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ABSTRACT
This review is about the most important matters for advancing inkjet printing with a focus on piezoelectric droplet on demand (DOD)
inkjet thin-film devices. The Nano material compounds can be incorporated into a polymeric matrix and deposited by piezoelectric inkjet
printing. Current problems in advanced printers are discussed as embodied in liquid filament breakup along with satellite droplet
formation and reduction in droplet sizes. Various model that predicts the printability of dilute, mono disperse polymer solutions in dropon-demand “DOD” inkjet printing have been discussed. For satellite droplets, it is exhibited which liquid filament break-up treatment
can be predicted via using a combination of two pi-numbers, including the Weber number. The layer was printed over other printed
layers including electrodes composed of the conductive polymers and also several polymers. It has been discussed, some polymer
materials are suitable for deposition and curing at low to moderate temperatures and atmospheric pressure, allowing for the use of
polymers or paper as supportive substrates for the devices, and greatly facilitating the fabrication process. Furthermore, through this
review, it has been discussed scaling analyses for designing and operating of inkjet heads. Because of droplet sizes from inkjet nozzles
are typically on the order of nozzle dimensions, a numerical simulation is shown for explaining how to reduce droplet sizes through
employing a novel input waveform impressed on the inkjet-head liquid inflow without changing the nozzle geometries. Regardless of
their any less performance, inkjet printer head as a technique for the mentioned devices presents many advantages, the most notable of
which are quickly fabricating and patterning, substrate flexibilities, avoidance of material wastage via applying “DoD” technologies.
Keywords: inkjet printing; drop-on-demand (DoD); carbon Nano tubes SWCNTs; ink polymers.

1. INTRODUCTION
1.1. Modeling of dod jetting.
Inkjet printing prepares digital pictures through producing
and then transporting narrow ink droplets to printed surfaces.
Recently, inkjet printing technologies have gone beyond just a
computer printing process, and their prospects in several advanced
technologies are very promising. Although various range of inkjet
printing exists, two kinds have the most application for
contemporary industrial applications, including continuous inkjet
(CIJ) and drop-on-demand (DOD) [1-3]. Generally for marking
and coding of products and packages, a liquid inkjet is applied,
that way forced to break up into droplets through pressure
modulation [4, 5]. In CIJ system of inkjet printing, a strong
pressure pump directs liquid ink from a reservoir and a
microscopic nozzle, making a continuous stream of ink droplets
based on the Plateau-Rayleigh instability [1, 2]. Through a
piezoelectric, an acoustic wave creates and vibrates inside the
print-head. Due to this vibration, the stream of liquids break into
droplets at repetition rates around 65,000 to 150,000 droplets per
second. The electrostatic field created by a charging electrode
varies based on degree of drop deflection desired and results in the
controlled electrostatic charge on each droplet [6-8]. Charged
droplets via a few uncharged droplets which are known as guard
droplets are separated for minimizing the electrostatic repulsion
among adjacent droplets. The charged droplets are diverted
through the electrostatic diversion plates to print on a receptor
substrate. In any insufficient diversion, the droplets are collected
to the further reusing. Usually, the small fractions of the droplets

