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Abstract—Inkjet printing has been widely used in many applications and has been studied for many years. However,
there are not many systematic researches on the mechanism of jet formation, nor is there any reliable platform that
enables us to evaluate jet performance. In this study, an approach to practically evaluate the jet stability of the drop-
on-demand (DOD) inkjet printing has been proposed, based on which the transient behavior of the DOD drop formation
has been studied experimentally for Newtonian liquids with a range of different viscosities (1.0-11 cp) but of a com-
parable surface tension. For more viscous liquids, the rate of the jet retraction after a pinch-off from the nozzle was
found to increase as the thread motion became more sharp and conical as a result of the shape effect. The break-up
time of the jet also increased because the rate of capillary wave propagation was lower for more viscous liquids. The
jet stability graph, which can be drawn in terms of jet retraction and break-up time, was employed to characterize the
jetting stability, and the degree of satellite drop generation was quantitatively evaluated by two critical jet speeds. The
effect of an electric pulse imposed on a piezoelectric plate inside the printhead was also studied. The single-peak electric
pulse was used in this experiment for simple analysis, and the jet speed variation was measured under different oper-
ating conditions. Both the optimal dwell time and the maximum stable jetting frequency were affected by viscosity
and they were explained in terms of the propagation theory.
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INTRODUCTION

With rapid advances in information technology (IT), coating and
printing processes that mark fine and clear patterns on the substrate
are getting more attention. The drop-on-demand (DOD) inkjet print-
ing technology, for example, is now being recognized as a promis-
ing tool in this area. It is because the inkjet printing has the advantage
of making patterns without any additional lithographic processes.
Inkjet printing can reduce the number of processing steps compared
with conventional patterning processes, and it finally results in a
lower production cost in manufacturing. For this reason, many ap-
proaches to substitute the conventional coating method with inkjet
printing are in progress. Examples include color filter coating in flat
panel display (FPD), electric wire coating on printed circuit board
(PCB), UV-curable resins for the fabrication of micro-optical parts,
polymer light emitting diode (PLED) displays and so on [1-6].

New application of inkjet printing requires advances not only in
new ink and equipment but also in understanding the mechanism
of ink drop generation. It is essential to get a clear comprehension
on how the liquid properties such as viscosity, surface tension, and
elasticity affect the jetting stability. There are a few studies on the
jet formation of polymer solutions, according to which a significantly
different drop formation can be observed when the high molecular
weight (MW) polymer is added. Mun et al. [7] studied the viscoelas-
tic jet formation using glycerol/water mixtures in which poly(eth-
ylene oxide) (PEO) of different MW was added, and showed the
formation of beads-on-a-string structure when a high MW polymer
was added. Using the same polymer, Christanti and Walker [8,9]
showed that the formation of a thin thread structure is related with
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the strain hardening behavior of a high MW polymer. The dynamics
of viscoelastic jets was also studied by Cooper-White and cowork-
ers [10]. But most of these studies have focused on gravity-driven
or continuous flow.

To understand the jetting behavior of the liquids with different
viscosity and surface tension, numerical analysis has also been em-
ployed [11-16]. In the numerical analysis, it is important to obtain
the pressure profile at the nozzle exit generated by the expansion
and constriction of the piezoelectric transducer (PZT). Many re-
searchers adopted acoustic wave theory to predict the pressure his-
tory. Bogy and Talke [17] introduced a theory to show that the gen-
eration of sufficient pressure at the nozzle tip is due to the construc-
tive interference of the acoustic waves inside the printhead tube.
This theory was not only used to predict the pressure at the nozzle
tip but also to explain the effect of the imposed electric pulse width
(dwell time) on the jetting behavior. Using this theory, Wu et al.
[18] could obtain the optimal dwell time of DI water and ethylene
glycol, which was close to the measured value. Besides the pulse
width, the effect of pulse frequency was also studied and explained
with regard to the generation and decay of the acoustic waves [17,
19]. However, there are not many studies that experimentally char-
acterize the jetting behavior of the DOD inkjet printing system. Carr
et al. [20,21] studied the transient behavior of drop formation. Shore
et al. [22] investigated the effect of elasticity on the on-demand drop
formation by using low viscous elastic liquids. However, no sug-
gestion has been made to define the jetting stability, which can be
one of the yardsticks to define the quality of the ink. One of the im-
portant indices to determine the jet stability is to investigate the gen-
eration of satellites. Once formed, these satellites can easily lose direc-
tionality and deteriorate printing quality. This becomes critical when
a very fine pattern is required. In spite of this importance, it is hard
to quantitatively define the degree of satellite formation because it
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is affected by many processing parameters such as the imposed pulse
shape and frequency.

