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ARTICLE INFO ABSTRACT

Ink properties play a critical role in different printing techniques. However, it is not straightforward to correlate
ink properties to the printing results. In this study, several parameters were identified and analyzed to evaluate
the droplet behavior in electrohydrodynamic inkjet printing. More specifically, the effects of metallic nano-
particle sizes in the ink formulation were explored through the analysis of droplet impact behaviors. These
parameters include droplet wetting diameter, height, initial impact velocity, and contact angle. With the as-
sistance of machine vision, a high-speed camera captured a sequence of images, which were analyzed to extract
the aforementioned parameters. Under fields of gravitational force with/without electric force, four phases of
ink droplet behaviors were identified. Our data suggest that with an electric force field, particle size dominates
the droplet behavior in respect to contact angle and wetting diameter. The increase of particle size decreased the
droplet wetting diameter with an electric field, while increased the droplet wetting diameter without the electric
field applied. Larger droplet size resulted in higher bouncing frequency and lower droplet height. Furthermore,
under both gravitational and electrical fields, the droplet with medium particle size (average diameter of
276 nm) had a higher impact velocity than that with small (average diameter of 140 nm) and big (average
diameter of 1517 nm) particle sizes. This study contributes to fundamental understanding of particle size effects.
The results will help optimize ink formulations when designing new ink materials for electrohydrodynamic
inkjet printing.
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and a time-consuming process, thus limiting this technology to print a
circuit board (PCB) manufacturing [14]. The template-assist method

1. Introduction

The ability to fabricate Nano/micro scale droplet/wire with func-
tional inks plays key role in a wide range of manufacturing applications
such as circuit boards [1], transistors [2], capacitors [3], solar cells [4],
new sensor developments [5], flexible electronics development and
productions [6]. In order to precisely regulate shape, size, and se-
paration distance perspective of the engineered patterns and droplet
arrays fabrication processes, several techniques were developed and
optimized, including template-assisted methods [7,8], optical litho-
graphy [9,10], and ink-jet printing [11,12]. Optical lithography has
been widely used in the industry because of the two to three orders of
magnitude higher resolution compared to other approaches [13].
However, it requires expensive equipment, complex chemical reactions,
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provides the flexibility to print multiple materials [15] as well as print
on soft flexible substrates such as Polyethylene terephthalate (PET)
substrate [16]. It is still limited by the high cost of template fabrication
and short life cycle [17]. On the contrary, inkjet printing is a non-
contact printing approach that delivers pigments in the form of droplets
[18]. Inkjet printing is a bottom-up manufacturing approach that
overcomes many obstacles faced by traditional subtractive manu-
facturing [19] similar to additive manufacturing. Although inkjet
printing may not provide the same resolution as optical lithography, its
inexpensiveness still attracts a vast amount of industries [20].

There are two major categories of inkjet printing: Drop-On-Demand
(DOD) and continuous methods [21]. By eliminating the ink recovery
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mechanism and improving the efficiency of the ink usage, DOD method
has become popular in the industry. Based on the droplet forming
physics, DOD ink-jet printing categories into four methods: thermal,
electrostatic, piezoelectric, and acoustic [21]. For the thermal method,
the inks shall contain highly volatile chemical solvents, so that the
heater imbedded in the print head can generate solvent gas bubbles to
eject ink out of the ink chamber forming the ink droplet [22]. For the
piezoelectric method, droplets are generated by electric potential trig-
gered mechanical deformation of piezoelectric material installed in the
ink chamber. The viscosity of the inks was modified by a series of
surfactants in order to ensure droplet generation reliability [23]. The
electrostatic method utilizes an electric potential applied on the nozzle
to generate droplets by providing energy to create new surfaces where
droplets separated from ink mainstream. The acoustic method uses
mechanical vibrations to generate droplets by resonating ink liquid
[24]. Ink formulation for acoustic DOD printing requires modifications
to thermodynamic and acoustic behavior in addition to viscosity opti-
mizations [25,26]. Among DOD inkjet printing, electrohydrodynamic
(EHD) printing, also known as e-jet printing, possess unique aspects and
countless potential applications [27-32]. Lyu, et al. were able to print
tungsten nano ink on a flexible substrate to shield x-ray radiation for
electronic chips [31]. By combining the advantages of the thermal and
electrostatic DOD method, EHD printing requires no volatile chemicals
present in its formulation [33], tolerates ink with flexible properties
[341.