are applied for printing whereas the majorities are recycled. CIJs
techniques with several major advantages are the oldest inkjet
printing systems which have a high velocity of the ink droplets,
allowing for a relatively long distance between print head and
substrate, and a very high droplet ejection frequency. One of the
most advantages of “CIJ” is a lower probability of nozzle
obstruction due to the working of jetting system at all time. The
major disadvantages of CIJ systems are the problem in sizes
controlling, generating satellite, and splattering of the droplets on
the target [9, 10]. In DOD, droplets are formed alternatively by the
piezoelectric properties in response to discontinued pulses and
pressures, respectively. In contrast to CIJ, no droplet deflection is
applied for eliminating undesired droplets from depositing on a
target. Therefore, DOD nozzle is located close to a target. For
commercial systems, multiple nozzles are investigated for printing
a few lines11-13]. Due to individual nozzle is fired independent of
the other nozzles, with up to hundreds of nozzles in commercial
equipment; each nozzle is inactive for wide duration of the time.
For removing this matter, several mitigation plans are used, such
as best formulations and intermittent purging [12, 13]. Commonly,
no unique material of construction is required for DOD print head,
usually making it cheaper and less complex to produce than CIJ
system (Scheme 1). Scheme 1 exhibits the mechanisms of both
DOD and CIJ systems. In CIJ, a continuous jet of ink released
downward and progressively breaks into droplets where suitable
droplets are directed to the paper and unsuitable ones are recycled
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to be used again. In DOD, ink droplets also travel downward but
are separated uniformly because their characteristics, such as rout
of stream and velocities, can be controlled via driving forces that
might be either pressure or thermal activated [14,15].
The most commercial inkjet printers use the piezoelectric
materials in an ink-filled chamber behind each nozzle instead of
the heating elements. As soon as a voltage has appeared those
materials generate the pressure pulses, consequently forcing a
droplet of ink from the nozzle. Although Piezo inkjets allow a
wider variety of inks to be used in comparison to thermal inkjets,
Piezo print-heads are usually more expensive to manufacture
because of the piezoelectric materials [10-14].

be defined as: ζ

(4) [16-18]. Both dynamic viscosity ( )

and second viscosity (ζ) must be constant; usually, both dynamic
and second viscosities are related to the densities. Although the
viscosities can be expressed via pressure, incompressible flows it
would be interpreted by temperature. Since the divergence
of u & ( u)T tensors are 2u & [ ( ·u)] (known as Lamb
Vector) respectively, the most normal Navier–Stokes momentum
̅
equation can be written as:
(
)
(5) [19-22]. Obviously, the volume viscosity “ζ” is a
mechanical pressure and is not equal to a thermodynamic pressure
that is known as: ̅
(6). The Stokes' stress constitutive
( ) )
equation as
can be written as:
(
that only used for incompressible viscous fluids as:
(
( ) ) (7). Due to
in an incompressible fluid, the
momentum equation might be rewritten as:
(8) where

(

)

is kinematic viscosity [23,

24]. There are five parts in the equation 8 including variation ( ),

Scheme 1. Illustrates the mechanisms and configurations
of both CIJ (A) and DOD (B) printing methods.

Using Piezo’s DOD, software controls the heads for applying a
few droplets of ink per dot and these flexibilities are important
when they are used in production lines for marking products
Requirements of this application are high speed, long service life
and a relatively large gap between the print-head and the substrate
(scheme 2). It exhibits the two details of Piezo DOD printing
methods, and their droplet ejection mechanism. Inkjet printing
technologies provide a process for producing individual or
multiple droplets of liquid and then direct them toward the paper
sheet via a digital controlling. Several materials and polymers with
various functionalities can be coated through this system
[1014]. Generally, a digital fabrication inkjet printing presents the
possibility for printing in macroscopic and even at a microscopic
level and place the inks or materials where they are required,
exactly. In addition, DOD coating method could be a possible way
to paint materials. Therefore, the present study focuses on DOD
technique due to its potential for broadening the applicability and
high efficiency, particularly for painting. The theory of droplet
formation of DOD on substrate is not yet fully understood due to
the key stages during formation less than 100 µm. It is notable that
the droplet diameter is around 40–50 µm and the details of such
processes cannot be recorded by usually high-speed photography
due to the 10,000 frame per second [12, 15].
The momentum equation can be written as
(1) where, is density, P is pressure, u is the flow velocity, “ t
” is time and is the stress tensor which is used in some inkjet
printing for diluting the polymer solution in water. This equation
can be rewritten in viewpoint of Cauchy stress tensor as:
(
)
(2), where “I” is the identity tensor and
is the
rate of expansion flow. In addition, the three dimensional trace of
the stress tensor can be shown as: Trace ( )= (3 + 2 ) (3)
consequently, from the equations 2 & 3 the second viscosity can

) ), diffusion (
conviction ((
), internal source (
)
and external source ( ) respectively. The Laplacian “μ 2u” is the
difference between the velocity at a point and the mean velocity in
a small surrounding volume and this parameter implies the
diffusion of momentum [25].