Recently Dong et al. [23] investigated the effect of the liquid and
system parameters on the recombination of the primary drop and
satellites. Based on theoretical approaches, they proposed a neces-
sary condition for the recombination of separated drops and the limit
of liquid thread length to avoid a break-up during the jet contrac-
tion. But there still exists a limitation that complex fluids such as
colloidal suspensions or polymer solutions are too complicated to
analyze with the theoretical basis.

In this paper, we investigate drop generation in the DOD inkjet
printing and suggest a method to evaluate the jetting performance
of a liquid. The jetting window is to be employed to check jettable
condition for three different viscous liquids as a function of pulse
amplitude and dwell time. Based on the dynamics of jet retraction
and break-up, the jet stability graph will be illustrated to explain how
the viscosity affects the jetting behavior. It enables us to determine the
degree of satellite generation from two critical jet speeds. Finally,
the effect of pulse dwell time and frequency on the drop formation
will be investigated and the experimental results with different vis-
cous liquids will be discussed by employing the propagation theory.

EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig. 1. The
printhead consists of an ink supply connector, a printhead tube and a

glass nozzle. At the tip of the glass nozzle, a 50 um size pore through
which the drop can be ejected is punctuated.
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Fig. 1. Schematic of the inkjet system: (a) geometry of the inkjet
printhead, (b) a schematic diagram of the experimental ap-
paratus.
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Fig. 2. Typical profile of a single-peak electric pulse. The imposed
voltage to piezoelectric transducer is the pulse amplitude
and the imposing time of a pulse is called dwell time.
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Fig. 3. An illustrative sequence of DOD inkjet drop formation.

The electric pulse made by JetDrivelll (MicroFab) is applied to
the piezoelectric transducer (PZT) in the printhead tube. To simply
understand how the pulse shape affects the drop formation, a single-
peak pulse pattern is used in this experiment, although echo time is
another parameter to contribute the drop stability (Fig. 2). The rising
time, t,,, and the falling time, t,,, are fixed at 3 ps, which satisfies
the requirement for the proper jet formation [18]. This pulse makes
the piezoceramic plates deform periodically and generate an acous-
tic wave in the liquid.

If this wave is amplified by resonance at proper conditions, the
liquid can spurt out of the nozzle. The typical behavior of an ejected
drop is shown in Fig. 3. A CCD camera (HR-50, Sony) is used to
get these images. To capture the images of a fast moving liquid drop,
a stroboscopic method is employed, with which we could get the
pictures of drop deformation at the time scale of 0.1 microseconds
by changing the delay time between the pulse inception and the flash
of LED light. As for the reproducibility of drop formation, the piezo-
material’s maintenance as a component of the nozzle and cleaning
of orifice are important factors, and the Newtonian fluids keep clean
an orifice compared to non-Newtonian fluids with included polymer
and/or particles.

A typical process of drop formation shown in Fig. 3 can be classi-
fied by the following steps.

() Jet ejection with stretching: a liquid is ejected out of the nozzle.
Then the liquid head extends out and the liquid column begins to
stretch.

(b) Jet pinch-off from the nozzle: at the nozzle exit, the diameter
of the liquid column keeps decreasing and finally pinches off, after
which the liquid thread becomes free to move in the air with almost
constant velocity.

