W25, Langmuir
Subscriber access provided by YONSEI UNIV
Article

Influence of Fluid Physical Properties on Ink-Jet Printability
Daehwan Jang, Dongjo Kim, and Jooho Moon
Langmuir, 2009, 25 (5), 2629-2635« DOI: 10.1021/1a900059m « Publication Date (Web): 05 February 2009
Downloaded from http://pubs.acs.org on February 25, 2009

TTT------- TT--------

] 82w,
Proper Qo Improper -]
Ink (- Ink () 0o

50 60 70 80 90 100 110 120 140 160ps 4 S50 60 70 80 90 100 110 120 130ps

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Langmuir is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/la900059m

Langmuir 2009, 25, 2629—2635 2629
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Ink-jet printing is a method for directly patterning and fabricating patterns without the need for masks. To achieve
this, the fluids used as inks must have the capability of being stably and accurately printed by ink-jetting. We have
investigated the inter-relationship between ink-jet printability and physical fluid properties by monitoring droplet
formation dynamics. The printability of the fluids was determined using the inverse (Z) of the Ohnesorge number (Oh)
which relates to the viscosity, surface tension, and density of the fluid. We have experimentally defined the printable
range as 4 < Z = 14 by considering characteristics such as single droplet formability, positional accuracy, and

maximum allowable jetting frequency.

Introduction

Ink-jet printing is an emerging technology with many
applications being explored beyond its image transfer capability,
including microdispensing and materials assembly.' ~> Recently
ithas been used to fabricate polymeric electroluminescent devices,
controlled-release drug delivery devices, and refractive micro-
lenses made of hybrid organic—inorganic materials.>*’ The drop-
on-demand (DOD) method is most commonly used for modern
industrial applications. It deposits precise quantities of functional
inks in the form of droplets on an arbitrary surface by applying
a short pressure pulse through a nozzle which is typically 20—50
um diameter.® The jetting operation mechanism involves the
generation of pressure waves in a fluid-filled pathway behind an
orifice. At the end of the orifice, the fluid meniscus is maintained
by surface tension. A piezoelectrically induced pressure wave
can propagate against the surface tension of the fluid, forming
a small droplet which is ejected from the nozzle. Under suitable
electrical conditions, the ejected fluid develops into a single droplet
for quality ink-jetting.

However, appropriate functional ink materials are limited in
availability. Inappropriate ink will lead to unstable ink-jetting in
which long-lived filaments form, connecting the ejected droplet
to the nozzle.’ The length and lifetime of the filament influence
the positional accuracy and resolution of the printing as well as
the printability of the inks. Fluid dynamics involved in the ink-
jet printing have been studied'®~'® and an atomistic understanding
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of ink-jet dynamics is recently emerging.'*'> The important
physical parameters of printing fluids are viscosity, density, and
surface tension. These fluid properties influence the drop
formation mechanism and subsequent drop size at a given voltage.
Fromm obtained an approximate solution to the Navier—Stokes
equations for the case of droplet ejection.'® He used characteristic
dimensionless numbers representing fluid physical properties.
The Reynolds number (Ng,) is the ratio of inertial to viscous
forces, and the Weber number (Ny,) is a balance between inertial
and capillary forces:'’

va
N, = P (1)
n
and
z/zap
Ny, =2 @)

where v, p, 7, and 7 are the average travel velocity, the density,
surface tension, and viscosity of the fluid, and a is a characteristic
dimension (the radius of the printing orifice). Another dimen-
sionless number is the inverse (Z) of the Ohnesorge number
(Oh), which is defined as the ratio between the Reynolds number
and a square root of the Weber number, and is independent of
fluid velocity:

e

7 (apn)” _ Ne
n Ny

On the basis of a numerical analysis using complete incom-
pressible flow equations, Fromm predicted that stable drop
formation in DOD systems is permitted only when Z > 2.'¢
Later Reis and Derby determined that a printable fluid should
have a Z value between 1 and 10. They explored the influence
of fluid properties on ink-jet printing behavior using computational
fluid dynamics that modeled the free-surface flow characteristics
of drop formation in conjunction with a parallel experimental
study. They found that the lower limit of Z is governed by the
dissipation of the pressure pulse by fluid viscosity, and that the
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Table 1. Summary of Physical Properties and Dimensionless Numbers for Each Fluid ¢
inverse (Z)