Scheme 2. Piezoelectric (A), and thermal inkjets (B).

1.2. Constitutive model.
FENE-CR [26], is a model for describing dilute polymer
solutions in extensional flow and non-linear elastic dumbbell
model can be written as:
(
) (9) where
is
the solvent viscosity, E is the strain rate polymer stress tensor
including elastic modulus G, the conformation tensor A and “ ” is
the FENE factor which can be written as:

where

( )

“L” is the accounts for the finite extensibility of the polymer’s
chain. The extended equation is as:

(

)

(10) where “ , is the polymer’s relaxation time and K is the
velocity. For a dilute polymer solution, the parameters in the
FENE-CR model (elastic modulus G), relaxation time and finite
extensibility L, can be determined as functions of the molecular
weight Mw, weight fraction concentration and solvent quality
factor using Zimm theory [27]. The elastic modulus has a
straight relationship to concentration and inversely relationship to
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molecular weight “

“where R is the universal gas constant.

The dumbbell time relaxation
̂

where

∑

is defined as

(11)

is the universal ratio of the characteristic

time relaxation ( ̂ ) to the longest time relaxation ( ). The
intrinsic viscosity
is explained via the Mark-Houwink formula
as
(12) where is a constant of polymer. L can be
calculated from the ratio of the polymer folded to its fully
( )

(

extended length as:

)

(

)

(13) where

is the

C-C bond angle and is the number of bonds in each monomer
unit with molar mass
and
is the characteristic ratio[28]. For
a dilute mono-disperse polymer, the parameters of model in a
solvent with quality factor, it can be shown
,
(

)

and
.
1.3. Jetting model.
Hoath et al. [29] investigated a simple model for determining the
polymer’s printability during ejection from the nozzle, the main
drop is slowed down through the extensional flow in the
connecting fluid linkage. It can be supposed that a drop with
density and droplet’s volume
is ejected through the nozzle
with diameter D. The main drop slows down from speed to
final velocity

and the velocity of the drop is given by

.

Supposing that the only forces acting on the drop are from the
stress difference in the ligament, so it can be written
(

)

(14) [29]. From Eq. (10), the

configuration tensor components
equations
(

(

are:
)

)

and

the extended
(15)

and

(16). These equations are non-dimensional

with a relaxation time as the unit of time in the nozzle with
diameter D as a length scale. Non-dimensional governing
equations for the initial positions {(
)
(

)

(

are:

) (17) where
is modified elasticity number and the
velocity at time zero is equal to the initial position or(
) . The
“Weissenberg” number at time t is given by

is a

decreasing function of time as the length of the ligament z
increases. The modified elasticity number (
) is defined as
(18), Where
(

). Generally

is Reynolds’ number

is assumed to be 1/4 based on

observations in both simulations and experiments of the fluid
ejected from the nozzle ends up in the main drop. The
dimensionless polymer concentration is given by

which

can be extracted from the Zimm scaling around,
and
. Hoath, exhibited in this simulation, both the initial
positions of the jetting model and the velocity
correspond to
the time at which the fluid exits the nozzle [30]. The equals 17
and18 can be solved numerically for calculating the ‘optimum
jettable concentration’ as a function of molecular weight.
Although this model has succeeded in several items, this simple
model has a number of limitations including,1-the model neglects
the nozzle geometry, 2-probleme due to the flow via the nozzle,

and 3- does not take into account the break-off of the ligament
from the nozzle. The finite extensibility L can be determined from
the ratio of the equilibrium coil to the fully extended length of the
(

polymer so that

( )

)

(

)

(19), where

is the

carbon-carbon bond angle, is the number of bonds of a monomer
unit with molar mass
and
is the characteristic ratio [31].
Hence, for a dilute mono-disperse polymer solution, the FENECR
model. Parameters scale with solvent quality factor
it can be
(

