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[20_ TD$ DIFF]A B S T R A C T

For drop-on-demand (DOD) inkjet printing, stable and single ink droplet formationwithout satellite dots
is the key to improve the print quality. The formation of stable and single droplet is influenced by filament
break up and the polymer chain’s coil–stretch transition behavior. In this paper, the droplet formation
behaviors of polyfluorene (PFO) ink at various driving voltages (V), polymer chain’s coil–stretch transition
mechanism and its effects on single ink droplet formation are investigated. It indicates that when 58 [21_TD$DIFF]<
V� 63 V, a single and stable droplet is formedwith a pulse time of 38.5ms. At this stage, theWeissenberg
number ([22_TD$DIFF]Wi) < 0.5, the PFO molecular chain is coiled to guarantee stable and single droplets. When [23_TD$DIFF]V >
63 V, Wi > 0.5, the PFO molecular chain is stretched because of the high hydrodynamic forces, resulting
unwanted satellite droplets.When 55 [24_TD$DIFF]< V� 58 V, the droplet shrinks into the nozzle, which indicates that
the kinetic energy supplied by the deformation of the piezoelectric transducer isn't enough to force the
droplet to be jetted from the nozzle.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Ink-jet printing technology has become a promising
manufacturing method because of its advantages, such as high
efficiency [1], low cost [2,3], non-contact processing [4] and so on
[5–11]. As for piezoelectric DOD ink-jet printer, an ink droplet is
squeezed out by the mechanical deformation of the piezoelectric
transducer (PZT) when an electric voltage signal is applied to the
PZT [5,12–15]. Forming a single and stable droplet during printing
is essential to deposit uniform and homogeneous film to ensure
stable inkjet printing performance.

A single and stable droplet formation is related with the ink’s
physical properties. Previous studies [16–20] have shown that the
polymer chains state during printing can be described using the
Weissenberg number [21] expressed as follows:

Wi = et (1)

where e denotes the rate of elongation and t the relaxation time.
When [25_TD$DIFF]Wi < 0.5, the polymer chains are in a relaxed state and the
fluid behaves in a Newtonian manner. When 0.5 < [25_TD$DIFF]Wi < L, where L
is the extensibility of the polymer chain, the fluid is viscoelastic
and the polymer chains are extended, but the chains do not reach
their extensibility limit. While [25_TD$DIFF]Wi > L, the polymer chains remain
ciac.ac.cn (Y. Han).
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fully extended in the thinning ligament, which influence the
droplet formation seriously. The structure of the polymer has a
great influence on the Weissenberg number. Berend-Jan de Gans
[22] compared [26_TD$DIFF]Wi values of linear and 6-arm star poly(methyl
meth-acrylate) (PMMA) having similar molecular weight, and they
show vastly different filament formation behavior. Linear PMMA
gave rise to filaments that are substantially longer lived because of
coil-stretch transition of the polymer chains.

Except the ink’s physical properties, the printing conditions also
influence the ink jet printing process seriously, such as waveform,

decreases) in jetting speed are not always proportional to the
droplet volume if the jetting frequency accounts for jetting speed
variation [24]. For the polymer inks, the hydrodynamic drag
induced by the printing conditions in the nozzle may influence the
polymer chain state and then affect the ink droplet jetting
behavior. In this paper, we aim to control the coil–stretch transition
behavior of PFO ink to generate stable and single droplet. The
droplet formation behaviors of polyfluorene (PFO) ink at various
driving voltages, [27_TD$DIFF]Wi number, polymer chain’s coil–stretch transi-
tion mechanisms and its effects on single ink droplet formation
were investigated.