density  viscosity  surface tension  Reynolds number =~ Weber number  of Ohnesorge

solvent type (volume fraction) (Kg/m®)  (mPa-s) (mN/m) (Nge) (Nwe) number (Oh)
ethylene glycol (0.15) + water (0.85) 1059 3.11 54.8 51.08 8.69 17.32
ethylene glycol (0.25) + ater (0.75) 1068 3.69 47.8 43.42 10.07 13.68
ethyl alcohol (0.75) + ethylene glycol (0.25) 866 4.83 28.9 26.89 13.47 7.32
ethylene glycol (0.5) + water (0.5) 1094 7.61 45.8 21.56 10.76 6.57
ethylene glycol (0.75) + water (0.25) 1106 12.3 45.6 13.49 10.91 4.08
glycerol (0.66) + Water (0.33) 1172 16.05 56.2 10.95 9.37 3.57
diethylene glycol (0.5) + water (0.5) 1111 22.0 41.4 7.58 12.08 2.17
diethylene glycol 1118 35.1 44.8 4.78 11.23 1.43

“ Droplet diameter and its travel velocity are assumed to be 50 um and 3 m/s, respectively.

upper limit is determined by the point at which a satellite forms
instead of single droplet.'®

In this study, we redefine the printable range of Z by in situ
monitoring of droplet formation dynamics for various fluids
having different Z values. We can determine the printable range
by considering characteristics of printability such as single droplet
formability, the minimum stand-off distance (i.e., the distance
from the nozzle tip to the substrate), positional accuracy, and
maximum allowable jetting frequency. These can be used to
reduce the number of experiments needed to determine the optimal
ink-jetting conditions for each fluid.

Experimental Section

To investigate drop formation dynamics during ink-jet printing,
we set up an ink-jet printing system consisting of a nozzle, a jetting
driver (pressure pulse generating system), a charge-coupled-device
(CCD) camera, and a system computer. The ink-jet nozzle with an
orifice diameter of 50 um was manufactured by MicroFab
Technologies, Inc. (Plano, TX). These employ a radial polarized
lead zirconate titanate (PZT) type SH tube actuator, with electrodes
on the inner and outer cylindrical faces. This is rigidly bonded to
a glass tube with an epoxy. The print head was mounted on a
computer-controlled three-axis gantry system capable of movements
accurate to £5 um. In an ink-jet system, it is important to operate
at proper pressure conditions for stable drop formation. To address
this, a well-conditioned pressure waveform was kept constant. We
used a bipolar waveform which consists of a succession of two
square-wave (positive and negative) pulses. This waveform allowed
a high voltage difference without applying too much high pulse
amplitude. The dwell time was also set at 3 us, and the echo time
was set to be three times longer. The dwell and echo voltages were
set at +25 and —25 V, respectively. Under a constant pressure pulse
at the jetting frequency of 1 kHz, the various Z values caused each
fluid to have a different drop filament formation and ejection behavior.

The CCD camera took snapshots of the drop formation dynamics
with an interframe time of 1 us. It was equipped with a strobe LED
light to view individual droplets and to measure their sizes and
travel velocities. The drop dynamics were captured by increasing
the delay time of the camera in steps of 1 us. Droplet images were
taken at various delay intervals and showed the flight distance from
the nozzle tip. The printing was carried out at a relative humidity
of 40% at 25 °C.

Eight different fluids with physical properties characterized by Z
values in the range of 1—17 were utilized.'® The prepared fluids
included a mixture of distilled water and ethylene glycol, a mixture
of distilled water and diethylene glycol, a mixture of ethyl alcohol
and ethylene glycol, a mixture of glycerol and distilled water, and
pure diethylene glycol. Viscosity and surface tension were measured
using a Peltier concentric-cylinder double-gap rheometer (AR2000ex,
TA Instruments Inc., UK) and a tensiometer (DST30, SEO). The
physical properties and dimensionless numbers for each fluid are
summarized in Table 1.