(c) Jet retraction: after the liquid thread pinches off from the nozzle,
the capillary force makes the drop tail move toward the head, which
results in drop retraction or recoiling.
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Table 1. Shear viscosity and surface tension of prepared samples

Sample Glycerol DIwater Shear viscosity Surface tension
(W) (Wto) (mPa-s) (mN/m)
A 0 100 1 7
B 20 80 2.8 68
C 40 60 47 67
D 60 40 10.9 65

(d) Jet breakup/recombination: During drop retraction, the prop-
agation of capillary wave on the liquid thread causes the separation
of the main drop into a primary drop and secondary drops called
satellites. Depending on the condition, the satellites may recombine
with the primary drop or not.

Newtonian liquid samples used in this study are characterized in
Table 1. Glycerol and DI water were mixed in different compositions
to change shear viscosity. Glycerol added water solutions have almost
the same static surface tension, which is a little lower than that of
DI water. Although the drop deformation is regarded as mainly do-
minated by the dynamic surface tension rather than the static sur-
face tension at the very short period of time, it is not taken into ac-
count in this experiment because its effect is known to be less sig-
nificant [24]. In this sense, we can isolate the effect of viscosity while
keeping the surface tension nearly constant.

RESULTS AND DISCUSSION

1. Measurement of Jet Retraction Speed
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Fig. 4. Transient behavior of the liquid jet: (a) three representative
parameters in drop deformation, (b) evolution of jet head
distance (D,) and jet tail distance (D,) from the nozzle at pulse
amplitude 30 V. The slope of the graph after jet pinch off
from the nozzle (t=t,) corresponds to the jet head speed and
jet tail speed, respectively.

In understanding the drop deformation after ejection, the time
variation of the jet head distance (D,) and tail distance (D,) from
the nozzle (Fig. 4a) are important parameters. In this study, the pa-
rameters related to the jet length (L) rather than the jet diameter have
been more focused because there is little variation in the width of
the jet thread.

The typical time variation of jet thread is shown in Fig. 4b. The
distance is measured from 42 s after the pulse inception. The jet
stretches until a pinch-off at 69 s (t,), after which the distance of
the jet tail is measured until the drop breaks up to form a secondary
drop at 88 s (t)).

After the pinch-off (t,), the variation of the jet head and tail po-
sition is almost linear with time. Hence the jet head speed (v,) and
jet tail speed (v,) can be obtained from the slope of the curve. The
behavior of these parameters is shown in Fig, 5. Here, the jet retrac-
tion speed (v,) is calculated by using the following relationship:

L=D,-D, Q)
dL
Ve= G =V @

It is well known that the jet speed is proportional to the pulse am-
plitude. On the other hand, the retraction speed is inversely propor-
tional to the pulse amplitude. This is because the jet tail speed (v,) is
not much influenced by the motion of the jet head and stays almost
constant, as can be seen in Fig. 5.

Keller [25] analyzed the retreating motion of a breaking thread
with a circular cross section of the radius r(x). To solve the momen-
tum equation, he assumed r(x)=Rx” for x>0, where R is the con-
stant. ¢ is a kind of input shape factor. For a uniform thread a=0,
for parabolic thread =2, and for conical thread a=1. Then the
position of the thread end can be derived as follows:

2 V/(2+a)
7(2a+1)(2+a)) ’ 3)

_202+a)
X(O=t ( or(3at2)

where yis the surface tension, pis the density. Then, for a uniform
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Fig. 5. Jet speed and retraction speed of DI water at different pulse

amplitudes. Jet head speed is proportional to the imposed

pulse amplitude while jet tail speed remains almost con-

stant. Retraction speed (v,) is defined as the speed differ-
ence between jet head and tail (v,—v,).
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Table 2. Characteristic parameters to determine the jet retraction speed calculated at different pulse amplitudes

