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Abstract

Experimental studies of micro-sized droplet impinging and
spreading on a hydrophilic line across a hydrophobic surface are
presented. Hydrophilic lines were patterned through UV ozone or
oxygen plasma treatment on a polymer sheet coated with
hydrophobic chemicals. A droplet with 81um diameter was jetted
at 1.2ms” on the line of smaller width. Droplets which were
impinged at a finite lateral offset from the line migrated towards
the hydrophilic area and conformed to the hydrophilic line. The
spreading dynamics of the droplets were captured with a high
speed camera. The effects of line width and wettability contrast
between the line and the surrounding surface on the spreading
behavior were examined. The key parameters affecting the
translation and conformability of the droplet to the hydrophilic
line are the ratio of the line width to the initial droplet diameter
and the contact angle of the hydrophilic line. The droplet will
only conform completely to the hydrophilic pattern if the line
width is not overly small relative to the droplet and the contact
angle of the hydrophilic line is sufficiently low. The outcome of
this study can potentially be applied to control the deposition and
spreading of inkjet droplets to produce accurate micro-sized lines
or other features which are smaller than the droplets.

Introduction

Inkjet printing was first developed commercially for printing text
or images on papers. However, over the past decade, inkjet
printing has attracted much attention from the manufacturing
industry due to its capability to produce micro-sized features with
high resolution. Metals, ceramics and polymers can be deposited
directly on a solid substrate through inkjet printing
technology[1]. Its potential applications include the
manufacturing of plastic transistor circuits[2] and light emitting
diode (LED) display[3].

A typical inkjet dispenser produces droplet ranging from 10 to
100um in diameter[1]. This imposes a limit to the resolution of
the printed features. Surface wettability patterning has been
proposed to overcome this limit and to achieve features which are
smaller than the droplet size[2]. Water-based inkjet droplets can
be steered away from the hydrophobic area and be guided to
spread along the hydrophilic pattern to form the desired features.

Literature Review

Despite its significance, the dynamics of droplet impingement on
a surface with varying wettability is seldom studied in the
literature. Typically, the end results of the printing process were
studied instead of the dynamic process[4]. This is partially due to
the difficulties in capturing the impact process of a micro-sized
droplet which occurs in a very short time scale. On the contrary,
millimetre-size droplet spreading process on a heterogeneous
surface which occurs over a longer time scale has been
investigated extensively in the literature[S]. Recent advances in
high speed imaging [6] and flash photography [7] have permitted
the observations of the impact and spreading dynamics of micro-

sized droplets. However, these investigations only focused on the
spreading dynamics of droplets on a homogenous surface without
any wettability patterns.

This paper presents the high speed imaging and experimental
analysis of a micro-sized droplet jetted on a surface with
wettability patterns. Specifically, the experimental investigation
aims to reveal the interaction between an impinging droplet with
the hydrophilic line across a hydrophobic surface. A proper
understanding of this process can improve the accuracy of
material deposition and allow smaller features to be printed on a
substrate.

Experimental Setup

Surface Patterning

The substrate employed in the experiments is polyethylene
terephthalate (PET) sheet. The surface patterning procedures are
described in our previous paper [8] and are summarized here (see
Figure 1). To generate a hydrophobic surface, the PET sheet was
dip-coated with 3M Novec 1700 electronic grade coating which
is a clear solution with fluorochemical acrylic polymer carried in
a hydrofluoroether solvent. The concentration of the solution was
diluted to 0.1 weight % from the original concentration of 2 % to
reduce the coating thickness and time for selective removal of
coating. The solvent was evaporated in an oven at 120°C for 10
seconds.

The hydrophobic coating can be selectively removed from the
PET sheet with ultra-violet (UV) ozone or oxygen plasma
treatment. A nickel mask of 50um thick with long slits of 50um
width was placed on top the coated PET sheet. Magnet was
placed below the PET sheet to hold the nickel mask firmly
against the PET surface. The sandwich was then placed into an
ultra-violet (UV) ozone exposure unit (Senlight PL16) which
generates 10.2 mW/cm® of UV with 185nm wavelength and 32.7
mW/cm? of UV with 254nm wavelength for 25 minutes. The
treatment selectively removed the hydrophobic coating according
to the slits on the mask. Upon the removal of the hydrophobic
coating, the treatment further modified the exposed area on the
PET sheet into hydrophilic region.

