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ABSTRACT

We present an experimental study of drop-on-demand inkjet behavior, with particular emphasis on the thresholds for drop generation and
formation of satellite drops, using inks covering a range of fluid properties. Drop behavior can be represented as a “phase diagram” in a
parameter space bound by the dimensionless number Z (the inverse of the Ohnesorge number) and the Weber number of the fluid jet prior to
drop formation, We;. Stable drop generation is found to be bounded by a parallelogram with minimum and maximum values of 2 < We; < 25.
The lower bound indicates where capillary forces prevent drop ejection, and the upper bound indicates the onset of satellite drop formation.
For Z < 50, the critical We; for drop ejection increases with decreasing Z because of the contribution of viscous dissipation during drop
formation. This requires an increase in the voltage required to drive the piezoelectric actuator until at Z ~ 0.3 no drop ejection is possible.
With Z > 4, the value of We; at which satellite drops form decreases with increasing Z until at very large values of Z single drops can no longer
form at any We;. However, despite the large range of fluid properties over which stable drops can form, the need for a large range of both Z
and We; limits the region of practical ink design to the approximate range of 2 < Z < 20. These results are shown to be compatible with current
models of the drop formation process reported in the literature.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5085868

I. INTRODUCTION

Inkjet printing has applications beyond the graphic arts in
diverse areas such as printed electronics,'? printed ceramics,®™ and
biomaterials.° These all require the formation and deposition of
droplets in a controlled manner, with droplets traveling at a sta-
ble velocity and with a precise and defined volume, typically in
the range of 1-100 pl (107°~107"* m?). The increased application
area of the technology has required the development of an exten-
sive array of inks of a range of chemistries and potential rheo-
logical properties, including polymer solutions,” nanoparticle sus-
pensions,® and suspensions of high aspect ratio particles including
nanotubes® and atomic thick layers of two-dimensional (2D) mate-
rials.®'% There are a large number of operating modes by which
inkjet printers may generate droplets, and the principles of these
have been reviewed elsewhere.''”'® However, most applications

outside marking, coding, and low-resolution graphics use piezoelec-
tric actuated drop-on-demand (DOD) inkjet printing, and hence
this study is limited to the formation of droplets from inks delivered
by this method.

There has been significant previous study of the influence of
ink rheological properties on DOD inkjet printability. Dijksman
and Fromm carried out the earliest work focused on understand-
ing the influence of fluid physical properties on the mechanisms of
drop generation during inkjet printing.'*'> Fromm used a velocity
independent dimensionless number Z (the inverse of the Ohnesorge
number) in his calculations,

V7pa

1 Re

Ze —=—2 V7 M
Oh /We n

where Oh, Re, and We are the Ohnesorge, Reynolds, and Weber

numbers, respectively; y, p, and # are the surface tension, density,
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and dynamic viscosity of the fluid, respectively; and a is the char-
acteristic length, here taken as the diameter of the printer ori-
fice. Such a fluid velocity independent dimensionless number has
advantages as a suitable metric for fluid selection. Fromm sug-
gested that Z > 2 for stable drop formation because viscous dissi-
pation prevents drop ejection at lower values. Reis and Derby pro-
posed, on the basis of computational fluid dynamics (CFD) mod-
eling, that Z should be in the range 1 < Z < 10, with viscous
dissipation preventing drop ejection when Z < 1, while satellite
drops were predicted to form together with the primary drop when
Z>10.'°

The principles of drop formation indicate that a minimum fluid
velocity must be achieved by the actuating pulse to overcome vis-
cous and surface tension forces during drop formation. Initial simple
models by Duineveld et al.'” proposed that the minimum veloc-
ity was determined by the inertial force required to overcome sur-
face energy, in which case the minimum fluid velocity is defined
by a minimum Weber number, with We > 1 for drop generation.
Xu and Basaran carried out a numerical simulation of drop for-
mation and found that at Z = 10, We > 10 for stable drop forma-
tion."® However, another numerical study by Mao et al.'® reported
minimum velocities in line with the prediction of Duineveld
etal.

An upper bound for printability is normally taken as the crit-
ical velocity for the onset of satellite drop formation in addition
to the leading printed droplet. During DOD inkjet printing, the
actuation pulse drives a column of fluid through the printer ori-
fice. Ideally, once the pulse terminates, the column thins rapidly
to a thread and pinches off leading to a characteristic drop with
an elongated tail that retracts to form a single spherical drop in
flight; satellite drops form if there is more than one pinch point
in the tail. Dong et al. studied DOD inkjet drop formation using
three fluids, water, a water-glycerol solution, and a water-glycerol-
isopropanol solutions with Z = 44, 8.9, and 6.2, respectively, and a
range of actuation voltages.?® In all three cases, the length of the liq-
uid column ejected increased with increasing actuation voltage. At
all actuation voltages, water formed satellite drops with the num-
ber of satellites increasing with actuation voltage, and the authors
suggested that the breakup of the liquid thread was through the
propagation of capillary waves. The glycerol solutions showed more
stable liquid threads, which either retracted back into the leading
drop or, at long lengths when a single pinch off occurred, formed
a satellite that eventually recombined with the leading drop. This is
consistent with the work of Notz and Basaran,?! who modelled the
stability of isolated liquid filaments and found that when Z < 10 fil-
aments retract to a sphere, whereas at larger values they pinch off
satellites.