Liquid Voltage (V) Jet tail speed (V,) (m/s) Initial length (L,) (um) Capillary speed v,, (m/s) v,/v,, Re; (0):%
DI water 25 3.8 47 1.70 22 180 0.00056
27 42 56 25 230
30 4.0 73 23 290
33 4.0 82 23 330
36 4.0 100 2.3 400
Glycerol 20 wt% 25 3.6 46 1.61 22 61 0.0044
27 33 54 2.1 68
30 32 70 2.0 84
33 3.4 87 2.1 110
36 35 114 22 150
Glycerol 40 wt% 25 4.4 34 1.55 2.8 35 0.012
27 42 46 27 46
30 3.9 65 25 60
33 3.7 82 2.4 72
36 3.9 99 25 91
Glycerol 60 wt% 33 5.1 88 1.48 34 48 0.06
36 4.8 102 33 53
39 4.7 122 3.2 62
42 4.7 129 32 65

thread (=0) and negligible viscous effect, the retraction speed of
the thread can be obtained as follows:

-2 :(ﬁ-@ @

This means that the end of a broken liquid thread moves with a
constant velocity, in the same manner as previously found by Talyer
[24] and Culick [26] for the growth of a hole in a uniform film.

Dong et al. [23] referred to jet tail speed (v,) as a retreating speed
(V,.,) and estimated it using Keller’s equation. They rescaled the thread
radius as the radius of the nozzle (R,,.) and simplified the retreating
speed as follows:

VRV ®

where a is a constant and v,,, is the capillary speed which is (¥/cR,,,)".
In their results, the value of a is higher for a more viscous liquid,
which means that the retreating speed of the jet can be affected by
viscosity. As the capillary speed (v,,) does not include a viscosity
term, it is necessary to relate the liquid viscosity to the retreating
speed using other characteristic parameter.

Recently Brenner et al. [27] showed the shape of the thread end
of a viscous film can remain flat rather than being collected into a
rim due to a viscous effect when

Re= 9%}& 1, ©6)

where vis the kinematic viscosity, U, the retraction speed, L, the
axial extent of the film and is the Reynolds number based on these
parameters. In addition to Re,, the square of the Ohnesorge number,
Oh’=¢2/(3pR) is another dimensionless parameter employed to de-
termine the shape of the retracting film edge. While Re, determines
whether the rim is round or not, this parameter shows the relative
dominance between the growth of capillary waves on the thread and
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the retraction of the film [27]. As a different shape of the thread end
can change the retreating dynamics of a liquid thread, the parameters
can be useful in relating the viscous effect to jet retraction (i.e., jet
tail speed). Thus, in this experiment, the viscous effect is discussed
by comparing two parameters, Re; and Oh’, which are also repre-
sented by v.Ly/vand £/(y0R,..), respectively. Characteristic length,
L,, used in this parameter is called initial thread length, which is
the length of the jet thread at the instance of the jet pinch-off from
the nozzle. The parameters of different viscous liquids at different
pulse amplitudes are given in Table 2.

In the table, the ratio of jet tail speed (v,) and capillary speed (v,,)
increases for a more viscous liquid, which corresponds to the re-
sults of Dong et al. [23]. It means that the capillary speed (v,,) is in-
sufficient to explain the fast jet tail speed for a more viscous liquid
as explained above. Assuming their surface tension is the same, the
difference of the retraction speed must come from the shape of the
jet thread. Brenner et al. [27] compared the shape of the retracting
viscous film by simulation, and showed that the shape of the retract-
ing film becomes flat at higher L,/R,, and lower Re,. Here, L/R,,,.
is the aspect ratio that designates the dimensionless parameter Oh’.
Brenner et al. [27] gave a definition of //¢’ as a ‘77/(ype)’. In our
experiment, the value of L/R,,,, increased and Re; decreased for more
viscous liquids, which favorably makes the shape of the jet thread
to be more sharp and conical at the tail edge, as can be seen in Fig.
6. In addition, in the case of the glycerol 20 wt% solution, the neck
of the thread near the primary drop rapidly necks down compared
with the glycerol 60 wt% solution, which makes the pressure pro-
file inside the thread unfavorable to jet retraction. The delay of the
neck-down for the glycerol 60 wt% solution is because the propa-
gation of capillary wave in the thread is resisted by the enhanced
viscosity. Thus the surface energy is dissipated by retracting the thread
into a primary drop rather than breaking up into satellites. It finally
results in the increase of the retraction speed.