Results and Discussion

Droplet formation behavior during piezoelectric DOD ink-jet
printing is influenced by the system’s response to an applied
pressure stimulus on the fluid.?>*' Drop ejection is the result of
the superposition of consecutive acoustic waves that generate
pressure pulses large enough to overcome viscous dissipation
and the energy associated with forming a new surface. Reis et
al. found that drop velocity and volume exhibit a linear relation
with driving voltage, but show a more complicated and periodic
behavior with changing frequency and pulse width (i.e., dwell
time).'® This periodic dependence is determined by the acoustic
properties of the fluid-filled chamber in the piezoelectric droplet
generator, which is a function of the fluid properties, print head
design, and constituent materials. Hence, each individual fluid
with different physical properties may have specific optimum
printing conditions where the desired superposition of the acoustic
pressure waves is achieved.

The fluid property that has an effect on the propagation and
reflection of the acoustic pressure waves is acoustic velocity (¢),
represented by ¢ = (K/p)"”*> where K and p are the bulk modulus
and density of the fluid, respectively. However, we studied the
printability of various fluids under the same electrical driving
condition because we used the bipolar waveform in which the
second negative voltage could be used to cancel the residual
acoustic oscillations that remain in the piezoelectric device after
drop ejection. Our test liquids were particle-free Newtonian fluids
with low viscosities and relatively similar densities and bulk
moduli, which made the difference in the acoustic velocities
small (within a range of 1480—1580 m/s). The droplet velocities
of test fluids increased almost linearly with the increasing pulse
width, in the range of 3—10 us, under the bipolar waveform.
These results were indicative of the absence of a periodic
dependence at a low driving voltage of 25 V. Furthermore, we
calculated the optimum pulse width (), given by the time taken
for an acoustic disturbance to travel from its origin near the
center of the actuating chamber to its end and then back. The
calculated #,, was in the range of 4—5 us for our test fluids in
a simple tubular actuated piezoelectric print head (MicroFab
MJ-AT-01). Therefore, we were able to focus on the inter-
relationship between ink-jet printability and physical fluid
properties by monitoring the droplet formation dynamics without
the consideration of acoustic effects. Figure 1 shows a repre-
sentative photo sequence of drop formation for fluids with Z
values ranging from 2 to 17 at a constant driving voltage of 25
V.

The dynamics of fluid droplet formation as a function of the
Z values are apparently different as physical properties of fluid.
The inverse of the Ohnesorge numbers for the fluids shown in

(18) Reis, N.; Derby, B. Mater. Res. Soc. Symp. Proc. 2000, 625, 117-22.
(19) Son, T.; Teja, A. S. J. Chem. Eng. Data 2003, 48, 198-202.
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Figure 1. Representative photo sequence of drop formation for fluids with v.

(@) Z=217,(b) Z=3.57,(c) Z=4.08;,(d) Z=6.57,(e) Z=17.32; (H) Z=

Figure la,b,c,d,e,f,g are 2.17, 3.57, 4.08, 6.57, 7.32, 13.68, and
17.32, respectively. The pressure pulse pushed the fluid out of
the nozzle tip and the meniscus bulged quickly until a filament
with a round head formed at an elapsed time of 20—40 us. The
traveling velocity difference between the droplet head and the
filament stretched the droplet filament until an elapsed time of
about 60—120 us. During the stretching of the fluid filament, the
tail of the filament near the nozzle tip was continuously necking,
forming a long fluid filament. The tail of the filament finally
ruptured from the nozzle tip and recoiled back to the drop head
to minimize surface area in the fluids with Z in the range of 2—4.
The filament length shrank further and a single droplet eventually
formed at an elapsed time of 160—200 us (Figure 1a,b,c). On
the other hand, for fluids with Z in the range of 6—13 (Figure
1d,e,f), the recoiling filament detached from the falling droplet,
generating a primary droplet and a transient satellite, both of
which merged together into a single droplet at an elapsed time
of 140—180 us. In contrast, for the fluid with a value of Z equal
to 17.32, the satellite was unable to merge with the primary
droplet even after 200 us (Figure 1g).
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alues of Z ranging from 2 to 17 at a constant driving voltage of 25 V:
13.68; and (g) Z = 17.32.