This brief review suggests that the principal mechanisms for
drop formation during DOD inkjet printing are relatively well
understood; however, this is not the case. The majority of the exper-
imental studies for DOD inkjet printing have used simple tubular
actuator droplet generators and similar ranges of experimental flu-
ids. Despite this, they report different limiting values for Z defining
the range of fluid printability with 1.5 < Z < 12.7,'6 4 < Z < 14,? and
1 < Z < 16.° Although there is general agreement that the minimum
value of Z is close to 1, the upper bounding value shows greater vari-
ation. Indeed there are a number of reports of successful DOD inkjet
printing with Z >> 10.7-?325 See Table 111 in the Appendix for a full
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review of the published data. The general trend of these observations
has been confirmed by numerical modeling of the drop formation
process.'&19.26.27 However, the various models presented for DOD
inkjet drop formation do not use common or consistent boundary
conditions defining the initial fluid flow. This neither allows easy
comparison between models and experiments nor between differ-
ent modeling approaches, especially given that experimental stud-
ies have demonstrated that the velocity and ejected volume of a
piezoelectric DOD inkjet droplet can be controlled within a cer-
tain range by appropriate design of the actuation pulse (e.g., pulse
shape, voltage, frequency).*?%2€ Thus we believe there is a need for
further careful experimental study of the interrelation between ink
physical properties and fluid actuation during the drop formation
process.

Here we present a study of the drop formation mechanisms
as a function of fluid properties and actuation pulse using a print-
head from a commercial inkjet printing system (Dimatix Material
Printer, Fujifilm Dimatix, Santa Clara, CA, USA). This generates
droplets through the shear mode actuation of the wall of a fluid
filled chamber. We have selected this for two reasons. First it is
the printing system of choice in a very large number of reports
in the literature for the printing of functional materials, e.g., for
printed electronics, sensors, and displays; thus reports of print-
ability and ink design using this equipment will be of wide rang-
ing interest. Second, we wish to compare our experimental dataset
with those from other authors in the literature who have mostly
used drop generators actuated by the contraction of a tubular
fluid reservoir is changed,'®'92627 to determine whether there
is any strong influence of actuator design on DOD inkjet drop
generation.

Il. EXPERIMENTAL PROCEDURE

To investigate the influence of fluid properties on ink print-
ability, 11 solution based inks were prepared with compositions
selected to obtain a range of Z from 0.05 to 36.8. Ink formula-
tions included de-ionized (DI) water, solutions of DI water and
ethylene glycol, pure ethylene glycol (Sigma-Aldrich, Gillingham,
Dorset, UK), pure diethylene glycol (Sigma-Aldrich), and pure glyc-
erol (Sigma-Aldrich). Inks were either used in pure form or mixed
to the desired composition in glass laboratory vessels. The inks were
filtered through a 0.45 ym polytetrafluoroethylene (PTFE) syringe
filter (Puradisc Whatman, Little Chalfont, UK). 4 ml aliquots of
the inks were extracted using a 5 ml adjustable-volume pipette
(Fisher Scientific Ltd., Loughborough, UK) and weighed using
a laboratory balance (ATX, Marsden Weighing Machine Group
Ltd., Rotherham, UK). The mean densities of the inks were calcu-
lated from the measured volumes and weights. Viscosity and sur-
face tension were measured using a single head Hybrid Rheome-
ter (Discovery Hybrid Rheometer, TA Instruments, Inc., New
Castle, DE, USA) and a Drop Shape Analyser (DSA 100, Kriiss
GmbH., Hamburg, Germany), respectively. The physical proper-
ties of the inks and the dimensionless constant Z are displayed in
Table L.

All inks were used with a shear mode actuated drop genera-
tor with nozzle diameter 21.5 ym that produces drops of nominal
volume 10 pl (DMC-11610, Fujifilm Dimatix, Santa Clara). This
was mounted on a PiXDRO LP50 inkjet printer (Meyer and Burger,
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TABLE I. Composition and fluid physical properties of the inks, together with the computed value of the dimensionless number
Z, taking the characteristic length to be the diameter of the printing orifice (21.5 um).