To better understand the ink properties impacting the printing
process, some studies have been conducted to further investigate the
correlation between materials properties (density, surface tension, and
viscosity) and the printing conditions (nozzle size and ink flow rate). By
analyzing high-speed droplet images, Jang et al. found that Ohnesorge
number in the range between 4 and 14 provides droplet formability,
maximum allowable jetting frequency, and positional accuracy [26].
With different compositions of ethylene glycol, water, and diethylene
glycol, fluid’s Re, We, and Oh can be engineered with a fixed nozzle
diameter and flow rate [26]. Derby reported that with the increase of
solid content level, relative viscosity, density will increase, which leads
to the decrease of Ohnesorge number [35]. Tai et al. later demonstrated
the velocity of ejected droplets was governed by the Ohnesorge num-
bers [36], in good agreement with Derby and Reis [37].

For metallic inkjet printing, metallic particle size has multiple im-
pacts on ink fluid properties. Typically, ink formulation contains four
major components: pigment, which provides color and functions, sur-
factant which coated the pigment particle surface assisting better dis-
persion/ suspension, solvent who provide an aqueous environment and
flowability, and additives which often improve adhesion, thermal sta-
bility, and antibiotics [38]. Einstein-stoke equation reveals the re-
lationships of necessary viscosity of the fluid to suspend different-sized
particles [39]. Lee et al. reported that the pigment weight ratio and
pigment particle size influenced optical properties (printing result)
[40]. Biswas et al. reported that coffee-ring effects increases printed by
small pigment particle formulated inks (printing results) [41].

To understand the impact of particle size in the ink formulation
during the printing process, we investigated three different particle-size
formulated inks droplet behavior under different conditions. Analyzing
the captured images from a high-speed camera, four phases were
identified. Several parameters, including droplet impact velocity, dro-
plet wetting diameter, droplet height, and contact angle, were extracted
from the image for analyzing fluid viscosity, surface tension, and charge
capacity properties.

2. Materials and methods
2.1. Materials

Tungsten nano-powder was purchased from US Research
Nanomaterials (Houston, TX) and used as received. Other chemicals
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were purchased from Sigma-Aldrich (St. Louis, MO) unless specified.

2.2. Particle size separation

In a 50-mL centrifuge tube, 2 g of dry tungsten nano-powder was
mixed with 40 mL of ethylene glycol with the assistance of vertex and
sonication for 30 min. The resulting mixture was centrifuged under
300 rpm for 60 min. Secondly, 5 mL of ethanol was added to the cen-
trifuged supernatant (S1) and precipitate (P1). P1 was homogenized
with the assistance of vertex and sonication for 10 min. S1 and P1 were
centrifuged under 5000 rpm for 60 min. Resulting supernatant from S1
(S1S2) was further centrifuged down with 10,000 rpm for 10 min,
precipitating particles are classified as small particles (average diameter
of 140 nm). Resulting precipitate form S1 (S1P2) and resulting super-
natant form P1 (P1S2) were centrifuged under 10,000 rpm for 10 min
after mixing and 10 min sonication. The resulting precipitate (S1P2-
P1S2) P3 was classified as the medium particle (average diameter of
276 nm). The resulting precipitate from P1 (P1P2) was classified as a
large particle (average diameter of 1517 nm).

2.3. Ink formulation

The working solution defines as the aqueous solution of the ink
except for the pigment. The working solution shall be prepared and
homogenized prior to the final mix with the pigment, which is size
classified tungsten particle in this study. Based on the function and
printing method, working solution properties were optimized accord-
ingly. The working solution was optimized according to several para-
meters: viscosity, density, evaporation speed, wettability, surface ten-
sion.

Triethylene glycol monomethyl ether (TGME) was chosen to be the
organic solvent based on its excellent solubility with most hydrophilic
liquid and high evaporation rate. Polyvinylpyrrolidone (PVP) is one of
the most commonly used metallic nanoparticle surfactants, stabilizers,
and adhesive additive in the ink formulation industry [42-46]. With
excellent solubility in water and ethanol and low reactivity, PVP was
chosen to serve as both surfactant and stabilizer in this study.

2.4. The molecular weight of PVP impacts

For the different molecular weight of PVP, the same concentration
water solution, viscosity was increased linearly with the increase of the
molecular weight. For e-jet printing, the requirement of viscosity re-
mained at a relatively low level compared to screen printing. Therefore,
low molecular PVP was preferred when printing resolution demand was
most dominated [47]. However, one of the major disadvantages of low
molecular weight PVP surfactants was stability [48,49]. High viscosity
commonly provided long stability, therefore, longer shelf life [49,50].
For ink fabrication, small molecular weight and large molecular weight
PVP were both facilitated to optimize ink fluid properties.

