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Abstract: The formation of single and stable ink droplets is crucial for producing high-quality
functional films in drop-on-demand (DOD) inkjet printing. The stability and singularity of droplet
formation are significantly influenced by filament breakup behavior, governed by the rheologi-
cal parameters of the ink formula. This study explores the droplet formation behavior of Poly3-
hexylthiophene (P3HT) ink across various Weber numbers (We) and assesses the impact of the Z
value on the formation of single ink droplets. Observations reveal that as the We number increases,
droplet morphology transitions from single to double, and eventually to sputtered droplets. Results
demonstrate that stable, single droplets form when the We number < 13 and 12 < Z < 34, with a pulse
duration of approximately 340 ps. When the We number exceeds 13, the molecular chains of P3HT
stretch due to high hydrodynamic forces, resulting in the formation of unwanted satellite droplets.

Keywords: inkjet printing; We number; single droplet; satellite droplets

1. Introduction

Because of its unique advantages, inkjet printing technology has been widely used in
fine pattern processing, such as biochemical for cell guidance [1-3], organic light-emitting
diodes [4-6], solar cells [7-9], sensors [10-13] and so on. In drop-on-demand (DOD)
inkjet printer, with the mechanical deformation of the piezoelectric transducer in the ink
chamber, the ink droplet is squeezed out when an electric voltage signal is applied to
the piezoelectric transducer. Forming single and stable ink droplet is the key to printing
high-quality functional films in drop-on-demand (DOD) inkjet printing [14-16].

In the early research, inks with no solute were often used in DOD inkjet printing [17-22].
Morris, Jeffrey E. et al. used the glycerin—water and glycerin-water-isopropanol mixtures as
the inks and the main stages of DOD drop formation were analyzed [23]. The main stages
of DOD drop formation include the ejection and stretching of liquid, the pinch-off of liquid
thread from the nozzle exit, the contraction of liquid thread, the breakup of liquid thread
into primary drop and satellites, and the recombination of primary drop and satellites.
Daehwan Jang et al. have investigated the inter-relationship between inkjet printability
and physical fluid properties by monitoring droplet formation dynamics using a mixture
of ethyl alcohol and ethylene glycol [24]. Berend-Jan de Gans et al. have investigated the
influence of architecture on the inkjet printability of polymer solutions by comparing linear
and 6-arm star PMMA inks [25].

For certain inks, their physical characteristic parameters intricately affect the droplet
formation process [26-28]. To simplify the influence process, dimensionless parameters
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were proposed to elucidate the dynamics of droplet formation [29-34]. One such parameter
is the Weber number (We), representing the ratio of inertial and capillary forces, expressed
as follows:

1)

The Reynolds number (Re) is utilized to characterize fluid flow, representing the ratio
of inertial to viscous forces, and is expressed as follows:

(2)

Z is defined as the ratio of the Reynolds number to the square root of the
Weber number.

1/2
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In the above formulas, v is the droplet velocity, « is the characteristic length (e.g.,
the diameter of the jetting nozzle), p is the fluid density, # is the fluid viscosity, and v is
the surface tension. Proper parameters are crucial for achieving stable injection. Fromm
originally proposed that inkjet printing is possible if Z > 4 [35]. These limits have been
experimentally studied, and a slightly wider range has been proposed with 1 < Z < 14 [36].
To generate a small radius droplet, the surface tension and associated Laplace pressure
must be overcome before a drop can be ejected from a printer. Duineveld proposed that
this can be described by a minimum value of the Weber number, We > 4, below which there
is insufficient fluid flow to overcome surface tension [37]. When We < 4, the droplet cannot
be injected from the nozzle.