The PFO ink solution was prepared using PFO material and a
mixed solvent, chloride benzene (CB) and cyclohexylbenzene
(ChB) in a CB/ChB = 80/20 ratio at room temperature. The

the driving voltage (V) and pulse time [23]. The increases (or
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Droplet formation behaviors at various driving voltage ranges.
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polyfluorene powder material was synthesized by Prof. Wang’s
group [25–28], Mw = [28_TD$DIFF]158 kDa, PDI = 2.91. CB and ChB were
from Sigma-Aldrich Co., Ltd., which were used without further
purification. The concentration of PFO ink solution was 10mg/mL
using 158 kDa molecular weight PFO material. To ensure a totally
dissolution, the solution was heated for 10min before placed for
24 h.

The ink-jet printing experiment was carried out by the AD-P-
8000 Printing System from Microdrop (Microdrop Technologies
GmbH, Norderstedt, Germany). To avoid the printing head block-
ing, the ink solutions were filtered using 0.2mm filter. The droplet
formation photo at different driving voltages was acquired used a
high-speed CCD camera, and the interframe time of droplet
formation images is 2ms.

The viscosity of inks was characterized by LVDV-Ⅲ+ Program-
mable Control Rheometer from Brookfield Ltd., America at room
temperature. The surface tension of PFO inks was characterized
using a pendent drop method by the DSA10 liquid drop shape
analyzer from KRUSS Gmbh Germany. To ensure the measuring
accuracy, a whole ink droplet was extruded.

Firstly, we investigated the influence of driving voltage on the
ink droplet formation. Fig. 1 shows three typical droplet formation
behavior at three driving voltages, 62, 64, 71 V. It is obvious that the
droplet could be forced out from the nozzle and formed a single
droplet when V = 62 V in Fig. 1a. In Fig. 1b, a primary droplet was
formed, followed bya relatively small secondary droplet.When the
driving voltage increases to 71 V, it could be found that the ink
filament wasn't stable and masses of small satellite droplets were
formed following the primary droplet.
[(Fig._1)TD$FIG]

Fig. 1. Droplet formation behaviors at three typical driving voltages: (a) 62 V,
(b) 64 V, (c) 71 V.
Fig. 2 summarized the types of droplet formation behavior at
different printing voltage ranges. When 55 [29_TD$DIFF]< V � 58 V, the droplet
shrank into the nozzle when the droplet was ejected from the
nozzle in later times, which indicated that the kinetic energy
supplied by the deformation of the piezoelectric transducer was [30_TD$DIFF]

not enough to force the droplet to be jetted from the nozzle. As the
driving voltage increases, 58 [29_TD$DIFF]< V� 63 V, a single and stable droplet
could be formed. When 63 [31_TD$DIFF]< V � 67 V, the primary droplet was
formed followed by the secondary droplet. The driving force was
excess to supply much more kinetic energy. But the secondary
droplet could not catch up with the primary droplet to fuse into a
single droplet. When the driving voltage continues to increase, [32_TD$DIFF]V >
67V, masses of small satellite dots were formed following the
primary droplet. In summary, 58 [29_TD$DIFF]< V � 63 V is an adequate voltage
range to ensure single and stable droplet formation with a pulse
time of 38.5ms.

The related droplet behavior parameters in Figs. 1 and 2 were
acquired to make a further understanding of the droplet formation
process. Fig. 3 shows the breaking away time from the printing
nozzle and the break up time of filament at various driving
voltages. The breaking away time denotes the time that the
filament detaches from nozzle and the break up time denotes the
time that the filament break into two droplets. From Fig. 3a, as the
voltage increases, the breaking away times from the nozzle were
almost unchanged, bumpy around 220ms, which indicates that the
initial droplet action was unaffected by the driving voltage. Fig. 3b
shows the fitted curve of the break up time of filament with the
driving voltage. With the increase of the driving voltage, the break
up time increased firstly, with a peak value at 63.7 V. Then the
break up time began to decrease until 67 V, reaching a valley value
of 215ms. In the later times, the break up time increased again until
72 V. The detailed discussion was illustrated in the next section.