As seen in the in situ monitoring, the droplet formation process
involved the successive events of ejection and stretching of the
fluid, necking, rupture, and recoil of the fluid, and formation and
recombination of a single droplet and a satellite. For a quantitative
analysis of droplet formation behavior, the positions of several
representative points on the ejected fluid were plotted versus the
elapsed time (Figure 2). In the earliest stage, the black colored
dots represent the head trajectory of the fluid ejected from the
nozzle, which became the tip of the primary droplet at a later
stage. The red colored dots indicate the point at which the fluid
ruptured from the nozzle, which represents the later tail trajectory
of the fluid filament. The time at which the filament ruptured
from the nozzle is defined as the rupture time. The moment at
which the head and tail trajectories merged corresponds to the
formation of a single droplet. This graphical description divides
the jetting process into three distinct stages: filament elongation,
filament recoiling, and single droplet formation. Figure 2 enables
us to investigate jetting behavior as a function of Z.

For fluids with low Z values in the range of 2—4 (Figure
2a,b,c), a round protruding head formed on the filament at an
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Figure 2. Representative trajectories of the ejected droplets as a function of the elapsed time for fluids with values of Z ranging from 2 to 17 at a
constant driving voltage of 25 V: (a) Z = 2.17; (b) Z=3.57; (c) Z=4.08; (d) Z= 6.57; (e) Z = 7.32; (f) Z = 13.68; and (g) Z = 17.32.

elapsed time of about 50 us, and the filament stretched until a
time of about 120 us. Filament rupture occurred at about 140 us.
In contrast, fluids with medium Z values in the range of 6—13,
were subjected to faster filament elongation and earlier rupture
as shown in Figure 2d,e,f. The fluid bulged to form a round
filament head at a time of about 40 us, and filament elongation
occurred until about 60 us. The bulge eventually ruptured at
about 80 us. Fluids with high Z values of above 14 experienced
even more rapid filament elongation and rupture as shown in
Figure 2g. The slope of the head trajectory represents the travel

velocity of the falling droplet. Within a short travel distance of
1000 um, we can ignore gravity-induced acceleration and assume
that falling microdroplets with small masses travel at a constant
velocity, even though the droplet size varies with the Z value.
The travel velocity of the droplet increased with increasing Z
values: 2.60 m/s when Z = 2.17, 2.85 m/s when Z = 3.57, 2.88
m/s when Z = 4.08, 3.4 m/s when Z = 6.57, 3.45 m/s when Z
=17.32,3.63 m/s when Z=13.68, and 3.66 m/s when Z=17.32.
In contrast, the retreating velocity of the tail (as determined by
the slope of the tail trajectory) decreased with increasing Z value:
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Figure 3. Filament length variation as a function of the delay time for
fluids with varying Z values.

5.29 m/swhenZ=2.17,4.46 m/s when Z=3.57, 4.45 m/s when
Z = 4.08, 4.38 m/s when Z = 6.57, 4.37 m/s when Z = 7.32,
4.30 m/s when Z = 13.68, and 3.16 m/s when Z = 17.32. These
opposite tendencies caused the filament recoiling stage to occur
within 70—90 us, independent of the value of Z.

Jetting behavior dependence upon the Z values results from
the influence of fluid properties on the ejection process, and the
resulting travel velocity difference between the head and tail at
the moment of filament rupture. After the ejected fluid ruptured
from the nozzle, it became a free-flying filament. The travel
velocity of the filament depends on the fluid viscosity and volume
near the nozzle tip under a given pressure stimulus. The driving
pressure applied to the fluid near the nozzle tip is viscously
dissipated and consumed to form a new surface, while the
remaining energy transforms into the kinetic energy of the ejected
fluid. A higher fluid viscosity leads to more energy dissipated,
resulting in a smaller available kinetic energy. Therefore, as the
value of Z decreased, the travel velocity of the droplet head
decreased due to the increased viscosity. The fluid volume near
the nozzle tip, which determines the amount of viscous dissipation,
also influences the travel velocity of the fluid. A viscous fluid
forms a longer filament during printing, which narrows the
filament neck at the nozzle tip. This reduces the fluid volume
prior to rupture. The travel velocity of the tail increases with
increased fluid viscosity. For fluids with low values of Z, in the
range of 2—4, the relative tail velocity was fast enough to catch
up to the droplet head, even at large separation distances. The
tail merged with the head without a secondary rupture of the
filament from the droplet. In the case of fluids with medium Z
values, in the range of 6—13, a secondary rupture of the elongated
filament from the falling droplet head occurred because of surface
tension driven minimization of the surface area, but the tail
velocity remained sufficiently fast to recombine with the primary
droplet during the filament recoil stage. In contrast, fluids with
high Z values, above 14, were easily ejected by the applied
pressure without significant viscous dissipation. Large oscillatory
kinetic energy and high surface tension tended to induce a
secondary rupture of the filament which formed transient satellites.
The resulting droplet fell with a relatively high travel velocity,
so that the separated tail could not catch up with the droplet head.
This generated a primary droplet and permanent satellites. This
unstable jetting behavior means that fluids with values of Z above
14 are not printable fluids.