)

shown
,
and
thus, by using the Zimm
model to determine the molecular weight dependence of the
relaxation time it can determine how the maximum jet-able
polymer concentration scales with molecular weight during each
of the three jetting regimes. These scaling laws are summarized in
Table 1.
Table 1. Scaling in terms of different concentrations [31].
Concentration Regime 1
Regime 2 Regime 3
(
)
(
)
(
)
Wt%
C

1

1.4. Thermal DOD.
Thermal inkjet printers, work based on via rapidly heating
a small amount of ink inside a reservoir with an open nozzle with
a resistor attached to a power supply. The ink vaporizes through
the heat and consequently creating a bubble which with high
pressure (more than one Mega Pascal) causes a wave force inside
the fluid of reservoir to exit a droplet via the nozzle. The
advantage of this system is the comparatively low cost, as it
includes only a resistor and a reservoir, easily fabricated via
existing methods with low-cost goods [32, 33]. So, thermal inkjet
printers are generally used as household systems, where cost and
simple print head replacement are important. The subject related
to thermal printers is their limited applicability – generally, inks
must be water-based and low-viscosity (less than one cP) to be
easily vaporized. It is notable; the high thermal may destroy
sensitive ink components, such as polymers and biomolecules
consequently, alter the functionality of suspended inks. Therefore,
Thermal inkjet printers are better-suited for printing of
conventional inks for graphics and text (Scheme 3).
1.5. Piezoelectric DOD.
Piezoelectric devices are suitable for a broader range of ink
formulations and materials by avoiding thermal printer problems.
A mechanical changing of a small ink reservoir induces a pressure
wave in the liquid materials, forcing out the droplets. The print
head which causes the mechanical deformation is a piezoelectric
crystal, which changes structure upon the application of voltage;
applying this unique good means that the manufacture of
piezoelectric print head is extremely difficult and costly compared
to thermal ones. The advantage between piezoelectric print head
model with the thermal printer is the ability to which drop size can
be controlled. In addition controlling the droplet shape, careful
adjustment of peak voltage, and voltage pulse length or voltagetime waveform are the other advantages [34]. The wave form of
the piezoelectric inject printing is shown in Fig.1
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Scheme 3. Schematic representation of the three main inkjet printer types.

(1) = thermal, (2) =Piezoelectric and (3) = continues
The “rise time” is related to the length of the wave form
that growth to a peak voltage; the “echo time” is a full time which
indicates to the section in which the voltage drops to its minimum
amount. If a wave form is divided into several increase/decrease
and plateaus in voltage, each of these sections has a temporal
width is known as the “step width”. The raise line’s slope or
falling sections is related to as the “slew rate”, usually defined in
units of V/µs. In addition, the temporal length of the complete
waveform is “pulse width”. Piezoelectric nozzles may also consist
of advanced instrument such as temperature control for more
viscous fluids, high vibration for preventing skin forming, and
purging settings to clean the nozzles. Some of them have also
cameras for assisting in realignment of the printer among layers to
observe and control drop size by adjusting the voltage waveform.
It is notable many materials can be used in a piezoelectric printer
(in nozzles) without any concern over its thermal stability and
fluids with relatively high viscosity [35]. Nozzles are generally
used by numerous numbers around several hundred which can be
individually driven via different voltage waveforms [36].
Although the flexibility of the piezoelectric system to functional
materials made it ideal for a study of ink development, the ink
itself must meet certain criteria before using via piezoelectric
DOD printing.

1.6. Fluid dynamics & ink ejection.
The fluid dynamics happening during printing is due to the
acoustic pressure waves, because of the piezoelectric material,
which force droplets out of the nozzles. Each of these items
involves unique fluid mechanics. The mechanism effect of the
fluid movement inside the ink region for producing a jetting
situation was clearly explained by Shield et al which a schematic
of their model is shown in Figure 2. [37]. the motion of the ink
starts with the application of voltage to the piezoelectric element.
Usually, voltages are applied such that the ink cavity enlarges and
creating a negative pressure inside it. Consequently producing two
negative waves in two opposite directions from the piezoelectric
element push out the droplets. These two waves are reflected from
the liquid reservoir and the nozzle opening, the first one changing
its sign during reflection to a positive acoustic wave and the
second one reflecting back as a negative acoustic wave.

