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ABSTRACT

The print quality of drop-on-demand (DOD) sys-
tems is affected by the jet breakup and the potential
occurrence of satellite droplets. This paper presents
the development of a numerical model to simulate
droplet formation using the volume-of-fluid (VOF)
method. A particular focus is on the occurrence of
satellite droplets and how different fluid properties
influence jetting behavior. The research centers on
a printhead with a native droplet size of 2-3 pL and
limited data availability. Therefore, an inlet bound-
ary approximation method is developed to simulate
the droplet formation for different actuation wave-
forms accurately based on the experimental results
from a JetXpert drop-watcher with two different flu-
ids and several different actuation waveform. Res-
ults show that multi-pulse waveforms can enhance
droplet detachment and mitigate satellite formation
by controlling pressure dynamics in the nozzle. Fur-
ther simulations on sequential multi-pulse actuation
revealed residual meniscus vibrations that influence
subsequent droplet formation. The model was used
to investigate the effect of viscosity, density, surface
tension, and contact angle on the droplet formation
process.

Keywords: Drop-on-demand (DOD), Ink Jetting,
Satellite Droplet, Volume-of-fluid (VOF), Newto-
nian Fluid, Waveform Approximation

1. INTRODUCTION

Inkjet printing is one of the most common ap-
plications of microfluidics [1]]. This technology pro-
gressively creates 2D images by depositing thou-
sands of microscopic droplets on a stationary or mov-
ing substrate. Those droplets are typically in the
range of 1 to 500 pL and move at a speed of 5-8
m/s when hitting the substrate [2]]. Multiple mech-
anisms are involved in this process and have been
studied in recent years [1, 3], including the actu-
ation method [4]], the acoustics within the printhead
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[Sl], the jetting process [6] and the droplet forma-
tion and breakup [7, 8]. There are several categories
of inkjet printing technologies, with the most gen-
eral division between continuous inkjet (CIJ) and
drop-on-demand (DOD) printers. A DOD printer
uses separate pressure pulses at each nozzle to gen-
erate individual droplets that can be generated on de-
mand. This pressure pulse and the underlying actu-
ation mechanism strongly influence the controllab-
ility and the process of droplet formation in DOD
printers.

A common actuation mechanism for DOD print-
ers is the use of microscopic piezoelectric elements
[2]]. Piezoelectric elements change their shape in the
presence of an electric field, which can be utilized to
transfer energy to the fluid through a pressure change
in the ink chamber [9]. The way these actuators pro-
duce a droplet is heavily depending on the electrical
signal imposed on them. Since the piezoelectric ele-
ments are controlled with a voltage signal, two prin-
cipal actuation modes can be applied. The element
can either initially contract and then expand, result-
ing in a pull-push mode, or vice versa, leading to
a push-pull actuation. Considering the delay of the
electric signal and mechanical movement, this leads
to a single trapezoidal pulse. This type of actuation
has been subject of many numerical studies [10} [11].
Adding together multiple pulses with different amp-
litudes leads to the formation of more complex ac-
tuation methods and waveforms [[12} [13, S]. Apart
from the electrical signal, fluid properties also in-
fluence the waveform and, consequently, jetting be-
haviour and droplet formation [14]. Choosing the
correct waveform is essential for successfully jetting
a selected ink. A simplified geometry of an inkjet
nozzle is used in Figure [I] to explain the actuation
process, according to [2]. A single unipolar rectangu-
lar pulse is applied to the piezoelectric element on the
side of the ink chamber leading to an initial contrac-
tion. Therefore, a negative pressure pulse is induced
during t,;5., which travels through the ink chamber
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and reflects at the reservoir during #4,.;. When the
actuator expands, the pulse is superimposed with a
positive pressure pulse during #¢.;. This positive in-
terference leads to a high-pressure pulse that results
in the droplet jetting at the meniscus.
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Figure 1. Schematic representation of the actu-
ation principle, based on [2].