The droplet velocity and droplet distance away from the nozzle
of primary droplet at different driving voltages are shown in Fig. 4.
By fitting the data linearly, two linear stages were acquired. The
two linear equations between the primary velocity ([33_TD$DIFF]v) and the
voltage are as follows:[34_TD$DIFF]

v = 0.19V – 10.53 (2)

v = 0.13V – 0.97 (3)

The droplet distances ([35_TD$DIFF]l) away from the nozzle are also as
follows: [36_TD$DIFF]

l = 0.08V – 0.98 (4)

The second stage is[37_TD$DIFF]

l = 0.06V – 3.02 (5)
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Fig. 3. The breaking away time form the nozzle and break up time of the filament [9_TD$DIFF]vs. the driving voltages: (a) the breaking away time, (b) the break up time.

[(Fig._4)TD$FIG]

Fig. 4. [10_TD$DIFF]The primary droplet speed and the distance of the primary droplet variation with the voltage: (a) the primary droplet speed, (b) the distance of the primary droplet.

[(Fig._6)TD$FIG]

3218 Z. Du et al. / Chinese Chemical Letters 31 (2020) 3216–3220
The velocity and droplet distance of the primary droplet were
divided into two stages at nearly 63 V. Fig. 5 illustrates the
ligament length and the elongation rate of 158 kDa PFO ink at the
voltage of 63 and 67V with a pulse time of 38.5ms. The filament
length increased gradually until nearly 215ms at 63 and 67 V. The
elongation rate could be acquired by the first order derivative of
the filament length. The filament extension rate was nearly
constant before 215ms. But the elongation rate at 63 V and 67 V all
showed a trough or minimum, which indicates the filament was
contracted with a high speed at this moment. What [38_TD$DIFF]is different is
that there is another trough or minimum for the ink sample at
235ms at 63 V. That [39_TD$DIFF]is the reason why the velocity and droplet
distancewere divided into two stages at 63 V and the break up time
showed peak and valley value at 63 V and 67 V.

The droplet ejection process is the result of a combined effects
of inertial, viscous and capillary forces, promoted by the inertial
forces and obstructed by viscous forces and capillary forces. Fig. 6
illustrates the adopted driving waveform and the corresponding
droplet ejection process. As shown in Fig. 6, the PFO ink jetting
process was operated by the single linear type waveform (60 V
with a pulse time of 38.5ms). When the driving voltage single was
applied to the piezoelectric transducer (PZT), the PZT underwent
mechanical deformation gradually. There is a delay time ([40_TD$DIFF]td) for
the force due to the PZT mechanical deformation to function on
[(Fig._5)TD$FIG]

Fig. 5. The ligament length and speed of extension variationwith the time after the
droplet emergency: (a) driving voltage: 63 V, pulse time: 38.5ms; (b) driving
voltage: 67 V, pulse time: 38.5ms.
the ejecting ink and the ink droplet [41_TD$DIFF]cannot be ejected immediately
until 50ms. At the beginning of the ejection, the ink fluidwas at the
interplay of inertial and capillary forces. The two forces were
nearly same for the one kind of ink sample we used when the ink
was still stored inside the chamber. That is the reason why the
breaking away time from the orifice was nearly the same around
220ms at different voltage amplitudes in Fig. 3a. The forward
momentumwas from the pressure pulse. As the ejection went on,
the driving forces at each printing condition were different. The
viscosity forces were different at different shearing deformations,
which results the different droplet formation behaviors.

Reynolds number ([42_TD$DIFF]Re) and Weber number (We) were proposed
to illuminate the drop formation dynamics. The [43_TD$DIFF]Re number is
used to characterize the fluid flow, which is the ratio of inertial
and viscous forces. The [44_TD$DIFF]We number denotes the ratio of inertial and
Fig. 6. The droplet formation and the driving force analysis.
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Fig. 7. The variation of [11_TD$DIFF]Re and We vs. the driving voltages.
[(Fig._8)TD$FIG]

Fig. 8. The Wi variation at different driving voltages.
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capillary forces. [45_TD$DIFF]Re and We number are defined as follows:

Re ¼ nar
h

ð6Þ

We ¼ n2ar
g

ð7Þ
[(Fig._9)TD$FIG]
Fig. 9. The film deposition at dif
where [46_TD$DIFF]v, α, r, h and g are the droplet velocity, the characteristic
dimension (the diameter of the jetting nozzle), the fluid density,
viscosity and surface tension of fluid.