Evaluation of jet performance in drop-on-demand (DOD) inkjet printing 343

(a)

Fig. 6. The shape of retracting liquid thread at the same jet length.
The sequential pictures of liquid thread were taken every
2 us: (a) glycerol 20 wt% solution at pulse amplitude 30V,
(b) glycerol 60 wt% solution at pulse amplitude 32 V.
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Fig. 7. Linear relationship between initial thread length and jet head
speed for DI water.

2. Calculation of Jet Retraction Time

The initial thread length (L) is defined as the length of the liquid
thread, which is the jet length (L) subtracted by the diameter of the
primary drop when it is detached from the nozzle. In most cases,
the initial thread length is the maximum thread length because the
retraction begins after the detachment. The initial thread length de-
pends on jet head speed (v,) as was seen in Table 2. In Fig. 7, it can
be recognized that these two variables have a linear relationship.
Thus, it is possible to estimate the initial thread length from the jet
head speed (v,) by the following fitting equation:

Lo=k, v, tks, @]

where k;, k, are fitting parameters.
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Fig. 8. The time necessary for the retracting tail of the jet to reach
its head. The curve diverges when the jet head speed (v,)
equals the jet tail speed (v)), near 4 m/s for DI water. The
jet thread extends further without retraction beyond this
point.

The jet retraction time (t,) is now defined as the total time neces-
sary for the tail end to reach the drop head without a break-up. The
retraction time can be obtained from

tr:I;O:klvﬁ'kZ_ ®
v, v,
As the retraction speed (v,) is the difference between the jet head
speed and tail speed (v—v,), it becomes

kv, +k,

t.= ﬁ . )

Using this Eq. (9), the retraction time can be calculated as a func-
tion of jet head speed (v,) because the jet tail speed (v,) is consid-
ered to be constant at different pulse amplitudes (i.e., at different
v,) as explained before. The plot of Eq. (9) is shown in Fig. 8. To
obtain the graph, the average value of v, at different pulse amplitudes
in Table 2 was used.

In the figure, the retraction time has a minimum at zero jet head
speed and diverges to infinity at a critical jet head speed (v,), beyond
which (v,>v)) jet extension occurs rather than retraction because
the jet head speed becomes higher than the speed of the tail end. If
the drop breaks up into satellites under this condition, the disinte-
grated drops cannot recombine with each other. So it can be used
as a guideline to predict whether the primary drop and its satellites
recombine or not.

3. Measurement of Jet Break-up Time

The jet break-up time (t,) is defined as the time interval between
the jet pinch-off at the nozzle (t,) and the drop pinch-off at the neck
of the primary drop (t,) (Fig. 4b). The jet break-up time slightly de-
pends on pulse amplitude, but the variation is not significant com-
pared to the retraction time [Table 3]. Dong et al. [23] showed that
two pinch-off times (t,, ;) vary little with voltage, ejection speed and
initial thread length based on linear stability analysis [28]. From the
linear stability analysis, the time at which the liquid is broken up
by the fastest growing capillary wave is approximated by

Korean J. Chem. Eng.(Vol. 26, No. 2)
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3 1/2
L (2R) " pRe) W)
Qe ¥ Ena e
where C=In(R,./5,..) and t,.=(oR>,./»)" is the capillary time, &,

is the initial amplitude of the capillary wave disturbance. And a,,
is the fastest growth rate of capillary wave, which is expressed by