Density Dynamic viscosity ~ Surface tension
Ink no. Composition (kgm %) (mPas) (mNm™ ) V4
1 De-ionized (DI) water 991 1.07 72.7 36.8
2 EG(0.05):Water(0.95) 992 1.16 69.5 332
3 EG(0.10):Water(0.90) 994 1.47 68.9 26.1
4 EG(0.15):Water(0.85) 1002 2.32 67.7 16.5
5 EG(0.25):Water(0.75) 1014 2.72 67.0 14.1
6 EG(0.50):Water(0.50) 1048 4.39 60.3 8.40
7 EG(0.75):Water(0.25) 1077 7.81 52.7 4.47
8 EG(0.85):Water(0.15) 1093 10.5 50.2 3.28
9 Ethylene glycol (EG) 1105 15.8 45.5 2.08
10 Diethylene glycol 1090 27.1 42.7 1.17
11 Glycerol 1261 934.0 76.2 0.05

Eindhoven, Netherlands) equipped with a high-speed camera sys-
tem and a flash light-emitting diode (LED) for the stroboscopic
imaging of printed droplets. The drop generator was actuated using
a unipolar trapezoidal waveform of peak amplitude in the range
10-40 V, with rise, dwell, and fall times of 1 us, 3 us, and 3 us,
respectively (Fig. 1). Note the minor secondary peak that cannot be
avoided in the actuation software used with the DMC11610, and it is
believed that this has an amplitude too small to influence the jetting
characteristics.

Drop velocities and volumes were calculated from stroboscopic
images. The PiXDRO-LP50 is equipped with proprietary image
analysis software (Dropview) allowing image capture of individual
droplets and can be used to calculate the droplet volumes, positions,
travel angles, and travel velocities. The mean drop velocity was cal-
culated by measuring the distance travelled between LED trigger
delays of 60 us and 120 ys. The inks were all printed at a jetting
frequency of 1 kHz. Drop images were captured by increasing the

L

Voltage 4
A

dwell

[
>

tice el tran Time
(ns)

FIG. 1. Schematic of the unipolar trapezoidal waveform used with the Fuiifilm
Dimatix DMC 11610 10 pl droplet generator.

delay time of the camera from 0 ys in steps of 10 s until the droplet
disappears from the screen.

lll. RESULTS

The influence of the dimensionless number Z on drop behav-
ior is presented in Fig. 2, which shows a sequence of stroboscopic
images of drop formation using inks 1-9, spanning a range of Z
from 2 to 37. The drops were formed using identical actuation
pulses with a dwell amplitude of 23 V. Each sequence of images
is taken with a 10 us delay increment; hence, the distance trav-
elled between each image is proportional to drop velocity, which
increases as Z rises from 2 to 14 and remains approximately con-
stant after that. Inks 10 and 11, with Z = 1.17 and 0.05, did not eject
drops with this actuation signal. At low values of Z, a single drop
is formed, and with Z > 14, multiple or satellite drops are present.
This behavior is consistent with that proposed by Reis and Derby'®
and confirmed by Jang,?? albeit with slightly different limiting values
of Z.

Figure 3 shows a sequence of stroboscopic images of drop for-
mation using ink 7 (Z = 4.47) and varying the amplitude of the
actuating pulse in the range 16-30 V. When the voltage is smaller
than 16 V, no stable drops were generated. As the actuation volt-
age increases, the fluid jet can be seen at small strobe time intervals,
and at 23 V, the jet is seen to extend from the nozzle attached by a
thin ligament of fluid, which ruptures to release a single drop. As the
voltage is increased to 25 V, the ligament ruptures near the nozzle
and the resulting tail retracts through surface tension into the drop
within 100 us. With larger voltages, longer tails and larger drop vol-
umes form and the ligament ruptures both near the nozzle and the
leading drop to form first a single satellite drop and then multiple
satellites. At intermediate actuating voltages, the satellite catches up
with the main drop and is reabsorbed. However, when the amplitude
>28 V, a number of stable satellites trail the primary leading drop,
and as the pulse voltage is further increased, additional satellites are
formed. There is also a clear increase in the leading drop velocity as
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FIG. 2. Images of drop formation taken at 10 s increments of strobe delay for inks with Z ranging from 2 to 37 at a constant dwell voltage of 23 V using a 10 pl DMC-11610
drop generator. (a) Ink 9, Z = 2.08; (b) ink 8, Z = 3.28; (c) ink 7, Z = 4.47; (d) ink 6, Z = 8.40; () ink 5, Z = 14.1; (f) ink 4, Z = 16.5; (g) ink 3, Z = 26.1; (h) ink 2, Z = 33.2; (i)

ink1,Z=36.8.

the actuating voltage increases. A threshold for satellite formation
with increasing drop velocity has also been reported by Tsai*®> and
Nallan.?®

Figures 4(a) and 4(b) show the drop velocity and volume as a
function of actuation voltage. In the case of multiple drop ejection,
the datum is taken from the leading drop. In all cases, the ejected
drop velocity and volume increase with increasing actuation voltage.