A comprehensive understanding of droplet form-
ation is essential to investigate the behavior of ejec-
ted liquids. In Figure 2] the DOD droplet formation
process is schematically represented and divided into
six steps. Initially, the liquid is in an equilibrium
state (A). After an actuation is induced, the liquid is
pushed out of the nozzle (B). When a certain amount
of fluid is pushed through the nozzle, the head droplet
starts forming, and the necking of the fluid begins
due to surface tension (C). The liquid continues to
move out of the nozzle and forms an extending liga-
ment of fluid, which attaches the head droplet to the
meniscus (D). The surface tension leads to the pinch-
off of the liquid ligament and the formation of a tail
droplet (E). Afterwards, the liquid tail begins to catch
up with the main droplet and ideally joins with it (F,).
If, however, the tail droplet pinches of from the tail
and becomes an individual droplet, it is known as a
satellite droplet (Fy,). The head droplet formation, the
pinch-off, the tail behavior, and the satellite forma-
tion are different aspects of the process that influence
the final droplet size [3].

The actuation waveform is the main driver of
the droplet formation and the most sensitive part of
the simulation [2]. A good approximation of the in-
let boundary conditions is essential to successfully
simulate a DOD system. However, predicting the
waveform at the boundary is challenging since the
flow within the nozzle chamber is rarely observ-
able. Some researchers have simulated the dynamics
within the printhead itself, to predict the boundary
condition [12, [15]. Another common method is the
use of lumped element models to calculate the pres-
sure response [[I1]. Analytical equations have also
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Figure 2. Six stages of the droplet formation pro-
cess, based on [9]]. The explanation of the different
stages is presented in the text.

been used in recent papers to predict the pressure at
the boundary of the numerical model [13}5[10]. The
goal of this paper is to develop an analytical approx-
imation method for a boundary condition for a given
printhead, with limited information on its geometric
characteristics, and to calibrate the boundary equa-
tion using experimental data. Through this approach,
a simple model is created that can be used to invest-
igate the effects of different waveforms on droplet
formation.

2. NUMERICAL MODELING

The CFD software Star-CCM+ is used for the
numerical simulations in this study [16]. The VOF
model was selected since it is designed to capture
the interface between several immiscible fluids, since
resolving the free surface is essential to capture the
droplet formation process.

2.1. Volume of Fluid

The Volume of Fluid method allows the simula-
tion of fluid dynamics of two immiscible fluids with
a fluid-fluid interface (free surface). A fixed mesh is
used, and the free surface moves through the mesh.
At each grid cell, a volume fraction «; is defined, in-
dicating how much of a cell is occupied by the phase
i. The material properties in a cell with 0 < a; < 1
depend on the material properties of the constituent
phases. The fluid properties in the cells are treated as
a mixture. The density and viscosity are calculated
as:

P = Zipiai (1)
M= 2 2

The distribution of phase i is driven by the phase
mass conservation equation:

2 aidV+§a,~v-da=f(Sa,»—
ot Jy A v

1
f —V . (Ckip,'Vd’i) dV
v Pi
3)

where a is the surface area vector, v is the mixture
(mass-average) velocity, v; is the mass-average phase
velocity and v,4; = v;— v is diffusion velocity. S, isa

i Dp;
z_p)dv_
pi Dt
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source term of phase i, and ! is the material deriva-
tion of the phase density p;. For a two-phase flow, the
equation is solved only for the primary phase, which
in this case is the liquid.

To simulate two immiscible phases, a sharp in-
terface between them is essential. Star-CCM+ uses
the High-Resolution Interface Capturing (HRIC)
scheme, based on the normalized variable diagram
(NVD) [[16]. Recent versions of the VOF model in-
clude the surface tension via the continuum surface
force (CSF) approach. This approach includes sur-
face tension effects as a source term in the Navier-
Stokes equations.