Ink properties substantially influence the quality of droplet formation in inkjet print-
ing, with optimal performance parameters varying across different ink formulations [38—40].
This study investigates how the physical properties of inks influence droplet formation,
focusing specifically on conditions enabling a stable and single droplet ejection of Poly3-
hexylthiophene (P3HT) ink. We have comprehensively examined the roles of the dimen-
sionless Weber number (We) and the Z value in the dynamics of droplet formation. This
analysis not only enhances our understanding of P3HT ink behavior but also yields valu-
able insights applicable to optimizing printing processes for other functional materials.
By exploring the interplay between these parameters, our research aims to delineate the

‘printable window’ for P3HT inks, defined as the specific range of conditions under which

the ink exhibits optimal jetting performance without forming satellite droplets or other
anomalies. Understanding these conditions is expected to facilitate precise material de-
position in applications ranging from electronics to biomedical devices, where the exact
placement and structure of materials are critical [41,42]. The findings of this study could
serve as a foundational reference for further experimental and theoretical research on the
fluid dynamics of inkjet printing.

2. Materials and Methods

The P3HT ink solution was meticulously prepared by solving Poly3-hexylthiophene
(P3HT) with chlorobenzene (CB) solvent at ambient temperature. The P3HT powder was
synthesized to have a molecular weight (MW) of 102 kDa and a polydispersity index (PDI)
of 2.19. The CB solvent was procured from Sigma-Aldrich Co., Ltd. (St. Louis, Missouri,
USA) without any additional purification of the solvent. The solution was concentrated
at 5 mg/mL using the specified 102 kDa molecular weight P3HT material. To ensure the
complete dissolution of the P3HT, the mixture was gently heated for 10 min and then
allowed to rest at room temperature for 24 h before use. This procedure ensures that the ink
has the appropriate viscosity and chemical consistency for optimal printing performance.

The inkjet printing experiments were conducted using the AD-P-8000 Printing System
(Cambridge, UK) with a high-resolution built-in CCD shown in Figure 1, provided by
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Microdrop Technologies GmbH. Its nozzle diameter is 50 pm. Its viscosity and surface
tension range are 0.4-100 mPa-s and 28-72 mN/m. And its max printing frequency is
2000 Hz. To prevent the clogging of the printing head—an issue that can impede consistent
droplet formation—the ink solutions were filtered through a 0.2 pum filter prior to use. This
filtering step ensures a clean, smooth flow of ink through the printing system.
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Figure 1. Schematic diagram of the experimental setup.

During the experiment, the formation of ink droplets under various driving voltages
was meticulously captured using a high-speed CCD camera. This advanced imaging setup
allowed for the detailed observation of the droplet dynamics with an interframe time of just
2 microseconds between each image. Such high temporal resolution is crucial for accurately
analyzing the rapid processes involved in droplet formation and detachment from the
nozzle.

The viscosity of the inks was meticulously characterized using the LVDV-III+ Pro-
grammable Control Rheometer from Brookfield Ltd. (Toronto, Canada) This measurement
was conducted at room temperature, ensuring the ink’s rtheological properties were assessed
under standard conditions to maintain consistency and reliability in data.

Additionally, the surface tension of the P3HT inks was accurately determined using
the pendant drop method with the assistance of the DSA10 liquid drop shape analyzer
from KRUSS GmbH, Hamburg, Germany. This method involves meticulously forming a
single ink droplet at the tip of a needle or nozzle, which is then analyzed to determine its
shape. The shape of the pendant droplet serves as a crucial indicator of surface tension.
To ensure the highest accuracy of these measurements, a complete droplet of ink was
extruded during the testing process to minimize potential errors caused by partial droplet
formation or interference from environmental factors. The physical parameters of the
Poly3-hexylthiophene (P3HT) ink are shown in Table 1.

Table 1. Physical parameters of the Poly3-hexylthiophene (P3HT) ink.

Parameters Value
Density, p 1068.40 Kg/m?
Surface tension, y 31.0 mN/m
Viscosity, 11 1.20 mPa-s
Conductivity, G 450S/m
Z value 33.91

As previously stated, in drop-on-demand (DOD) inkjet printing, the production of
uniform and stable ink droplets is crucial for fabricating high-quality functional films. The
morphology of these droplets is chiefly influenced by ink viscosity, surface tension, and
ejection velocity, with the Weber number (We), a dimensionless quantity representing the
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relative importance of inertial forces to surface tension, commonly employed to compre-
hend the droplet shape and stability. This study, by regulating the ink ejection velocity,
examines the droplet ejection characteristics of P3HT ink under various Weber number
conditions as depicted in Table 2, thereby enhancing the understanding and controlling of
its application in DOD inkjet printing processes.