Single droplet formation occurred at 210 us for Z=2.17,200
us for Z=3.57, 190 us for Z = 4.08, 170 us for Z = 6.57, 170
us for Z =7.32, and 130 us for Z = 13.68. This indicates that
fluids with higher Z values can form droplets at higher frequencies.
Figure 3 also shows the filament length variation as a function
of the delay time for fluids with varying Z values. As the Z values
decreased, the droplet filament extended longer and its rupture
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Figure 4. Maximum allowable frequency for quality ink-jet printing as
a function of Z.

time was delayed. The Z values for the fluids tested in this study
decreased mainly because of increased viscosities, while having
similar surface tensions regardless of Z values. A fluid with
higher viscosity (i.e., lower Z) required a longer application of
pressure for jetting due to significant viscous dissipation which
caused longer filament formation and delayed droplet ejection.

Ink-jet printing speed is closely related to processing time and
cost. Many existing ink-jet systems for image transfer purposes
have firing frequencies of only 1—2 kHz. However, manufacturers
have begun to demand frequencies of 10 kHz or higher.>> The
printing frequency is influenced by the print-head design as well
as by fluid properties. For a given print-head, the inverse of the
time required to form a single droplet can be considered as a
maximum allowable printing frequency. Figure 4 shows the
maximum allowable frequency for quality ink-jet printing as a
function of Z. As Z increased from 1.4 to 13.68, the printing
frequency increased linearly from 4.54 to 7.69 kHz under a
constant driving voltage. It should be noted that any possible
change in sound velocity with liquid compositions can cause an
acoustic response difference in the piezoelectric device. This
may alter the propagation speed of the acoustic pressure wave,
even if the jetting was performed at the same driving voltage and
pulse width. This effect leads to changes in both the droplet
ejection speed and the time taken for single droplet formation.
As mentioned previously, our fluids had relatively similar densities
and bulk moduli, and the acoustic velocities were in the range
of 1480 - 1580 m/s. It is likely that this small variation does not
induce a significant change in the ejection time.

Ink-jetting is characterized by noncontact printing, so that the
nozzle must be separated from the substrate during the print
process. The distance between the nozzle and the substrate, that
is, the stand-off distance, significantly influences the printing
accuracy. Direct-writing of high-resolution features requires
uniform droplet deposition. The flying distance, where the fluid
ejected from the nozzle transforms into a single droplet, can
define the minimum stand-off distance (MSD). Printing performed
at a distance of less than the MSD results in the deposition of
droplets having tails and satellites, degrading the printing
resolution. Figure 5a shows the variation in minimum stand-off
distance as a function of Z. As Z decreased from 13.68 to 4.08,
the MSD increased linearly from 436 to 541 um under a constant
driving voltage, but soared to 650 um when Z < 4. Ink-jet printing
at longer MSDs leads to unstable and inaccurate deposition.

The total positioning accuracy during printing is influenced
by several factors such as flight-bending of the droplet at the
nozzle, deviations in flight velocity, the mechanical inaccuracy
of the x—y table, and the stand-off distance. The total patterning
error (D) is given by the formula D = (A? + B*> +C%'2, where
A is the stand-off distance positioning error, B is the flight bending
positioning error, and C is the mechanical positioning error.*
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Figure 5. (a) Variation of the minimum stand-off distance (MSD) as
a function of Z; (b) calculated positioning error as a function of Z; and
(c) calculated positioning error as a function of the operating frequency.