Fig. 7 [47_TD$DIFF] illustrates the Re andWe variation of 158 kDa PFO inkwith
the increasing driving voltages. The data shows that the [48_TD$DIFF]Re andWe
value both increased with the increase of the driving voltages. The [48_TD$DIFF]

Re andWe valuewere high at high driving voltages and [44_TD$DIFF]We number
even exceeded 15 at the driving voltage 70 V. The dynamic
force functioned on the molecular chain was also high at high
driving voltages, which would stretch the molecular chain. The
coil–stretch transition of PFO molecular chain occurred, which
influences the viscoelasticity of PFO ink seriously.

For Eq. (1), the elongation rate can be calculated using the
following formula: [49_TD$DIFF]

e = L�1(dL/dt) (8)

where L denotes the journey distance of themain droplet. The coil-
stretch transition occurs for linear polymers at a critical value [50_TD$DIFF]

Wi = 0.5. TheWi values at different driving voltageswere calculated
and shown in Fig. 8. It is obvious that the [51_TD$DIFF]Wi value increases with
the increase of the driving voltage. As the printing voltage
continues to increase, [52_TD$DIFF]V > 63 V, the Wi was more than 0.5, which
indicated the coil-stretch transition of PFOmolecular chain occurs.
The stretch of themolecular chain influences the break up behavior
of the filament, which results in the formation of satellite droplets.
The [53_TD$DIFF]Wi was less than 0.5 when the driving voltage 58 [31_TD$DIFF]< V � 63 V,
which indicate that the PFO was in a coil state to form a single
droplet. The [51_TD$DIFF]Wi value was 0.41 when driving voltage [54_TD$DIFF]V = 63 V. That
is reasonwhy the single and stable droplet was formed during the
voltage range 58 [55_TD$DIFF]< V � 63 V.

The single droplet and the optimized voltage rangewere critical
in forming a continuous film. Fig. 9 shows the behavior of a single
droplet deposition and the film deposition of several single
droplets at different driving voltage ranges. As a result, PFO
continuous film was obtained on a spin coating PEDOT surface at
the driving voltage 59 and 62 Vwith a pulse time 38.5ms in Fig. 9a.
At the higher voltages V > 63 V, an unregular films with serrulate
edges was formed induced by the satellite droplets in Fig. 9b.
ferent driving voltage range.
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In conclusion, we systemically inspected the influence of
driving voltage on the droplet formation behavior during inkjet
printing. The droplet formation behavior at various driving
voltages indicated that 58 � [56_TD$DIFF]V < 63 V is an adequate voltage
range to ensure a single and stable droplet formation with a
38.5ms pulse time using single waveform for the polyfluorene ink.
The breaking away time from the nozzle keeps constant with a
220ms value despite the increase of the driving voltage. The
droplet ejection process contains two stages, first an interplay
between the inertial and capillary forces and then viscosity forces
dominates in the later times. The filament break up time increased
firstly and began to decrease at 63.7 V to reach valley value of
215ms, but it increased again at 67 V driving voltage. The velocity
and droplet distance curves were divided into two stages at 63.0 V.
The difference of the filament extension resulted in such a result.
At last when [23_TD$DIFF]V > 63 V, Wi > 0.5, the coil–stretch transition of PFO
molecular chain occurred, which leads to the satellite droplet
formation at high driving voltages. While the driving voltage [57_TD$DIFF]V �
63 V, Wi < 0.5, the PFO molecular chain was coiled to guarantee
stable and single droplet formation.
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