Table 2. The value of We for the Poly3-hexylthiophene (P3HT) at different dropping velocities.

Velocity (m/s) Re We
1.1 50.8 2.2
1.8 81.1 5.7
2.3 103.1 9.3
2.6 115.8 11.7

The concentration of the ink directly affects the Z value, and the change in the Z value
will influence the inkjet printing dynamic process of the ink. Inks with different Z values
were also investigated in Table 3.

Table 3. Z value of different concentrations of Poly3-hexylthiophene (P3HT).

Concentration (mg/mL) V4
5 33.91
10 2431
15 18.30
20 12.75

3. Results and Discussion

Firstly, we investigated the influence of We number on the ink droplet formation
using the P3HT ink solution. The ink solution was prepared with a concentration of
5 mg/mL, dissolving 102 kDa molecular weight P3HT material. Our analysis was visually
documented through a series of high-resolution jetting images, collectively referred to as
Figure 2. These images captured the dynamic evolution of droplet formation at varying
Weber numbers: 2.2, 5.7, 9.3, and 11.7. The imaging interval was maintained at 20 us,
covering a range from 80 to 500 s to observe the droplet formation and fusion process
in real-time. In Figure 2a, the initial formation of a liquid column is evident at 80 ps. A
mere 20 ps later, a ligament extends from the nozzle, indicating the beginning of droplet
separation. By 140 us, a secondary, smaller droplet is visible trailing the primary droplet.
This secondary droplet gains kinetic energy, progressively closing the distance to the
primary droplet. By 300 ps, the two droplets merge into a single, larger droplet due to the
kinetic energy surplus. This phenomenon of droplet fusion, driven by the Weber number,
recurs in subsequent images (Figure 2b—d), illustrating a consistent pattern across different
We values.

To provide a quantitative perspective on these observations, we meticulously mea-
sured the distances between the primary and secondary droplets during the jetting process.
These measurements are graphically represented in Figure 3, which plots the distance of
each droplet from the nozzle against time. The trajectory of the primary droplet is depicted
with a black line, while the trajectory leading to the formation of the secondary droplet is
marked in red. Our analysis highlights a notable trend for the sample with We = 2.2, where
the gap between the primary and secondary droplets decreases steadily over time until
the primary and the second droplets merge. The same phenomenon occurs in Figure 3b—d.
This trend underscores the substantial influence of the Weber number on the dynamics of
droplet formation and fusion.
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Figure 2. Droplet formation behavior at different We numbers, (a) We = 2.2, (b) We = 5.7, (c) We = 9.3,
and (d) We=11.7.
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Figure 3. Trajectories (the black lines: head trajectory, the red lines: tail trajectory) of ejected droplets
versus inkjetting time for inks with different Weber numbers, (a) We =2.2, (b) We =5.7, (c) We =9.3,
and (d) We=11.7.
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Figure 4 details the formation dynamics of P3HT ink droplets at We numbers of 13.4
and 36.5. Initially, a primary droplet forms, connected to the nozzle by a ligament, observed
at 80 ps and 100 ps. By 160 us, a smaller secondary droplet emerges, trailing behind the
primary droplet. Unlike the scenarios depicted in Figure 1, these primary and secondary
droplets do not merge into a single droplet, even after 500 ps. This persistent separation
leads to the formation of an additional, third droplet at durations of 180 us and 200 ps in
Figure 4b.

(*1)!“!I!§-EIIEII! L “”' SEEELEELL
] ! , ‘ ]
1 |
o
°

2
1
.

weslsiA R IEEERENERE BR °

80 100 120 140 160 180 200 220 240 260 280 300 340 380 420 460 S00us 80 100 120 140 160 180 200 220 240 260 280 300 320ps

We=36.5 e

Figure 4. Droplet formation behavior at higher Weber numbers, specifically (a) We = 13.4 and
(b) We = 36.5.