Figure 2. Acoustic wave propagation in a piezoelectric nozzle.

(A): first voltage rise +V potential contraction, -V pressure Wave,
(B): Dwell time and reflection from reservoir and (C): voltage fall
–V potential amplification of +V pressure wave jetting.
The voltage dropping occurs in the second section of the wave
form, producing two positive pressure waves in an opposite
orientation. One of these annihilates has been reflected negative
pressure, and the other doubles the amplitude of the reflected
positive one. The propagating pressure wave forces out a droplet
of ink for overcoming the viscosity and tension of surfaces on the
ink at the nozzle. The entire process and consequently, the length
of a generic jetting waveform are around 20 µs [32]. Due to the
speed pressure wave, it will have some bearing on how long this
process takes. Therefore waveform length will vary with applied
voltages and printer being used.

Figure 1. The models fluid waveform (red) and a typical waveform
(blue).

2. MATERIALS AND METHODS
2.1. Materials for inkjet printing devices.
Although theoretically any liquids and compositions that
can be dissolved or dispersed into the inks might be used as a
subject in a printer devises, the structures of fluid parameters and
film-forming situation limit materials selection. Especially, small
dispersed particle size restricts of liquids, colloids polymers,
micelle and other nanostructures such as nanotubes or fullerenes
can be important for any further studies [38-42]. These materials
can be divided into three categories including insulators,
conductors and semiconductors. There are other supplementary
materials that are very important, and these materials must be
considered as part of the printer devices such substrate or
electronics sections. Especially, a major material to be considered
in a printer devices, is substrate and it must be any conventional
rigid process able flexible. Dissolution of dielectric inorganic

materials, semiconductors and also metals with solvents, is not
generally possible at standard conditions for any printing. In
addition conversion of a precursor to the suitable material
during/after jetting can be considered, as with AgNO3-based inks
producing such as Ag films [43] or sol-gels for ceramics and
oxides [44] but the production of sintered or crystalline films
requires hydrothermal treatment [45]. A metallic colloid
occasionally requires a high temperature after printing or for
sintering and any electrical conductivities [41]. In the item of
polymers and macromolecules, inkjet depositions of dissolved
materials are possible. It is notable; loading of the ink with more
than a small concentration of polymers can cause undesirable
effects in any droplets formation, particularly the bead-on-a-string
effect. Therefore, dispersed particles of either polymers or
inorganic compounds which require no aggressive post treatments
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present the simplest deposition way. In this review, materials that
were functional upon deposition were studied. This means the
material was dispersed in the ink by its desired properties such as
chemical, thermal, hydrothermal or other behaviors were to be
applied for inducing functionality in the printer film.
2.2 Conductors.
Electronic printers, applies a passaging of electrons for
providing a desired function. In order to transition electrons via a
device, a suitable electrode material whit high conductivity and
low losses in voltage, current, is required. Generally, a set of two
electrodes is applied for providing a complete circuit for electrons
flowing in a power source. Sometimes, these two electrodes are
composed of the same material and in some cases consist of two
different materials, due to the electrical position of inkjet printing.
Although there are several different conductive materials, only
some of them are readily accessible in a form suitable for inkjet
printer. The three main categories of these structures are Nano
carbon materials, metallic colloids, and conjugated polymers. The
two first items are dispersible species, whereas conjugated
polymers might be either dispersed or dissolved. Metallic colloids
have become extremely common as inkjet-printable materials, and
include such conventionally-used electrode materials as Ag [4648]. Recently in several works, conductivities comparable to bulk
amounts have been used with the colloids [49, 50]. Commonly,
these methods need a high-temperature curing phase for removing
solvent and organic ligands from the nanoparticles, which are used
for stabilizing the colloidal suspensions. The solvents and also
encapsulating polymers ligands which stabilized the particles in
solution prevent sintering from occurring until they are removed.
The solvents might be decompose or evaporate at a comparatively
low temperature, leading to the consumption of such materials as
nitrocellulose, which decomposes around 135°C [51]. During the
removal of the cap, the particles are usually still non-conductive,
being physically segregated to prevent any effective electron
transfer [40, 41]. They are generally then sintered at high
temperature for inducing crystal growth and Nano-particle
merging. The huge surface energies compared to low volume of
these sorely small particles might cause a reduction in melting
temperature upwards of 500°C [52,53]. High temperature’s
sintering process for the metals and even much higher temperature
for the metal oxides, the usual cutoff point for flexible substrates.
The colloidal metals and also metal-oxides make excellent and
suitable material for inkjet-printed conductive layers, especially on
a glass substrate which the high temperatures have not any
concern. Therefore, colloidal metal or metal-oxides are acceptable
for use in small amounts, but usually only on glass or comparable
substrates. Recently, attempts have been done for reducing the
sintering's temperature of these kind materials and opening the
novel methods for their use on any flexible substrate. Such as a
technique which used include the preparation of a metal-organic
Ag precursor rather than nanoparticles with a low temperature
[46]; the use of more weakly adsorbent ligand species to cap Ag
nanoparticles [54]. Carbon nanostructures including graphene,
nanotubes, Nano rods and Nano balls such as fullerene are the
other main series of printable electrode materials. Amorphous
carbons are intrinsically conductive because of the valence
electrons delocalization and covalent C-C “π” bonds. It is notable
that conductivity in carbon is often significantly lower than in