The other governing equations include mass con-
servation and momentum equation. The total mass
conservation for all phases is given by:

a(fpdV) ‘quv-da:deV “4)
ot A v

where S is the mass source term, which is defined as:

S = Zs - pi (5)

This total mass conservation is related to the phase
mass conversion (Eq. [3) and includes the fluid mix-
ture through the density. The momentum equation is
defined as:

0
% (fpvdv) 56pv®v da——SgpI da
SET da+ffde Zf QipiVa ® Vg, - da

(6)

where p is the pressure, I is the unity tensor, T is the
stress tensor and fj, is the vector of body forces.

2.2. Computational Domain

To reduce computational cost, an axisymmetric
model was chosen. The simulation domain of the
stand-alone jetting model includes parts of the pres-
sure channel, the nozzle, and an air section as presen-
ted in Figure[3] The pressure channel has a radius of
rp and a length of /p. The nozzle is formed into the
nozzle plate with a thickness of Iy and has a nozzle
radius of ry. The nozzle has an angle ® and a neck
thickness /,..x. The air section has a length of /4 and
a radius of r4. The dimensions of the air section
must be sufficiently large to prevent any backflow
and boundary condition effects affecting the droplet
simulation. Moreover, the air domain should be large
enough to capture the crucial aspects of droplet form-
ation. Both the pressure channel and the nozzle are
filled with liquid at the start of each simulation.

Several simulations were performed to evaluate
the optimal mesh type and resolution, resulting in the
selection of a polyhedral mesh. A general guideline
is to aim for 10 grid cells to simulate spatial details
[3] accurately. For the droplet formation, the smal-
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Figure 3. Schematic of the axisymmetric compu-
tational domain, including the pressure channel,
nozzle, and air region.

lest length scale is the viscous length scale L,,, which
depends on 7, the surface tension coefficient:

L,="— 7

"y @
This length scale varies depending on the properties
of the liquid but is considered to be around 1-5 um
with typical values for fluid properties. This would
result in a minimal element size of 0.1-0.5 um to re-
solve all flow characteristics.

The minimal element size variation was chosen
with the values 1.6 um, 0.8 um, 0.4 um, and 0.266 um.
An example mesh with the smallest element size of
0.8 um is shown in Figure ] The refinement zones
marked in the top half of this figure were chosen to
both capture the meniscus motion within the nozzle
and the droplet formation. A base element size
of 5um was chosen in the coarse zones. A slow
growth rate was selected to create a smooth transition
between the refinement zone and the coarser mesh
area.

Figure 4. Unstructured mesh of the axisymmetric
model. (Top) Refinement zones capturing menis-
cus motion and droplet formation. (Bottom) Ex-
ample mesh with a smallest element size of 0.8 pm.

To investigate the mesh dependency and numer-
ical model parameters, a simple velocity waveform,
based on the simplifications presented in Figure[l] is
used on the inlet. A pull time of 1 s and a push time
of 2 us was chosen. The printhead in the simulation
has a nozzle diameter of 32 pum. For the initial sim-
ulation a general time-step of 2e-7 seconds was se-
lected with an adaptive time-step based on the CFL
number of the free surface. The CFL limit was set
at a maximum condition value of 0.4 and the impli-
cit solver SIMPLE was selected. The arbitrary fluid
parameters are p = 1050 kg/m?, © = 7 cP, and
v = 72 mN/m, resulting in a Ohnesorge number of
0.201. The results of the simulations are presented
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in Figure [5] which shows the volume fraction of li-
quid within the domain. A clear difference can be
observed in the tail breakup and the free surface in-
terface between mesh (a) and the rest of the simu-
lations. Mesh (c) and (d) show a sharp free surface
interface and a similar droplet behavior.

a)llllb)llll
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Figure 5. Simulation of the droplet formation at
different mesh resolutions with an unstructured
mesh at 5, 10, 15 and 20 us, respectively. Smallest
element size: a) 1.6 b) 0.8 ¢) 0.4 d) 0.266 pm.
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When comparing the position and the velocity
of the head droplet to the nozzle (Figure [6), similar
results between different mesh resolutions could be
observed. Both position and velocity show consist-
ency across different resolutions. Since a mesh resol-
ution of 0.4 um showed a sharp free surface interface
with a stable droplet formation, this mesh resolution
was selected for further investigations with a total of
660514 cells.
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Figure 6. Distance (--) and velocity (-) of the

head droplet over time at different mesh resolu-

tions with an unstructured mesh.