This has also been seen with studies using cylindrical actuators.*?®

Note that the drop velocity as a function of actuating pulse ampli-
tude follows a similar trend for each fluid but above a critical or
threshold voltage for drop ejection that increases as Z decreases. If
we replot the velocity data as a function of the voltage difference,
AV, between the actuating voltage and the critical threshold for drop
ejection [Fig. 4(c)], there appears to be a linear universal relation
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FIG. 3. Images of drop formation from ink 7 (Z = 4.47) taken at 10 us increments of strobe delay, with actuation amplitudes of (a) 16 V, (b) 17 V, (c) 20 V, (d) 23 V, (e) 25 V,

(7 27V, (g) 28V, (h) 29V, (i) 30 V.

between drop velocity and AV. The relation between drop volume
and actuating voltage shows a similar trend for each ink tested, but
the data are not coincident nor are they if plotted against AV. At a
given actuation voltage, the volume ejected increases slightly with
increasing Z. A similar monotonic relation between drop volume
and actuating voltage has been reported previously with cylindri-
cal actuators and also the relationship between ejected drop volume
and Z.%8

Figure 5 summarizes the range of drop formation morpholo-
gies observed with all the fluids and pulse actuation voltages, with
the drop velocity represented in dimensionless form as the Weber
number, We. Each fluid is presented as a column of data points at
constant Z, with each data point representing drop behavior at 1 V
increments of the actuating voltage above the critical value for drop
ejection. Four classes of drop behavior are seen: filled square sym-
bols indicate the ejection of a stable single drop; circles indicate the
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formation of a single satellite droplet of greater velocity than the
leading droplet such that they recombine in flight within 1 mm of
the nozzle (the limit of the field of view of our imaging system);
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FIG. 5. Influence of fluid physical properties, characterized by Z = 1/0h, and actu-
ation voltage on dimensionless drop velocity (Weber number) and morphology.
Filled square symbol represents a single drop, circle represents a satellite that
merges with the leading drop in flight, pentagon represents a single stable satel-
lite, and star represents two or more satellites. Minimum voltage for drop ejection is
indicated for each fluid with subsequent data points increasing by 1 V with increas-
ing We. The blue lines indicate the region of stable drop formation reported by
Nallan et al.?®

Pulse Amplitude (V)
(b) symbols two or more drops formed. (a)

25 30 35 40 and values of Z are indicated; filled sym-

bols indicate a single drop, and open

Leading drop velocity as a function of
actuating pulse voltage. (b) Leading drop
volume as a function of actuating pulse
voltage. (c) Drop velocity as a function
of actuating voltage above the threshold
voltage for drop ejection.

pentagons indicate the presence of a single stable satellite droplet
with velocity less than or equal to the leading drop; and finally a five-
pointed star indicates the presence of multiple satellites. Superim-
posed on this figure is a five sided polygon that identifies the region
of printability reported by Nallan et al., who used a tubular actu-
ated drop generator to study drop formation using a similar range
of inks.?? The bounding values of Z are similar to our findings, but
single drops were reported for lower values of We, and the transition
to satellites occurred at a slightly higher value than reported here.
Nonetheless, this comparison of our data with the results of Nallan
et al. suggests that inkjet drop behavior is only slightly influenced by
the method of actuation.

IV. DISCUSSION
A. Minimum voltage for drop ejection

Duineveld et al. suggested that the minimum velocity for drop
ejection is controlled by the inertial force required to overcome the
formation of the drop surface area,'” and this has been supported
by the numerical models of Xu and Basaran.'® However, in addi-
tion to the formation of a new surface, there are other dissipative
processes causing the ejected drop velocity, v4, to be smaller than
the fluid jet velocity, vj, in the drop generator prior to drop for-
mation and detachment. Driessen and Jeurissen produced a model
to predict the change in velocity of a printed drop by consider-
ing drop formation as a momentum balance between advection,
the increase in surface area to form a drop, and viscous dissipation
during the retraction of the liquid ligament that accompanies the
drop.>©
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Here we provide a concise summary of the approach used by
Driessen and Jeurissen, but for a full derivation, we refer to the
original work.>° Their model uses an approach similar to that first
used by Dijksman'® but using a momentum balance rather than an
energy balance. The volume of the ejected drop, V4, is defined by the
integral of the fluid flow rate through the nozzle, taken as a circular
section with radius r, with

te
Vi= f T[Tszdt‘ 2)
to
In Eq. (2), t, and t. are the time at which fluid flows toward the
nozzle to form the initial jet and the time when the flow arrests
or reverses. The two processes that reduce the momentum of the
fluid advection are viscous dissipation during the formation and
shrinking of the fluid neck as a droplet separates from the fluid jet
and the formation of the detached drop surface area. The momen-
tum transfer, p,, during neck formation and thinning occurs during
the viscous processes accompanying neck stretching and thinning,
assuming that the initial neck radius is identical to the nozzle radius,
is given by