Figure 5 further explores the distances these droplets travel from the nozzle. The
behavior of the droplets is classified into two distinct regions: the filament and the double
droplet regions. In the filament region, the droplet forms a lengthy filament extending from
the nozzle, significantly longer than those depicted in Figure 2. In the double droplet region,
the separation between the primary droplet’s leading edge and the secondary droplet’s
trailing edge significantly widens as time progresses. This increasing gap primarily prevents
the droplets from merging, ultimately resulting in the formation of two distinct droplets.
This behavior underscores the complex interplay between the kinetic energy and fluid
dynamics at higher Weber numbers. The failure to merge at higher We values illustrates the
limitations of the cohesive forces within the ink, exacerbated by the increased kinetic energy
that propels the droplets apart rather than allowing them to coalesce. These observations
are crucial for understanding the limitations and challenges in tuning ink formulations
and printing parameters to achieve the desired outcomes, particularly in high-resolution
printing applications where droplet precision is paramount.
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Figure 5. Trajectories (the black lines: head trajectory, the red lines: tail trajectory) of ejected droplets
versus inkjetting time for inks with Weber numbers of (a) 13.4 and (b) 36.5.
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To investigate the influence of kinetic energy on droplet volume, we analyzed the
correlation between the droplet radius and the We number. As illustrated in Figure 6, a clear
trend emerges: the droplet radius increases gradually with the We number. For example,
at a We number of 3, the droplet radius measures 44 um, which increases to 54 um when
the We number reaches 11.7, corresponding to a 50% increase in droplet volume. This
progression suggests that higher Weber numbers correspond to increased kinetic energy
affecting the droplet, thereby leading to an expansion in droplet volume.

54 1 =

Drop radius(um)

IS IS n
il i n
\D

We

Figure 6. The relationship between the droplet radius and the We number.

Figure 7 presents a comprehensive summary of the droplet behavior under varying Z
values and We numbers for P3HT ink, illustrating the impact of these parameters on inkjet
printing dynamics. The observed droplet behaviors can be classified into three distinct
scenarios: the formation of a single droplet, the formation of double droplets, and splashing
events. Notably, when the Weber number exceeds 13, depicted by blue dots in the figure, a
splashing phenomenon emerges. This phenomenon is characterized by numerous small,
scattered droplets, indicative of excessive kinetic energy that disrupts droplet cohesion and
results in erratic deposition patterns.
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Figure 7. The printable region as a function of the We number relationship with respect to Z.

Conversely, when the Weber number is below 13 and 12 < Z < 34, the ink demonstrates
the formation of single, stable droplets. This situation represents the optimal conditions
for controlled droplet deposition, crucial for achieving precision in applications such as
electronic circuitry fabrication or the layering of sensitive biochemical substrates. The sta-
bility of these droplets ensures that the deposited materials adhere to precise locations and
configurations, which are critical for the functionality and reliability of the final products.

This differentiation in droplet behaviors underscores the critical importance of fine-
tuning the printing parameters, especially the Weber number, to align with the specific
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References

requirements of the printing task. By selecting the appropriate Weber number, manu-
facturers can manipulate droplet formation to mitigate unwanted splashing and ensure
high-quality printing with minimal material waste.

4. Conclusions

In this study, we systematically investigated the influence of the Weber number (We)
on droplet formation in inkjet printing processes. As the We number increases, droplet
morphology transitions from single to double, and eventually to sputtered droplets. As for
single droplet formation, the droplet radius increases gradually with the We number. Our
comprehensive analysis across various driving voltages revealed that a Weber number (We)
below 13 and 12 < Z < 34 provides an optimal range for achieving the consistent formation
of single droplets. Specifically, a pulse duration of 38.5 us, employing a single waveform,
is adequate for forming the stable droplets of P3HT ink without the presence of satellite
droplets or other instabilities.

These findings not only confirm the crucial role of the Weber number in determining
the printing capabilities of P3HT inks but also establish clear guidelines for its application
in precision inkjet printing. They offer a framework for predicting and controlling the
fidelity of droplet formation, which is especially valuable for the development of printing
protocols for advanced materials, where the fidelity of droplet formation directly impacts
the quality and functionality of the final product.
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