3. EXPERIMENTAL SETUP

Experimental studies were conducted to explore
the formation of droplets with a specified printhead.
A Newtonian fluid was selected for the experiments.
This allows for an accurate description of the fluid
properties without requiring complex fluid models.
A mixture of 1.2 propandiol and water was chosen
for this purpose. To investigate the influence of dif-
ferent fluid properties, two mixtures were studied.
The mixtures were based on mass fractions, and the
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desired composition was mixed in laboratory glass
vessels using a commercial scale. The two mixtures
have a 1.2 propandiol content of 50% and 25%, re-
spectively. They are referred to as mixture Ms, and
M>s in the following sections.

The studies were performed with a Samba print-
head from Fujifilm Dimatix. This printhead pro-
duces a native droplet size of roughly 3pL and
supports fluids with a viscosity range of 4-9cP.
A single printhead holds 2048 individual nozzles
each controlled by separate Silicon MEMS (micro-
electromechanical system) actuators. Every nozzle
is connected to a common refill channel that sup-
plies the ink chamber with a constant flow of ink and
is pressurized. The ink flows through the chamber
and leaves the printhead through a combined recir-
culation channel. A piezoelectric actuator on top of
the ink chamber can induce the necessary actuation
waveform to produce a droplet at the nozzle. Each
nozzle has a diameter of 17 wm and is cut into a 50 um
thick nozzle plate with an angle ® of 45 degrees.

A dropwatcher is directly connected to a JetX-
pert measurement software, which captures images
of the droplet formation and provides multiple ana-
lysis tools. The dropwatcher of JetXpert consists of
three parts: the printhead with a custom mounting
plate, a high-speed LED strobe light, and the high-
resolution camera system. All three components are
synchronized so when the printhead fires a droplet,
the strobe light flashes, and the camera records the
droplet in flight at a specific delay. The resolution
of the camera is half a micron, and it has an 8 mil-
lion fps-equivalent exposure time. The printhead can
be moved laterally to focus the camera on a single
nozzle. The fluid is supplied and recirculated by
a heated pipe system. The extracted data consists
of image sequences from the JetXpert measurement
software which have been used to calculate the ve-
locity and position of the droplets at different time-
steps. The delay between each image is 5 us.

For the experimental investigation, five differ-
ent pulse widths (#,.;) with an amplitude of 18V
have been selected: 1.65, 1.97, 2.294, 2.55, 2.87 us.
Additionally, several different amplitudes at a con-
stant pulse width of 1.97 us were tested. Besides
the single-pulse actuation, multi-pulse waveforms
have been tested. Two tested multi-pulse signals are
presented in Figure [TI] For both multi-pulse sig-
nals, the mixture M5y was selected. The first wave-
form (a) consists of two trapezoidal pulses with the
same amplitude. The second waveform (b) consists
of three pulses with changing amplitudes. The first
two pulses mainly increase the volume of the droplet,
while the task of the final pulse is the collection of
the tail. It can be observed that the produced droplet
from this waveform has an even higher volume and
no remaining satellite droplets in comparison to the
two-pulse waveform.
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4. RESULTS AND DISCUSSIONS
4.1. Calibration and Validation

The movement of the piezoelectric element gen-
erates an acoustic wave and a volumetric change that
propagates through the ink chamber. This can be
translated into a pressure change within the chamber,
that can be used as a boundary condition for the CFD
model. Since the timescale is short and the travel
times are fast, it is assumed that the pressure within
the chamber is approximately the same everywhere.
At the beginning of an actuation signal, the system
is in an equilibrium state. When the piezoelectric
actuator expands due to a voltage signal, it creates
a lower pressure in the ink chamber (see Figure [I)).
This low pressure is balanced out over time and falls
back to the previous pressure level of the system.
Two factors can be seen as responsible for the pres-
sure to go back into its state of equilibrium: the re-
traction of the meniscus and the fluid flow through
the recirculation and re-fill channel. When the piezo-
electric element falls back into its non-actuated state,
it creates a pressure increase in the ink chamber. This
pressure increase is balanced out by the movement of
the meniscus, optimally resulting in the formation of
a droplet.