Pn = —3nr271. 3)

The final contribution is from the capillary force opposing the fluid
as it leaves the nozzle. This is controlled by the nozzle radius, and
the resulting momentum change is

pe = =(to = te)mry. 4)

Combining the momentum change from advection, viscous
dissipation, and capillarity, an approximate expression for the
ejected drop velocity is given by

Vg = L(ft prr*vidt — 3nmr’ — (t, - t,,)nry). (5)
de t, /

In the absence of viscous dissipation, and assuming the fluid flow is
modelled as a fixed period at constant velocity, v; will be negative
if prvf <y, or We < 2 (here we use the diameter as the charac-
teristic length), which is identical to the prediction of Duineveld
et al.'” Tt is not possible to measure v; directly because of the limita-
tions of the optics of our system; thus, Eq. (5) is used to estimate the
fluid jet velocity from our measurements of drop velocity and drop
volume.

If the fluid flow in the tube is simplified to a constant velocity
for a time, 8t = t, — t, the volume of the ejected drop is given by
V4 = nr’v;0t, and Eq. (2) can be rearranged to give

—Vivg— ————=0. 6

jvd P(S t pr ( )
This can be solved analytically to obtain v; for a given v,, with the
only unknown being the time, 8¢, for the fluid flow in the actua-
tor. Considering that the actuating pulse in Fig. 1 has a rise time of
3 us and a total duration of 7 s, it is reasonable to expect the value
of §t to lie somewhere in this range. In order to determine §¢, we
compare the predicted drop volume, V; = nrzvjét, with that deter-
mined experimentally for all values of Z and actuating voltages. The
optimum value of ¢ was found to be 3.9 us. Thus we are able to esti-
mate the fluid jet velocity at the onset of drop formation, and this is
displayed in Table II.
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TABLE II. Minimum drop velocity for drop ejection, v, equivalent estimated fluid jet
velocity, Vjmin, and the minimum Weber number of the fluid jet Wejmy.

Threshold voltage Vinin Vimin

Ink no. Z V) (ms™Y)  (msh) Wejmin
1 36.8 13 1.6 3.7 4.0
2 33.2 12 1.4 3.5 3.8
3 26.1 13 1.4 35 3.9
4 16.5 13 1.2 3.5 3.9
5 14.1 13 1.2 3.5 4.1
6 8.40 15 1.4 3.7 5.2
7 4.47 17 1.4 4.0 6.9
8 3.28 20 1.2 4.1 7.7
9 2.08 23 1.4 4.6 11.1
10 1.17 28 0.4 5.0 13.6
11 0.05

From the results in Table II, we see that for inks 1-5, with
7 > 14, the surface tension term dominates and there is a constant
critical We; that must be exceeded for drop formation. Inks 6-10
have lower values of Z, and here viscous dissipation processes during
thread extension and rupture become increasingly more important
and the minimum jet velocity for drop ejection increases. Thus the
observed minimum or threshold actuating voltage for drop ejec-
tion is better considered as a minimum fluid jet velocity (and thus
We;) for drop ejection. Unfortunately it is not possible to compare
our results with the drop generation threshold data published by
Nallan et al.?® because they do not report the ejected drop volume
and hence the fluid jet velocity cannot be estimated from their drop
velocity data.

B. Threshold for satellite drop formation

Figure 5 shows that the threshold for satellite formation is also
a function of Z. At low Z, there appears to be a critical value of
We ~ 10 above which stable satellites form. However, when Z > 6,
the maximum We; before satellites form reduces rapidly to around
a value of 4 at the largest values of Z explored in this study. Figure 5
also shows the limiting values for stable drop ejection reported by
Nallan et al. using a different drop generator design.?® In Nallan’s
study, there is also a decrease in the critical We at larger values of Z
and a clear maximum value of We at Z » 5, roughly where we see
the onset of the decrease in critical We. The prior work of Nallan
did not consider the transition from single to multiple drop ejection
in detail. Here we identified three drop ejection regimes as the drop
Weber number increases:

(i) Anisolated stable drop.

(ii) The drop accompanied by a single satellite, which may have
a greater velocity than the leading drop and after a brief time
interval coalesces to form a single drop or a velocity equal to
or lower than the leading drop and remain as a satellite to the
leading drop.

(iif) The drop accompanied by multiple satellites.
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At low values of Z, satellites were rarely seen; however, the max-
imum drop velocity at low Z was limited by the actuation of the
drop ejector, and it is possible that multiple satellites may form at
larger drop velocities than available to this study. Inks 1-7 (with
Z > 4) all showed all 3 regimes of drop behavior. However, although
there is some evidence for a decrease in We at the transitions from
regimes (i)-(ii)-(iii) that can be seen with increasing Z in Fig. 5,
there is little correlation or trend that can be inferred from the results
other than a wider range of We for multiple drop formation as Z
increases.