. _(TL- 2\ 9aos 1730 o
o= ([0 1- )+ 300K ] —FOMxC,), (11)
where Oh=1/+/pR,,.7 is the Ohnesorge number and X, is the fastest

growth mode. It is again approximated by

1
X)Hﬂl(: - — -
2+./180h

To use the equations in calculating the two break-up times, t, and
t,, Dong et al. [23] assumed that they are determined by the most
unstable disturbance. Then, it is possible to express the jet break-up
time (t,) which is simplified to

(12)

tea
th:tl_toz(cl_co) —=C

*
‘max Xinax

« Loy

(13)

In Table 3, the calculated t,,, ., C* for different liquid samples
are tabulated. According to Dong et al. [23], C* should be in the
range of 0.2 and 0.4, and our experimental data show a good ac-
cordance with them even though the value is slightly exceeded for
the glycerol 60 wt% solution. This means that the assumption they
made is acceptable in interpreting the jet break-up phenomenon.
Thus, we come to the conclusion that the jet break-up time varia-
tion at different pulse amplitudes is negligible in accordance with
Dong et al. [23], and it can be considered constant for the same ma-
terial. It enables us to use the averaged value of the break-up times
measured at different pulse amplitudes in representing the break up
time of a material.

4. Stability of Liquid Thread

A more viscous liquid can resist the drop break-up more than a
less viscous liquid. This causes a different jet behavior among dif-
ferent viscous samples, especially with respect to the satellite drop
formation. In Fig. 9, for example, glycerol 60 wt% solution forms

o
645 705 L7 82us
[ 1 '
1
(b) 6 o
6648 = T8us 84455

© l $ é é

765 82 88 LT

Fig. 9. Jetting behavior of different viscous fluids at pulse ampli-
tude 33 V: (a) glycerol 20 wt%, (b) glycerol 40 wt%, and (c)
glycerol 60 wt%.

much fewer satellite drops than other fluids.

To estimate the jet stability in terms of the satellite generation, a
jetting window can be drawn in terms of processing parameters,
pulse amplitude and dwell time, as shown in Fig. 10. The figure
indicates whether the satellite is formed or not at different process-
ing conditions. It can be observed that the region of stable drop for-
mation increases as the viscosity increases.

The jetting window graph enables us to estimate jettable condi-
tion and the degree of jet break-up. To describe the jet stability more
quantitatively, two characteristic times, retraction time and break-up
time of the jet thread, need to be considered. By putting both the re-
traction time and the break-up time on the same plot, the jet stability
graph can be obtained. A typical shape of a jet stability graph is shown
in Fig. 11.

In the graph, the two vertical dashed lines indicate the critical jet
speeds. The upper critical jet speed (V... 18 the jet head speed
(v,) where the retraction time becomes diverging, and it equals the
jet tail speed (v,), as explained before. The jet head speed where

Table 3. Break-up time, capillary time, Ohnesorge number and parameters to determine the characteristics of capillary jet break-up

Liquid Voltage (V) t, (us) t., (us) Oh X Gy c
DI water 25 10.5 14.7 0.024 0.48 0.34 0.24
27 10.5 0.24
30 9.5 0.22
33 14 0.32
36 15 0.34
Glycerol 20 wt% 27 11.5 15.5 0.066 0.44 0.31 0.23
30 13.5 0.27
33 14.5 0.29
36 13.0 0.26
Glycerol 40 wt% 30 15.0 16.1 0.11 0.41 0.29 0.27
33 16.5 0.29
36 17.0 0.30
Glycerol 60 wt% 33 26 16.8 0.25 0.33 0.23 0.36
36 30 0.41
39 31 0.43

March, 2009
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Fig. 10. Jetting window graph: (a) glycerol 20 wt% solution, (b) glycerol 40 wt% solution, and (c) glycerol 60 wt% solution.
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Fig. 11. Typical shape of jet stability graph (DI water). The retrac-
tion time curve (solid line) meets break-up time curve
(dashed line) at 0.6 m/s (lower critical speed), and diverges
at around 3.8 m/s (upper critical speed). Average break-
up time (t,) of DI water was calculated 19 ps in the experi-
ment.

the retraction time equals the average break-up time is called the
lower critical jet speed (V.. ;). It can be calculated from

tr:klvc,[awer_'_kZ:tb, (14)

\ Vc, lower

v _Vztb_kz
- Jower = .
elover =0T

(15)

Regarding the critical speeds, the expected jet break-up behav-
ior can be divided into three parts:

(1) Vi<V, e~ Retraction time is shorter than the break-up time.
Liquid thread is retracted without a break-up.