To translate the relation between the observable
voltage input signal to the unknown pressure change
within the printhead, the system is simplified to be-
have like a resonance circuit. This is based on the
Lumped element model approach, which makes the
analogy that the electric current (i) and the voltage
(V) are equivalent to the volumetric flow rate (Q) and
pressure difference (AP), respectively. In the reson-
ance case, the system reacts to a change of state with
an exponentially damped sinusoid function [[17]. The
function of the response can be written as:

V = Aet sin(z—”t) (8)
w

where A represents the amplitude of the oscillation,
{ the damping factor, and w the wave period. Apply-
ing the aforementioned analogy, the voltage repres-
ents the pressure difference and the amplitude of the
oscillation depends on the amount of change from
the equilibrium state. This results in the following
equation:

2
AP = A sin (gt) 9

A, =pAy (10)

where A, is the amplitude in Pa, Ay is the amplitude
in V, and B is a constant with the unit Pa/V. The
voltage signal to the piezoelectric actuator leads to
an expansion and contraction of the actuator. This
movement leads to a decrease and increase in pres-
sure within the ink chamber. The pressure increase
is considered the same everywhere, and the actuation
instantaneous. This results in two natural responses
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of the resonance circuit, which are induced at the
beginning of each actuation, as presented in Figure
[l The pull motion of the actuator leads to a negat-
ive pulse, while the push motion results in a positive
pulse.

~=\oltage Pulse
—Pull Pressure Response
—Push Pressure Response

QPR
Yy

At =t;—t;

Figure 7. Schematic representation of two pres-
sure wave responses, concerning a voltage signal.

Both responses are superimposed to create the
final pressure waveform, which is used as the inlet
condition for the numerical model. The amplitude of
the response is directly coupled to the amplitude of
the voltage signal with the constant 8. The final equa-
tion for a single voltage pulse response as a pressure
waveform depends on the time of the responses and
the previous parameters. It can be written as:

AP(t) = 0 t<t)

AP(t) = Apef™sin (%ﬂ(t )+ 7r) (t < t3)
(11

2
AP(t) = Ape’"ssin (—"(r )+ 7r)
w

+Apef<f—’3>sin(2f(t - t3)) (t>=13)
where #; is the time of the first response, and 3 is
the timing of the second response. This function can
be implemented as a field function within StarCCM+
and provides a basis for data fitting with the experi-
mental results by calibrating the parameters. The first
step of the calibration process is to select a fitting
wave period w. The experimental results showed,
that a sweep across multiple pulse widths results in a
near quadratic relationship to the droplet velocity and
position over time. This effect is based on the super-
imposing waveforms of the push pulse and the resid-
ual vibration of the pull pulse. At an optimal inter-
ference, the pressure peak results in a maximum ve-
locity of the resulting droplet. To recreate this effect,
different pulse widths have been simulated, using an
amplitude of A, = 1.6 bar, a period of w = 5.2 us and
a dampening factor of £ = 250000. The value At was
varied in intervals of +10% starting from At = w/2,
by changing 73 in equation[TT]

To test the connection between the resonance
frequency and optimal pulse width, the same simu-
lations have been repeated for multiple values of w.
In Figure[8] the resulting relative droplet position for
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different pulse widths and values of w are presented.
It can be seen that a sweep across At results in the de-
scribed quadratic relationship and a change in reson-
ance period corresponds to a shift of the distribution.
This supports the assumption that the optimal droplet
ejection is achieved when the pulse width is aligned
with the resonance period, which changes with ma-
terial properties. The slopes of the different distribu-
tions are affected by the velocity of the droplet and
time when the data is extracted. It is therefore im-
portant to focus on the position of the maximum.

