directly used to print arrays of stable droplets on PET sub-
strate using UF 3808 ink during the experimental study. This
model gains recognition as a novel, low cost, high speed and
environmentally-friendly in manufacturing process. More,
this model can provide guidance for optimizing the DoD
E-Jet printing process and a quick determination of opera-
tion parameters for the desired printing resolution in E-Jet
printing for MEMS devices.
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