(11) Ve 1ower<V4<V,. ,pper: Break-up time is shorter than the retraction
time. Pinch-off at the neck of the liquid thread is observed. But the
separated drop can be merged into the primary drop.

(i) V;>V., e Jet extension occurs. The separated drop does not
merge into the primary drop.

The jet stability graphs for different viscous liquids are shown in
Fig. 12. The viscous effect on both the retraction time and the break-
up time is clearly observed. In Fig. 12d, the two critical parameters,
Ve upper A0V, 1., are plotted against the viscosity. They increase as
the viscosity increases, which means an enhanced jetting stability.
The reason for this improvement was already explained by two fac-
tors: the faster drop retraction and the longer break-up time. In terms
of the suppression of the satellite drops, it is noteworthy that the
increase of the lower critical speed (V. j,..) gives a possibility for
satellites to recombine up to the more severe conditions like high
pulse amplitude and the upper critical speed (V. ,,,,.) associated with
the jet retraction property. In other words, the two boundary condi-
tions are applicable to the judgment of the jetting property in the
controlled processing parameters. Thus, it can be said that the effect
of shear viscosity is successfully characterized by this stability graph
when we focus on the satellite generation and its recombination.

Korean J. Chem. Eng.(Vol. 26, No. 2)
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Fig. 12. Jet stability graph of different fluids. An increase of lower and upper critical speeds is observed for more viscous liquids: (a)
glycerol 20 wt% solution, (b) glycerol 40 wt% solution, (c) glycerol 60 wt% solution. (d) critical jet speed vs. viscosity of the samples.

Extensional viscosity is also an important factor, but the low viscos-
ity range (1.0-11 cp) of our prepared fluids is inadequate to measure
it even by using CaBER (capillary breakup extensional rheometer).

In addition, the approach appears useful in predicting the jet sta-
bility of non-Newtonian liquids through the preliminary tests. Details
of the non-Newtonian behavior will be reported later.

5. Effect of Dwell Time (Pulse Width)

The pulse shape of the waveform used to excite a piezoelectric
transducer inside the nozzle has a critical effect on the drop ejection
[5,18]. With the single-peak electric pulse, by tuning the pulse width,
it is possible to get the optimal condition for the stable drop formation.
In a DOD jetting system, the energy generated by a piezoceramic
actuator is transferred to the nozzle end. This is due to the boundary
conditions of both ends as a fixed closed end at the orifice and an
open end at the fluid supply. Therefore, to explain the energy transfer
between the actuator and the nozzle, the generation of a pressure
wave and its propagation in the liquid must be considered. Bogy
and Talke [17] proposed the propagation theory to explain the dwell
time effect with simplified the inkjet head unit as in Fig. 13.

In the experiment, when we change the dwell time at the pulse
amplitude 30V, three different jettable regimes can be observed.
They are shown in Fig. 14a. The dwell time corresponding to the
maximum jet head speed (v,,) is regarded as the optimal dwell time
because the fastest jet can be made only when the internal pressure
is highly amplified by a resonance.

Using the propagation theory [17], the first optimal dwell time
t,» can be calculated. If the length of the printhead is L, (Fig. 13),
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Ink reservoir

!