Satellite formation is associated with the stability of the fluid
ligament that forms during drop ejection and pinch-off. An early
study of Schulkes considered the stability of a free standing liquid
filament and demonstrated that viscous filaments could retract to
form a sphere, even if their aspect ratio was such that a Rayleigh-
Plateau instability was expected.*? In such cases, the viscosity
damps the capillary undulations and there is sufficient time for
the filament to retract. This behavior was shown to be depen-
dent on the Ohnesorge number with stable contraction predicted
if it exceeded a value in the range 10722107 (Z < 10-100) with
the transition also dependent on the length of the fluid ligament.
This and similar work was reviewed by Notz and Basaran,?! who
carried out further numerical simulation of fluid ligament stabil-
ity to predict the interrelation between fluid properties, ligament
length, and the onset of ligament instability. They found that for
Z < 10 ligaments were stable irrespective of length and always
retracted to form a stable drop, and at higher values of Z, liga-
ment stability also required the ligament to be smaller than a crit-
ical aspect ratio of 27.5 when Z = 20 and reducing to 5.5 when
Z =1000.

Kim and Baek carried out an extensive exploration of the
parameter space for DOD inkjet printing using a numerical
model.>> They too found a transition in behavior at a value of
Z =~ 10, with multiple satellite drops forming above a critical We
at high Z and a small single satellite forming at low Z. Our data
are consistent with a change in satellite drop behavior at an inter-
mediate value of Z ~ 10, and we found that satellite drops always
formed above a critical drop/jet Weber number but that multiple
satellite drops were only seen at high Z. Kim and Baek predicted
that at low Z the single satellite drop is accompanied by a thin liquid
thread, a phenomenon that we have not seen although it is possible
that they cannot be resolved with our imaging system. Dong et al.
reported a study of drop formation using a push mode DOD inkjet
drop generator and considered the dynamics of ligament breakup
into satellite drops.? They found that the rate of ligament break
up was a function of Oh, with the critical length of stable liquid
filament increasing with increasing O#, i.e., with decreasing values
of Z.

It is important to note that satellite drop formation is an
aspect of the breakup of the fluid ligament that forms behind the
drop. It is well known that this can depend on the actuating wave-
form in DOD inkjet printing; thus, this aspect of the study is not
complete.®*

C. Printability phase diagram

Printability phase diagrams within a parameter space defined
by fluid property dimensionless numbers have been proposed
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earlier. Derby and Reis®' used axes of Re and We and proposed
a printability range delimited by lines 1 < Z < 10, a maximum
drop velocity determined by a splashing transition, and a mini-
mum We as proposed by Duineveld et al.'” This was further elab-
orated in later publications.>'? Kim and Baek defined a printability
phase diagram using computational fluid dynamics (CFD) mod-
eling with axes of We and the Capillary number, Ca = nv/y,**
and this was in part verified by the experimental study of Nal-
lan et al?® However, phase diagrams plotted from experimental
data have generally used the velocity of the printed drop in flight
as the characteristic velocity in the dimensionless parameters used
to define the appropriate parameter space. We contend that this
is not appropriate for considering the conditions for drop genera-
tion because, self-evidently, the lower limit for drop generation is
defined by a velocity of zero. Thus we propose that a more appro-
priate dimensionless number to define fluid velocity is the Weber
number of the fluid in the nozzle or jet prior to the drop forma-
tion process, We;. Here we propose a printability phase space with
axes of Z (alternatively Oh, its inverse) and We;. The parameter
Z is independent of velocity [Eq. (1)] and contains a single non-
material parameter, a characteristic dimension of the printing nozzle
(in this case taken as its diameter). Hence Z provides a relatively
device independent measure of ink quality, particularly because
the diameters of practical printing nozzles span a relatively small
range.

Figure 6 shows our data plotted in Z-We; space, where we have
determined We; using the estimated jet velocity, vj, calculated by
solving Eq. (6) for each value of the drop velocity, v,. Figure 6 pro-
vides a more informative analysis of the threshold for drop forma-
tion. A notional set of limiting bounds for stable single drop forma-
tion is superimposed upon our experimental data in Fig. 6, indicated
by bold blue lines in the form of a quadrilateral. The minimum value
for We; observed here was ~4. However, we do not believe that this