The concentration of PVP added also impacted the viscosity of the
working solution. With sufficient surface coating and stabilization,
overall PVP concentration was set at 2 % w/w. To consistently disperse
all three sized tungsten particles, the two molecular weights of PVP
have been used to facilitate the dispersion [31]. To eliminate the
viscosity differences generated by the working solution formulation, all
three inks with different particle sizes were formulated using the same
working solution.

To prepare a working solution, 1 part (by weight) of PVP 55K, 1
part of PVP360 K, and 48 parts of TGME were mixed with the assistance
of vertex and sonication. In a typical ink formulation process, 50 parts
(by weight) of size classified tungsten particle was mixed with 50 parts
of pre-mixed working solution, sonicated for 30 min, vertex as much as
needed.
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Fig. 1. Schematic diagram of the e-jet printing system.

2.5. E-jet printing system

The e-jet printing system, as shown in Fig. 1, consists of a three-axis
stage, a syringe, a nozzle, a signal generator, a voltage amplifier, a glass
substrate (75 mm X 20 mm), and a high-speed camera. The voltage was
generated, amplified and added between the nozzle and the electrode to
provide the desired voltage. The waveform of voltage and related
parameters were edited by using a function generator and amplified by
a voltage amplifier. The droplets were generated from the tip of the
nozzle by an electrical force. The three-axis stage could provide x, y, z
movement for fabricating patterns. The motion range of the stage was
160 mm X 160 mm x 250 mm. The precision of the stage was 50 nm.
The images of droplets during the printing process were recorded by a
high-speed camera (VEO 340L) with the lens. The images were cap-
tured at 8500 frames per second.

Before the printing process, the ink would stay in the nozzle because
of surface tension. The electrical field would be applied between the
nozzle and electrode when the printing began. With the increase of
voltage, the ink would be jetted by electrical force, finally forming
Tylor cone at the tip of the nozzle. Then the droplets could generate
from the tip of the nozzle because of the Lorentz force. If continuing
increasing the voltage, the separate droplets could become a filament.

2.6. Image analysis

The high-speed camera, which could take 8500 frames per second,
was used to record the whole printing process. The impact process of
the droplet was shown in Fig. 2. The droplet fell under gravity and
impacted on the substrate. Increasing the area of the wetted surface and
decreasing the overall height of the droplet. After the droplet formed a
rectangular shape, the droplet bounced back, and the height of the
droplet increased. After achieving the max point, the droplet then ex-
panded for a long time.

Several images of the impact process were analyzed as shown in
Fig. 3. Fig. 3a presented the image of the droplet right before contacting
the substrate. The diameter of the droplet Dy, the time Ty, and the in-
stantaneous velocity V, were measured. Fig. 3b showed the moment
that the droplet formed a contact angle of 90 degrees for the first time.
In this situation, the height of the droplet, H;, the diameter of the in-
terface between the droplet and the substrate, D;, the time T;, were
measured. Fig. 3c presents the moment that the droplet bounced back
to the max height. The max height of bounce, H, the time, T, and the
contact angle, 6,, are measured.

The contact angle formed when the liquid-vapor interface met the
liquid-solid interface, and the surface tension of liquid-vapor, liquid-
solid, vapor-solid interface achieved a balance. The contact angle is a
parameter to qualify the wettability of a solid interface to liquid

-1.18ms 0ms 2ms 4.12ms 6.35ms 8.59 ms 100 ms
. ' I WY YW N
2mm

Fig. 2. The image sequence of the droplet impact process.
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Fig. 3. Images from several significant transition moments.

interface. The initial velocity was calculated by selecting the image
with the droplet right before it contacted to the substrate and the last
ten figures and calculating the movement of the mass center of the
droplet. The velocity could be obtained by dividing the movement of
two droplets by time. The changes of diameters of droplets, D, indicates
the expedition of droplets when they hit the substrate, which could also
reflect the wettability of an ink. The expression is listed below:

_ Dl - DO
Do (€8]

D

where D was the change of the droplet diameter, D, was the diameter of
the droplet shown in Fig. 3a. D; was the diameter shown in Fig. 3b. The
broadest width of the droplet as D, at the moment that the droplet
contacts the substrate immediately was used as the droplet diameter. D,
is used to evaluate the size of the droplet. D is the variation of the
droplet diameter without the effects of the droplet size.