0.7

T
—w=4.4 us
w=4.8 s
—w=5 s
w=5.2 s
—w=6 s [{
Exp: M50
Exp: M,

N\

1.8 2 22 24 26 28 3 32 34 36
Atin ps

Figure 8. Simulation results of the relative droplet
distance resulting from different pulse widths and
resonance frequencies. All distances are derived
at the same timestep of 50 ..

To further calibrate the model, the parameter 3 is
used to match the speed of the ejected droplet in the
simulation with that in the experiment. In both cases
a linear increase in the amplitude results in a linear
increase of the droplet speed. The last step of the
calibration consists of the definition of a dampening
factor £. This was achieved by comparing the oscil-
lation of the meniscus in the simulation with that in
the experiments. With the designed and calibrated
model, a close match between the experimental res-
ults and simulated droplet formation across multiple
single pulse signals was achieved. Figure [9]shows a
visual comparison between experiments and simula-
tion for a case with an actuation amplitude of 15V.
Figure [T0] shows the comparison between the recor-
ded and simulated trajectory of multiple actuation
amplitudes.

IT IT I- I- I- I- I‘
a) by ¢ d e H 9

Figure 9. Comparison between experimental res-
ults (left) of a droplet formation with an actuation
amplitude of 15 V and the simulation (right) with
the calibrated model. The images are taken at 10,
15, .., 40 us, respectively.
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Figure 10. Trajectory comparison between exper-
imental droplets and simulated droplets at differ-
ent voltage amplitudes showing the distance (x;)
of the head droplet to the nozzle plate.

4.2. Application to different waveforms
and fluids

To explore different actuation methods, the two
multi-pulse waveforms are used as boundary con-
dition with the calibrated model. For this applic-
ation, the pressure waveform equation [T1] was ex-
tended by two additional responses for every added
voltage pulse. By superimposing all functions, a
combined pressure boundary condition was approx-
imated. The transformed waveforms for both input
signals are displayed in Figure[TT]

Pressure in bar

b)

0
Time in s

Figure 11. Computed pressure waveform for the
multi-pulse actuation. (a) M-shaped waveform
with two trapezoidal pulses, (b) complex wave-
form with three unipolar pulses.

The results of the M-shaped waveform simula-
tion are shown in Figure [T2a] A good approxima-
tion of the experimental droplet formation could be
achieved. The effect of two pulses is visible in the
simulation and the experimental observation. After
an initial actuation, the second pulse leads to an in-
crease in droplet volume. The final droplet in the ex-
periments consists of a single droplet with a smaller
satellite. The same result was predicted with the sim-
ulation. Nevertheless, a difference in final velocity
can be observed. When comparing the simulations of
the three-pulse waveform with the experimental ob-
servations, presented in Figure[I2b] a close resemb-
lance of the droplet formation was achieved. Two
smaller initial pulses lead to the increase in volume,
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Figure 12. Comparison of experimental and sim-
ulated droplet formation using amplitude of 18 V
and (a) M-shaped waveform, (b) complex wave-
form. The images are taken at 10, 15, .., 40 us,
respectively.

while the last pulse collects the tail and leads to a
satellite-free droplet. The entire process could be re-
created in the simulation. However, the final velocity
still slightly differs from the observed experiments.

Besides multi-pulse actuation modes, different
concentrations of 1.2 propandiol have been subjec-
ted to experimental tests. The numerical fluid para-
meters in the model were adjusted to examine the
performance of the model when using a different
fluid. Accordingly, the boundary condition approx-
imation was adapted by selecting a different wave
period w based on Figure The other boundary
parameters were not varied from the previous calib-
ration, assuming that w mainly depends on the fluid
properties, while 8 mainly depends on the displaced
volume. The simulation of this fluid showed also
a good agreement with the experimental results, as
shown on Figure[T3]

MU

Figure 13. Comparison of experimental and sim-
ulated droplet formation for mixture A,s using
a single trapezoidal waveform. The images are
taken at 10, 15, .., 40 us, respectively.