Open end
Electric [~~~ 4
pulse
PZT Ly
\ 4

Closed end

Fig. 13. Cross sectional schematic diagram of inkjet head for prop-
agation theory. The geometry of the printhead tube is sim-
plified by a cylinder, and one side of the cylinder connected
to the ink reservoir is regarded open while the other side
connected to the nozzle is regarded closed due to very small
size of the nozzle.

the first resonance inside the nozzle occurs when a split pulse wave
travels the distance L,. To confirm the validity of this theory in pre-
dicting the first optimal dwell time, DI water was tested. As the speed
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Fig. 15. Effect of pulse frequency. Jet speed variation is measured at several different frequencies at fixed pulse amplitude (30 V) and
dwell time (30 pus): (a) jet speed variation as a function of frequency, (b) critical frequency for different viscous liquids.

of an acoustic wave in the DI water (V,, .. is about 1,435 m/s
[12], the first optimal dwell time can be calculated according to the
following equation:

L, _ _15(mm)

tu water = =T <
P wcomater 1435(m/X)

~10.5(us). (16)

Due to the rising time and falling time of the pulse, the first optimal
dwell time can be slightly higher than 10.5 ps. We obtained 10 ps
of the optimal dwell time of DI water. It still shows good agreement
in time scale with the measured one.

The viscous effect on the optimal dwell time can also be explained
by the propagation theory. In Fig. 14b, the jet head speed (v,) of
each sample at the three optimal dwell times is plotted. The more
viscous the liquid, the shorter the optimal dwell time. For example,
the glycerol 60 wt% solution has almost 10 ps lower optimal dwell
time than the glycerol 20 wt% solution. The shift of't,,, is affected
by the different acoustic wave speed (v,.,). In general, the acoustic
wave becomes fast in a more viscous medium, which makes the
t, value smaller in Eq. (16).

6. Effect of Frequency
In order to achieve an accurate drop placement, it is desirable

that all the drops ejected from the multi-nozzle printhead have the
same velocity, independent of the frequency [19].

In Fig. 15a, the frequency dependence of jet head speed (v,) is
shown for different viscous samples. There exists a certain frequency
over which the jet head speed becomes unstable and oscillating.
For the DI water, the first rapid drop in the jet speed occurs at 2,000
Hz. To compare the effect of the viscosity more clearly, the critical
frequency was defined as the maximum frequency before the varia-
tion of jet head speed more than 30% of the initial speed. The critical
frequencies for different viscous samples are plotted in Fig. 15b. The
sample with the higher viscosity delays the onset of the jet speed
variation up to the higher frequency. This instability of jet speed at
high frequency is caused by the remaining acoustic waves. Even
after a drop is ejected, there remain acoustic waves inside the nozzle
due to the reflection of the pressure wave at the nozzle ends. This
remaining wave continuously travels along the printhead tube until
it is totally annihilated by energy dissipation. At high frequency,
the remaining wave comes to interfere with the newly formed pulse
wave and then the drop formation becomes unstable. A more vis-
cous fluid loses more energy than a less viscous fluid through viscous
dissipation, and can generate consistent drops up to the higher fre-
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quency without being interfered by the remaining waves.
CONCLUSIONS

A method for practically evaluating the jet stability of DOD inkjet
printing in terms of satellite drop generation has been proposed.
The method was first applied by measuring the relative stability of
liquids with a different shear viscosity but of a comparable surface
tension. Comparing two characteristic times (retraction time, break-
up time), the increase of the jet stability for more viscous liquids was
successfully quantified by the increase of upper and lower critical
jet speeds. In addition to the jetting stability, the effect of two im-
portant variables, the dwell time and the frequency, which determine
the imposed electric pulse shape on PZT, were studied as well. For
a glycerol and water mixture, there existed three jettable dwell time
regions and the optimal dwell time decreased for more viscous lig-
uids. The critical frequency which is the maximum stable frequency
without a significant change in the jet speed, was observed for dif-
ferent viscous liquids. It was found that a more viscous liquid is
stable up to a higher frequency because high viscosity can extinguish
the remaining wave pulse inside the nozzle more easily through
energy dissipation. As the method was designed to be used for a
wider range of inks, including complex fluids, it can be applied to
any ink including polymers and particles. The application to such a
complex fluid system will soon be reported.
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