A particle factorial experiment has been conducted. Under the
condition of gravitational force field only, standoff distance was set at
6.3, 8.4, 10.5, and 12.6 mm to mimic the different initial impacting
velocity. With both electric force and gravity force present, standoff
distance was set at 6.3 mm only to eliminate the velocity difference
sourced from gravitational potential. It also eliminated the possible
electric field differenced when different voltages were applied. Four
different voltages were used in this study to explore the impacts from
the electric field. In order to analyze a large number of images and
obtain dependable results, a machine vision method based on the
MATLAB was applied and optimized [51]. Fig. 4 presented the steps of
analysis for extracting information from images. Fig. 4a presented the
image extracted by a high-speed camera. Fig. 4b presented the first
step, which was finding all edge in the image. As can be seen in Fig. 4b,
the edge of the nozzle and the droplet were both extracted (red line).
Fig. 4c presented the second step, which was finding the longest edge of
the droplet. When the droplet contacted the substrate, its reflection will
connect to itself, so the edge of the droplet and its reflection was
caught. The third step was to divide this edge into the left part and right
part, as shown in Fig. 4d, (left was red, and right was blue). We find the
midpoint of the upper edge and divide the whole edge into left and
right edges based on the midpoint. The fourth step was to determine the
interaction point of the edge and the substrate for each side, as shown
in Fig. 4e. The fifth step was to find the contact angle, as shown in
Fig. 4f. The tangents of each edge at the interaction point with the
substrate were determined. The contact angle was the intersection
angle of the tangent and the baseline (the substrate).

A A L. . A .

2mm

Fig. 4. Steps of image analysis using machine vision, including edge detection,
information extraction, and dimensional calculations.
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Fig. 5. The different phases during the droplet impact process under the elec-
trical field and the gravitational field.

3. Results and discussion
3.1. The definition of phases

The printing process contains four phases, as shown in Fig. 5. The
first phase was before the droplet hits the substrate. Under the lower
intensity of the electrical field, the droplet could be close to the cycle
when it falls from the nozzle. At the time that the droplet was close to
the substrate, the bottom of the droplet could form a bump. With the
increase of the electrical field, the shape of the droplet would become
thinner and longer. The second phase was from droplets contact the
substrate to the time that the droplets from a rectangular for the first
time. The center of the droplet could contact the substrate, and the
contact area would expand to both sides of the droplet. Meanwhile, the
height of the droplet would decrease. The top of the droplet would form
a shape similar to a triangle. With time progresses, the center height of
the droplet would decrease continuously, and the droplet would finally
form a rectangular front-section-view. The contact angle between the
droplet and the substrate would decrease from the maximum value to
90 degrees. The third phase was from the end of the last frame to the
droplet bounces to the highest point for the first time. At the end of the
last frame, the rectangular situation, the velocity of the droplet is not
equal to zero, so the fluidity of the droplets could result in that the
center of the droplet could continue moving down, which makes the
center of the droplet form a drop pit. After achieving the lowest point,
the center of the droplet could bounce back and move up. The third
phase will end at the time that the center of the droplet achieved the
highest point for the first time. The contact angle will decrease when
the center moves down and increases with the droplet moving up. The
diameter, however, would increase all the time. Phase four was after
the droplet bounces back to the highest point, which starts at the end of
phase three. In this phase, only the droplet would expand on the sub-
strate, leading to an increase of the diameter and the decrease of the
height and the decrease of the contact angle for both sides, a slight
bounce or no bounce could be detected.

Fig. 6 presented the change of the parameters, including the dia-
meter, the height, and the contact angle, based on the time. As can be
seen, the diameter would increase dramatically in phase 2 and increase
slightly in phase 3 and 4. The contact angle would decrease dramati-
cally in phase 2 and decrease slightly in phase 3 and 4. The height of the
droplet would decrease dramatically in phase 2 and increase with the
bounce of the droplet. After achieving the max point, the height would
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Fig. 6. Time evolution of the contact angle, the diameter and the height of the
droplet in the printing process.

decrease slowly with the expedition of the droplet in phase 4.
3.2. The effects of particle size on droplet impact behaviors

3.2.1. The effects of particle size on the contact angle and wetting diameter

The particle size of tungsten particle impacted on the droplet wet-
ting diameter significantly under the gravitational field only, it did not
impact on contact angles at this condition. As shown in Fig. 7a, with the
particle size increases, the wetting diameter increases. Commonly,
larger particle processes high kinetic energy, which prefers to travel
greater than small particles at phase II. This phenomenon indicates that
large particle print will result in large dot or wider line width when
printing dots or lines, respectively. It does not require denser droplet
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Fig. 7. Contact angle responses to different particle sizes at maximum re-
bounding and changes of droplet wetting diameters for different particle sizes:
(a) without electrical field, and (b) with the electrical field.