100 T T T

Jet Weber number, Wej
>

O Single Droplet

O Satellite Coalesces

¢ One Stable Satellite |

¢ Two or More Satellites
1

0.1 1 10 100 1000
z

FIG. 6. Phase diagram for printability in a parameter space of Z and the jet Weber
number, We;. Filled symbols indicating stable single drop generation at lower val-
ues of We; and a sequence of satellite drops forming above an upper threshold
value of We;. Superimposed upon the experimental data is a quadrilateral repre-
senting the inferred regime of fluid printability, which indicates 4 transition regimes
labeled I-IV.
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necessarily represents the bounding value because we only investi-
gated drop formation at 1 V increments of actuation and other work
has reported drops with lower velocity in flight than seen in this
study, thus a smaller lower bound of We; is likely. Here we use the
bounding value of We; = 2, as proposed by Duineveld ef al. in an ear-
lier study.'” Note that this bound is also predicted by Eq. (5), if the
effect of fluid viscosity is negligible. Thus the lower horizontal line
represents a lower bounding value for drop generation controlled by
the surface tension of the jetting fluid (Bound I) evident at larger
values of Z.

A diagonal line (bound II) shows that at lower values of Z the
drop generation threshold requires a greater jet velocity to form and
pinch off a drop, as indicated by the increasing critical actuating
voltage [Fig. 4(a)]. This line is constructed from our experimen-
tal data and is extrapolated to intersect our bounding minimum
We;j = 2 at Z ~ 40. An upper bounding horizontal line at We; ~ 25
represents a critical We; for the formation of satellite drops (bound
III). At low values of Z, this leads to the formation of a single satel-
lite drop. We have no data for drop generation in the regime 0.05
< Z < 1.17, representing the transition between ink 11 (unprintable)
and ink 10 (printable); thus, the intersection of the drop formation
limit (bound II) with the satellite formation limit of We; = 25 at
Z =0.3 is an extrapolation. However, from data in the literature (see
Table I1I in the Appendix), there is evidence for printable inks with
Z<1.

When Z > 4, the critical We; for satellite formation decreases
and the generation of multiple satellites is observed (bound IV).
This boundary is less easily defined from the experimental data,
e.g., inks 5 and 6 (Z = 14.1 and 8.40, respectively) showing satel-
lite formation at, respectively, much higher and lower values of We;
than would be expected from the trend seen with the sequence of
inks. Thus line IV, approximately, defines the region where single
drops form, from We; = 25 at Z = 4 to the intersection of the lower
bounding value of We; = 2 at Z = 700. Again we justify extend-
ing our printability bounds from evidence in the published data
that stable drops are possible at Z > 100 under certain conditions
(Table ITT in the Appendix).

Our experimental data and guided extrapolation suggests that
there is a very large range of fluids bounded by 0.3 < Z < 700
where stable drops are possible. However, for an ink to have util-
ity, we would expect it to be free from satellite drop formation
over a large range of drop velocities, and as can be seen from
Fig. 6, at both high and low values of Z, the interval of stable fluid
velocity (We;j) decreases. In addition, the ejected drops must pos-
sess sufficient velocity to travel from the nozzle to the substrate
without disturbance, and thus drops generated with low veloc-
ity (low values of We;) may not be practical. Thus we propose
a smaller limit for useful printability of 2 < Z < 20 from our
data.

The shape of the printable region inferred from our experi-
ments may also explain the large and disparate limiting range of
the bounding values of the parameter Z reported in a number of
studies of ink printability (Table III in the Appendix). If experi-
ments (or simulations) are undertaken using a limited range of drop
generation actuation (or jet fluid velocity), only a narrow range
of We; is probed, and hence behavior is limited by a maximum
and minimum Z. However, another study may interrogate a differ-
ent range of We; and thus sample a regime with a different Z,,;,
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and Zax. At all values of We; where stable drops are formed, the
limiting values of Zuin and Z,.x span approximately an order of
magnitude, i.e., Zmax/Zmin ~ 10, which is consistent with earlier
studies.> 622

V. CONCLUSIONS

The printability of an ink suitable for use with an inkjet printer
is defined by the ability to eject a well-formed single drop with-
out the formation of satellite drops. We propose that a parame-
ter space defined by the dimensionless parameters Z and We; can
best determine the printability of a fluid with known (Newtonian)
physical properties. The use of Z is justified because it does not
contain a velocity term. The Weber number is determined using
the velocity of the fluid prior to drop formation, i.e. the fluid jet
Weber number, We;. This more accurately captures the mechanisms
of drop ejection and gives a fairer representation of the practical
utility of an ink. The region of printability is bounded by maxi-
mum and minimum values of We; (2 < We; < 25) and is shaped
in the fashion of a parallelogram, centred around Z ~ 2-20, with
different behavior at low and high values of Z. The lower bound of
We; = 2 represents the limiting capillarity forces that must be over-
come for drop formation (bound I). The upper bound of We; = 25
represents the intrinsic instability of the extended tail that forms
as a drop is ejected (bound III). The low Z limit to printability
(bound II) indicates a region where viscous forces become increas-
ingly important and the minimum We; for drop ejection increases
with decreasing Z, accompanied by an increase in the minimum
actuation voltage for drop ejection. At large Z, the maximum We;
before satellites form decreases with increasing Z because the low
viscosity fluid forms liquid columns that readily pinch off to form
satellites (bound IV). However, at both high and low values of Z,
the range of fluid velocities (We;) between the minimum value for
drop ejection and the onset for satellite formation is small, and thus
the practical range for ink printability is approximately bound by
2 < Z < 20, which is slightly greater than the printability range
proposed by Reis and Derby in their initial CFD study'® and that
determined experimentally by Jang et al. using squeeze mode drop
generators.??
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APPENDIX: THE NUMBER Z AND THE PRINTABILITY
OF INKS