metals. Electrical conduction in carbon relies on electron transfer
along the C-C bonds in a single sheet, while in the metals
electrons are delocalized in every orientation within a metallic
crystal lattice, providing many adjacent conduction sites. In
addition within the Nano carbon structures and tubes there is also
vast variation in their conductivities, attributable to changes in the
electronic wave vectors of the structure in question. The most
commonly inkjet-printing devices are based on Nano carbon
species including carbon nanotubes (CNTs), armchair, zigzag and
chiral of both single-(SWCNTs) and multi-walled (MWCNTs) as
well as fullerene, and graphene. Schematics of these structures are
shown in Fig.3. SWCNTs and multi layers of graphene are usually
used as inkjet printer electrode’s materials than fullerenes due
they can layer into stacked sheets or networks, whereas fullerenes
like metallic colloids, have to be packed tightly for allowing
electrons to hop among them.
These kind treatments were observed in printed layers of multi
wall carbon Nano tubes (MWCNT) [55], where overprinting of
successive sheets were sufficient for improving conductivities
extremely, as more MWCNTs filled in the network of overlapping
conductive paths. Various other carbon materials also successfully
printed as electrodes or interconnect in different electronics
printers, including thin-film, transistor and field effect transistor
[56, 57].

Figure 3. Structures of carbon nanotubes (SWCNTs, armchair and
zigzag) as well as fullerene, and graphene.

In most categories the surface resistance of CNT and
graphene films were still several orders of magnitude higher than
that metals. However, carbon material does present a few unique
advantages over these conventional materials.
First, the nanostructure allows for a degree of flexibility in
inkjet printing. Second, the processing of carbon Nano tube or
graphene dispersions do not require high-temperature sintering
like metal nanoparticle suspensions. In addition the solvents have
to be removed for allowing the compounds for electrical
conducting. It is notable, carbon materials will not sinter under
atmospheric position regardless of temperature [58]. Surface
functionalization of SWCNTs or graphene surfaces with organic
groups can be achieved dispersion in several of solvents without
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the necessary for surfactants, consequently this problem will
remove. Thirdly, the controllable and small size of Nano carbon
materials causes a suitable functionally to make a proper
conductor or semiconductor, presenting a potential replacement
for Nano metal oxide. The nanotube carbons are certainly less
expensive than colloidal metals. Therefore, CNTs and graphene
are ideal inkjet materials for producing conductive layers. An
important considerable point about CNTs and graphene sheets is

their aspect ratio where is considered “Nano-materials” due to the
fact that at least one of their dimensions is in the Nano range.
However, they may be large in the other dimensions and SWCNTs
are several µm long in both length and width. This does not make
a problem for their functionality, but it is of concern for inkjet
devices, where particle size is restricted. Based on our theoretical
methods we simulated our results [59-86].