The stand-off distance positioning error reflects the difference
in flight times experienced by each droplet. The droplet should
travel the stand-off distance after its ejection prior to landing on
the substrate. Travel time varies depending on the stand-off
distance under a given travel velocity. Within that time, the landing
position deviates from the target as the x—y stage moves, which
isrepresented by A. The positioning error caused by flight bending
(B) is also affected by the stand-off distance when the bending
angle is fixed at +0.95°. The mechanical positioning error (C)
of recently developed x—y moving tables is typically +5 um.
Then the total patterning error D under a constant applied driving
voltage of 25 V, and ajetting frequency of 1 kHz can be calculated
using the minimum stand-off distance. We observed that the
positioning error became larger with decreasing Z values, similar
to the dependence of the MSD as shown in Figure 5b: +12.1 um
for fluids with Z of 1.43, +11.2 um for fluids with Z of 2.17,
£10.5 um for fluids with Z of 3.57, £10.6 um for fluids with
Zof 4.08, £10.0 um for fluids with Z of 6.57, 9.9 um for fluids
with Z of 7.32, and 8.9 um for fluids with Z of 13.58. It should
be noted that the positioning error became significant as the
operating frequency increased. Figure Sc shows the variation in
positioning error as a function of the operating frequency. At a
frequency of 10 kHz, the total patterning error was +29.5 um
for fluids with a Z of 1.43, £25.3 um for fluids with a Z of 2.17,
£21.9 um for fluids with a Z of 3.57, £21.4 um for fluids with
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Figure 6. Variation of the normalized volume of a single droplet generated
from a nozzle of 50 um as a function of Z under the constant driving
voltage of 25 V. Relevant previous works, theoretical prediction by
Fromm'® and the experimental result by Reis et al.,?? are inserted for
purposes of comparison.

aZof 4.08, £18.1 um for fluids with a Z of 6.57, £17.8 um for
fluids with a Zof 7.32, and £14.9 um for fluids with a Z of 13.58.

These observations clearly demonstrate that fluid properties
influence ink-jet printability. The test fluids included a pair of
liquids with different densities, viscosities, and surface tensions;
however, both fluids have similar Z numbers (i.e., liquids with
Z values of 6.57 and 7.32; liquids with Z values of 3.57 and
4.08). A comparison of drop formation dynamics between these
liquids confirms that the density, viscosity, and surface tension
of each individual fluid interact with each other, and printability
is determined by the inverse of the Ohnesorge number, not by
the Reynolds number. Printing with fluids having Z < 4 led to
longer times for single droplet generation, which in turn made
the minimum stand-off distance larger and magnified the
positioning errors. For this reason, fluids with Z values below
4 are considered to be inappropriate for high-resolution ink-jet
printing. Figure 6 shows the normalized volume of a single droplet
generated from a nozzle of 50 ym under constant pressure as a
function of Z. The droplet volume is normalized by the volume
displaced by the tubular actuator, which can be explicitly
calculated from the mechanical and piezoelectric properties of
the droplet generator assembly, that is,glass tube, epoxy, and
PZT actuator.”* 2* The specific material properties and nozzle
dimensions were provided by the manufacturer, and the calcula-
tions were performed assuming that the fluid and the glass tube
have the same axial displacement. Our observation shows that
droplet volume increases with increasing Z values, which follows
a similar trend for a wide range of fluids, in accordance with
Fromm’s theoretical prediction and previous findings by Reis et
al.'®** This picture represents a master curve relating fluid
properties to drop volume for a given displacement of the current
print-head.

Conclusions

We have investigated the inter-relationship between ink-jet
printability and the print fluid’s physical properties. By in situ
monitoring of jetting dynamics using an image system with an
interframe time of 1 us, the droplet formation behavior was
characterized in terms of the inverse of the Ohnesorge number
which is related to the viscosity, surface tension, and density of
the fluid. We have redefined the printable range as 4 < Z < 14
by considering characteristics of printing such as single droplet
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formability, the minimum stand-off distance, positional accuracy,
and maximum allowable jetting frequency. Printing using a fluid
with a low Z value (less than 4) resulted in droplet formation
with a long-lived filament and a long time to single droplet
generation. This degraded the positional accuracy and printing
resolution. Fluids with high Z values (above 14) were also
inappropriate for ink-jet printing because of their inability to
form a single droplet. These low viscosity fluids had easy droplet
ejection without significant viscous dissipation. Large oscillatory
kinetic energy and high surface tension detached the retreating
filament from the rapidly falling primary droplet, forming

Langmuir, Vol. 25, No. 5, 2009 2635

undesired satellites. A suitable ink-jet printing range will indicate
whether or not a fluid can be stably and accurately printed by
ink-jetting.
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