Y. Huang, et al.

separation to form printed lines compare to smaller particle formulated
ink.

On the other hand, without the electric potential present, the total
energy of the droplet remains constant, which results in constant sur-
face energy across different particle size formulated inks. The contact
angle represents surface tension and the surface energy difference be-
tween the droplet and substrate. Without different surface energy, no
significantly different contact angle response to constant surface energy
reasonably.

The particle size of the tungsten particle impacted droplet wetting
diameter at the end of phase II and contact angle significantly at the end
of phase III with the electric potential present. As shown in Fig. 7b, as
particle size increased, from maximum dynamic expansion point to
maximum rebounding point, smaller particles formulated ink droplets
tended to expand as shown in Fig. 7b. The expansion signified that
small particle possesses extra mobility to flow tending for coffee ring
effects, on the other hand, large particle tends to settle down, with less
coffee ring effects.

On the other aspect, at the end of phase II, kinetic driven droplets
expansion ceased, and surface energy and entropy-driven action dom-
inate phase III. With the same tungsten particle mass percentage across
different particle size formulated ink, smaller particles formulate ink
have greater numbers of particles dispersed in the droplet. It also pro-
vides larger total surface areas of particles compare to large size particle
formulated ink. Under the assumption of the same charge density per
area across all different sized tungsten particles, the total charge on the
smaller particles would be greater than the charge on the large parti-
cles. This excess charge provides an increase of surface energy, there-
fore, a larger contact angle.

3.2.2. The effects of particle size on the initial velocity

The initial velocity of the droplet was greatly impacted by the
particle size of the tungsten particle when electric field presents. As
shown in Fig. 8b with a decrease in particle size, the impact velocity is
increased. Similar to expansion, small particles formulated ink possess
large particle surface areas where electric charges can accumulate. The
large charge provided a large electric force which was the electric field
acceleration force, hence the high impact velocity. If the electric field
did not present, the gravitational force was the only acceleration force.
In Fig. 8a, with initial dropping height increased, the impact velocity
increased.

3.2.3. The effects of particle size on the period of the phases

The particle size impacts the phase II duration significantly but not
for phase III. As shown in Fig. 9, the duration of phase II (T1) decreased
with increases of particle size under both gravitational field only and
gravitational-electrical filed conditions. For phase II and phase III
duration (T2), T2 decreases when particle size increase without sig-
nificant difference under gravitational filed only (in Fig. 9a), T2 does
not have a linear relationship with particle size for the electrical con-
dition in Fig. 9b.

The particle size impacts the droplet height at both ends of phase II
and III ending for both conditions. As shown in both Fig. 9a-b, both H1
and H2 are decreased when the particle size increased. Without elec-
trical fields, small particle formulated ink droplets tend to rebound
greatly, by approximate 2.5 times of H2 from the end of phase II to the
end of phase III. It was not shown on any other conditions neither
particle size variance nor field difference. This may due to greater en-
tropy possessed by smaller particle formulated ink and less field force
(gravitational force only with no electric Lorentz force present).

4. Conclusion
In this study, the tungsten nanoparticle inks with three particle sizes

(small, medium, large) were prepared and printed using electro-
hydrodynamic inkjet printing method. The printing process was
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Fig. 8. Initial velocity of the droplet with different particle sizes (a) without and
(b) with the electrical field.

monitored by using a high-speed camera, and the images were collected
and analyzed using a machine vision method. The impact behavior of
the droplets was studied, and the main conclusions were listed as the
following:

e The impact behavior could be clearly identified as four phases: 1)
before contact to the substrate, 2) contact the substrate and form a
rectangular front-cross-section view, 3) the center of the droplet
bounced back, and 4) expansion.

The phase duration and the height of the droplet increased with the
increase of particle sizes under both the gravitational field and the
electrical field.

e A larger particle size resulted in a larger diameter under the grav-
itational field and a smaller diameter under the electrical field.
The droplets with larger particle size generated smaller contact
angles.

The droplets with medium particle size had the highest impact in-
itial velocity in three particle sizes (small, medium, large).
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