3. RESULTS
3.1. Numerical simulation.
Based on equations in paragraphs 2 & 2.1 the inkjet printing has
been simulated with commercialized CFD software (Flow3D).
The droplet formations have been done after supposing the
structure of the fluid meniscus, while the numerical simulation of
drops formation has been done through supposing the initial figure
at the tip of the nozzle [87]. Although, the proper simulation of an
electrostatic ink jetting can be performed on different kinds of
electrostatic printer devices, the volume of fluid (VOF) technique
is important method that might be investigated [88, 89].
In some items such as of capillary nozzle type, some researchers
have accomplished the simulation on the electro-hydro-dynamics
via using VOF method [90-92] using commercialized CFD [93,
94]. Although piezo-actuators are used for generating droplets in
most of the conventional inkjet systems, in recent a great deal of
research has been going on regarding the electrostatic inkjet
systems. The electrostatic inkjet systems along with the forces
during the droplet generation process are shown in Fig 4 &
Scheme3.

Figure 4. Forces acting (red) on the ink at the tip of the nozzle.

The electrical voltages are applied as a signal between two
electrodes, consequently an intense electrical field is produced
which induce the liquid meniscus at the interface. As electrical
force becomes greater than the surface tension, the liquid breaks
up and droplets are ejected. The size of the droplets is dependent
on the shape and size of nozzle. Voltages, distances among the
electrodes, and physical chemistry properties of the fluid.
As mentioned in paragraph 2, the Navier-Stokes equation consists
of three parts as :

(20) and for solving

the treatment of electrostatic inkjet equations the fluid dynamic
and electrical equation must be merged in one formula based on
mechanical stress and electrical stress along with the gravitational
forces which can be rewritten as:

(

)

(21).

&
are the mechanical stress and the electrical stress of the
fluid. By considering the surface charge (q) and electric field ( E )
the equation (20) can be written as:
(21)

The equations of motion were solved numerically using the
“Verlet algorithm” [94]. Each time step of calculations was fixed
around femto second (10-15 s) and Cut off radius was fixed of 12Å.
For investigate existence of solid and liquid phases in the system
the Lindemann index has been applied [95]:
∑

√
(

∑

and

)

Where

and

are the Lindemann index of ith atom and whole particle,
respectively.
, denotes the average T over time,
is the
distance between two atoms. It is notable, “Lindemann” index
equal to 0.1 is a criterion to distinguish solid and liquid phase. If
the Lindemann index of an atom or a particle is below 0.1, it is in
solid state while the Lindemann index above 0.1 denotes high
dynamism liquid phases. It is notable to confirm which the
Lindemann indexes revel the dynamism of atoms. A liquid atom
has higher dynamism than solid one. The Lindemann indexes are
able to identify the solid or liquid phase during the system is in
equilibrium condition. A hexagonal and a triangular particle
consists of 2000 and the triangle consists of 1300 silver atoms
were designed; and MD program was run for each particle for
40000 time steps for reaching an equilibrium. In this study,
hexagonal nanoparticle was applied to exhibit joining in edge-toside configurations while triangular Nano particle was
accomplished to exhibit joining. Triangular silver Nano particle in
side-to-side configurations was chosen for side to side joining,
because of a simple structure at the edges [97-99]. In addition, the
corner atoms are not stable due to the sharp angle of corners;
therefore, they are not enough data for showing edge to side
joining. So, hexagonal silver nanoparticle has been selected to
observe side to edge joining. The distances among nearest points
of the particles must be less than the cut off radius of the atoms
and not too close to push each other away. In this position, the
atoms handle attractive forces on each other and the particles
become closer together. The results for some dilute solutions are
listed in table.2:
Table 2. Properties of several solvents for ink used via dilute solutions in
300 K.
solvents

water
Isopropanol
(1)
n-Hexane
(2)
Acetone
(3)
Diethyl
(4)ether
Ethanol
(5)