When simulating a multi-pulse actuation wave-
form, it is important to consider potential residual vi-
brations resulting from sequential actuation. In the
observed experiments, as presented in Figure [T4] it
can be noted that the meniscus does not fully retract
into the nozzle plate before the next droplet is fired.
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This can imply that the following droplets are affect-
ing each other at the chosen frequency based on the
residual vibration. For all single pulse actuation, the
meniscus fully retracts before the next actuation.

Nozzle plate at
a) / start of new actuation

Remaining ink at nozzle exit
at start of new actuation
b) /

Figure 14. Experimental observations of two ac-
tuation cylces of a single pulse actuation (a) and
a multi-pulse actuation (b). The arrow indicates
the beginning of a new actuation cycle. Remain-
ing ink at the nozzle can be detected during the
multi-pulse actuation.

To simulate a possible case with multiple
droplets, the complex waveform is repeated four
times within the simulation, resulting in four indi-
vidual droplets. The resulting waveform with the
current model is shown in Figure[T3] A clear overlap-
ping between the separate actuation is visible. The
frequency of the actuation is 20 kHz.

Pressure in bar

0 56 1(;0 1;0 260 2;0 300

Time in ps
Figure 15. Pressure waveform for a multi-shot
simulation with overlapping vibrations between
different actuation phases.

When simulating this waveform, a different be-
havior between the first droplet and the following
droplets can be observed, as shown in Figureﬂjl The
first droplet moves with a significantly higher velo-
city, while the following droplets are slowed down.
The difference in the actuation can also be seen in
the meniscus movement. When simulating a single
droplet, the effect of the previous droplet on the actu-
ation waveform might not be captured. These show
that while multi-pulse actuation effectively reduces
satellite formation, residual meniscus vibrations in
sequential jetting can alter droplet velocity and tra-
jectory, which is of special importance for high-
frequency applications.

5. PARAMETER STUDY

With the calibrated model, different fluid and
printhead properties were investigated and their in-
fluence on jetting behavior with the given printhead
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Figure 16. Sequential images of the multi-shot
simulation. The images are taken at a rate of 10
s beginning at 10 s after the actuation.

dimensions was analyzed. This initial analysis of
different fluid properties did not take into account a
changing wave period and therefore only allows for
a general guideline. An increase in density showed
a reduction in jetting velocity and droplet volume
while slightly delaying the time of pinch-off. A
change in viscosity showed a strong influence on the
droplet velocity and volume, as well as the pinch-off
timing. Both velocity and volume greatly decreased
with an increase in viscosity while the pinch-off time
was delayed. An increase in surface tension showed
a faster pinch-off and an increase in maximum jet-
ting velocity while only slightly affecting the droplet
volume and final velocity. For the given printhead,
a change in contact angle only affected the droplet
formation when reaching a non-wetting behavior. An
increase in contact angle over that point resulted in a
decrease in velocity and volume. The effects of vis-
cosity are considered the most influential, given the
strong fluctuation of ink viscosity depending on tem-
perature changes.

6. CONCLUSION

A numerical stand-alone model of the jetting
process from a DOD printhead was successfully de-
veloped. The model was designed to simulate an ex-
isting printhead with limited available data by incor-
porating a resonance circuit assumption and calibrat-
ing the boundary condition using experimental obser-
vations. A good agreement between the numerical
and experimental results was achieved across mul-
tiple actuation waveforms and different fluid com-
positions.

The study confirmed that multi-pulse actu-
ation improves droplet formation by controlling tail
breakup and reducing satellite formation. However,
new simulations demonstrated that sequential actu-
ation leads to residual meniscus vibrations, affecting
the velocity and trajectory of subsequent droplets.
These results emphasize the importance of consid-
ering inter-droplet interactions in waveform optimiz-
ation for high-frequency printing applications.
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