In the appendix, we give a more complete survey of the range of
the dimensionless number Z for ink/drop generator combinations
where successful stable inkjet drop generation has been reported.
Table 111 gives the nozzle manufacturer, mode of fluid actuation, ink
composition, actuating waveform, and dimensionless number, Z, in
each case.
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TABLE . A summary of the range of Z number reported for printability using drop-on-demand (DOD) inkjet printheads.
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Nozzle Actuation Nozzle

Reference manufacturer mode diameter (um) Inks* Waveform typel’ Z number

Link and Semiat®>  Aprion Push 30 Black dye ink Trapezoidal 2.68

Dong et al.?° Trident Push 53 GWI, GW, and DI water Single peak and 8.78,12.6,62.2

double peak

Choi et al.>® Self-designed Push 100 GW 0.23-84.77

Rho et al.®>” Dimatix Shear 19 NP and pure solvents . 0.55-36.7

Hill et al.3® Dimatix Shear 21.5 a-Terpineol-based inks Trapezoidal 3-24

Liu et al?* MicroFab Squeeze 30 GW Trapezmd.al, double, 2.15-46

and bipolar

Tsai et al.?® MicroFab Squeeze 30 EG and alcohol Bipolar 2.99,21.23

Tsai et al.?® MicroFab Squeeze 30 Silver n;.mopamcle Bipolar 6.28,43.48
suspension and DI water

Wu et al.*® MicroFab Squeeze 40 Compgtatlonal fluid Trapezoidal 17.39-53.7
dynamics

Gan et al.*® MicroFab Squeeze 50 PEDOT and DI water Doub.le W—shaPed, 1.98,60.4

trapezoidal, and bipolar
. Mixtures of EG/DI .
22 » )

Jang et al. MicroFab Squeeze 50 DEG et al. Bipolar 4-14

Jo et al.*! MicroFab Squeeze 50 GW Trapezoidal 4-41.67

Shield et al.“? Self-designed Squeeze 50 EG and DI water Trapezoidal 18.4, 64

Shin et al.** Micro drop Squeeze 50 EG/DI and DI water Trapezoidal and double 35.5,105.3

Son et al.** MicroFab Squeeze 50 DI water Bipolar 58.80

Tai et al.“> MicroFab Squeeze 50 GW Trapezoidal 0.67-50

Bienia et al.*® Ceradrop Squeeze 42,52 Solvents. and ceramic Trapezoidal 1.27-16.69
suspensions
Solvent mixtures ad

Nallan et al.?® MicroFab Squeeze 60 gold nanoparticle Bipolar 1-60
suspensions

Szczech et al.*” MicroFab Squeeze 60 Nanoparticle suspension Bipolar 23.1-47.9

Perelaer et al.?® Micro drop Squeeze 70 PT and PB Trapezoidal 7.92-63.4

Seerden et al.” Sanders 'de51gn Squeeze 70 Alumm'fl/Parafﬁn Trapezoidal 2.56-17.75

international suspension
Reis et al.?® Sanders 'de31gn Squeeze 75 Alummz'i/Parafﬁn Trapezoidal 1.48-12.7
international suspension

de Gans et al.” Micro drop Squeeze 30-100 Polystyrgne . Trapezoidal 21-91
nanoparticle inks

Kim and Baek®® MicroFab Squeeze 2000 Compu.tatlonal fluid Trapezoidal 1-14
dynamics

Delrot et al.“® Self-designed Thermal 100-300 Organic dye and GW 0.67-100

Esposito et al.“? HP Deskjet1000  Thermal 20 Nanoparticle suspension 6.73,10.28

*DEG, EG, GW, GWI, NP, PB, PEDOT, and PT denote diethylene glycol, ethylene glycol, glycerol-water mixture, glycerol-water-isopropanol mixture, pre-crystallized NiO
nanoparticle ink, polystyrene-butyl acetate mixture, poly(3,4-ethylenedioxythiophene), and polystyrene-toluene mixture, respectively. Paraffin (wax) and PEDOT are non-Newtonian

fluids.

“The waveforms for inkjet nozzles operated in different modes are a little bit different.
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