Density
grcm-1

Viscosity
cP=mPa.S

Dielectric
Constant

1.0
2.86

Surface
tension
dyncm-1
71.97
21.7

1.0
0.785
0.659

0.31

18.4

1.89

0.791

0.32

23.7

20.7

0.706

0.24

17.0

4.34

0.789

1.07

22.27

24.5

78.54
18.3

particles

No
Silver,
wt%
Silver,
wt%
Silver,
wt%
Silver,
wt%
Silver,
wt%

20%
20%
20%
20%
20%
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For developing an electrostatic inkjet nozzle, it is needed to
investigate the treatment of the droplet generation via different
shapes of nozzle. Optimal mesh parameters are estimated and
applied for the simulations of droplet diameters for the solvents of
table 2 are listed in table 3 and plotted in Figs.5&6.
Table 3. Data of configuration of pole-type nozzles for electric field
simulation of several dilute solutions.
dilute solutions
Electrode position(µm) inside Nozzle
20
Isopropanol
25
n-Hexane
20
Acetone
20
Diethyl ether
15
Ethanol

Electrical field simulation of different configuration is several
nozzles were accomplished for understanding the relation between
applied voltages and droplet diameters. The diameters of the
nozzles are kept at 45µm. For the simulation purpose, the dilute
solutions ink data was used from Table 3.
Although inkjet printing of polymers have been widely reported,
suspension polymers in table 4 were tested for particle size for
making sure that it would pass through the printer without
significant loss of conductive material. An important concern was
the sizes and shapes of the CNTs being added to the polymers ink.
By the way, with both single walls- and MWCNTs, 0.2 µm
filtration removed a large proportion of the nanotubes, due to the
small pore size of the filters relative to the length of the nanotubes
(Table.4). In the case of SWCNTs, fewer than 10%-12% of the
nanotubes passed through the filter, although a greater number of
the nanotube was able to pass via the print nozzle (without any
prior filtration) than were multi wall CNTs. The increased passage
via the print-head without any filtrations was likely a result of the
relatively large nozzle size of 20-25 µm as compared to the CNTs
(5 µm length), and the low concentration of the CNTs. Passage of

higher concentrations of particles with sizes greater than 200 nm is
compromised by crowding and packing of the particles in the
nozzles.
Table 4. Properties of several solvents for ink used via dilute solutions in
300 K.
Polymers
Viscosity
conductive
Electrode
cP=mPa.S
materials
position(µm)
inside Nozzle
36
(5,5)SWCNTs
25
polyethylene
30
(18,0)SWCNTs
25
polystyrene
43
(10,10)&(5,5)
25
Polyethylene
DWCNTs
oxide

Figure 5. Droplet Diameter against applied voltage for five dilute
solutions.

Figure 6. Droplet Diameter against applied voltage for three dilute
solutions.

Red= polyethylene, green=polystyrene and blue= Polyethylene
oxide

4. CONCLUSIONS
Different voltages at 50 kHz frequency were applied to
check the droplet behavior for dilute solvents and dilute polymer
solutions. As shown in both curves of dilute polymer and solvents,
the droplets diameter are decreasing as the voltage increases. Via
comparing the graph of droplet generation for both cases, the
droplets diameter changed between 10-90 nm dilute solvents and
between 40-140 nm for dilute polymer solutions in the range of 18 kV, respectively. This exhibits that the droplet size changes as

the configuration of electrode changes. The polymers/CNT ink,
conductivities of inkjet-printed indicates that via using single wall
carbon nanotubes (SWCNTs) or multi wall carbon nanotubes
(MWCNTs) are not only a function of the conductivity of its
constituents but also is dependent on the jetting
characteristics. Optimizing viscosity and surface tension are
needed both for acceptable jetting and for maximizing the
connectivity.
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