The average contact angles of the hydrophobic coated and UV
ozone modified PET surfaces were measured to be 107° and 17°
respectively. The process produced hydrophilic lines with a sharp
wettability contrast of 90° to the surrounding hydrophobic
surface. Hydrophilic lines with different width (27um, 37pm and
53um) were produced to investigate the effect of line width on
the droplet spreading behaviour.

Instead of UV ozone treatment, the coating on PET sheet can also
be removed with oxygen plasma treatment (March PX-500). At a
power of 100W, a pressure of 70mTorr and 45 seconds exposure
time, the hydrophobic coating was removed, with little
modification to the PET surface. The water contact angle was
measured to be 77° (similar to a pristine PET surface). Increasing
the exposure time to 2 minutes not only removed the coating, but
also lowered the contact angle of the PET sheet to 40°.
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Figure 1. Patterning of hydrophilic lines over hydrophobic coating on
PET sheet.

Hydrophilic lines with different contact angles (17°, 44° and 77°)
over a hydrophobic surface (contact angle of 107°) were
produced to investigate the effect of wettability contrast on the
dynamic behavior of an impinging water droplet.

Droplet Dispensing and High Speed Imaging

Water droplet was jetted on the surface with an inkjet dispenser
head (MD-K-130 Microdrop Technologies) with a nozzle
diameter of 70pm. A driving voltage pulse of 105V with 30us
pulse width generated a droplet of 81um in diameter, which
impinged the PET substrate at 1.2ms™.

The bottom view of the droplet impingement and spreading
process was captured through a high speed camera (Photron
Fastcam SAS5 monochrome) attached to an inverted microscope
(Nikon Ti-S Eclipse). The capturing rate of the camera was set to
100,000 fps. Due to the short exposure time, a high intensity light
source was required to capture the images at high speed. The
white light illumination was supplied by ultra high pressure
mercury lamp (Nikon Intensilight 130W). A UV cut-off filter
was attached to the filter cube of the microscope to remove the
UV component from the light source.

Experimental Results
Effect of Line Width

The effect of hydrophilic line width on the droplet spreading
behavior was investigated. Figure 2 shows the bottom view
image sequence of droplets impinging on hydrophilic lines with
different line widths. The contact angles for the lines and the
surrounding surface are 17° and 107° respectively. All droplets

were impinged on the center of the hydrophilic lines with
negligible offset (smaller than Spm).

For ¢ < 0.05ms, the behavior of the two droplets did not differ
significantly despite the difference in contact angle of the lines
(see Figure 2). The initial phase of droplet spreading upon
impingement is driven by the inertial effect and unaffected by the
surface properties. At approximately 0.3s after impact, the
droplet conformed to the 53um hydrophilic line as both the upper
and lower contact lines coincided with the wettability boundary
(see Figure 3). However, as the line width was reduced to 37pum
and 27pm, the droplets were not confined completely within the
hydrophilic region even after 0.5 second. Although the droplet
impinged on the 37um line showed significant spreading and
elongation along the line, the liquid transport on the thinner
hydrophilic region was insufficient to fully divert the fluid away
from the central blob. The droplet impinged on the 27um line
was only elongated slightly and most of the liquid stayed on the
hydrophobic surface. The small hydrophilic area did not provide
sufficient capillary force to drive the fluid from the central blob.

These experimental results illustrate the limitation of exploiting
surface wettability contrast to print lines smaller than the
diameter of an inkjet droplet. A water-based inkjet droplet is
expected to conform to the pre-patterned line width which is
larger or equal to 0.65 times of the droplet diameter. However,
reducing the line width further would result in the formation of
residual blob at the impact location and inhomogeneous
deposition of material along the line. The effect of contact angle
contrast between the hydrophilic lines and the surrounding
surface are discussed in the next section.
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Figure 2. Bottom view image sequence of droplets (initial diameter =
81pum) impinging on hydrophilic lines with different widths. Contact
angles of hydrophilic line and surrounding surface are 17° and 107°
respectively. Impact velocity = 1.2ms™.
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Figure 3. Positions of droplet upper and lower contact lines from center
of hydrophilic lines with various line widths. Droplet initial diameter =
81um. Impact velocity = 1.2ms™. Contact angles of hydrophilic line and
surrounding surface are 17° and 107° respectively. Dash lines represent
the line width of corresponding marker color.

Effect of Wettability Contrast

Figure 4 illustrates the droplet spreading on hydrophilic lines of
different contact angles. The contact angle of the surrounding
surface was constant at 107°. For the line with a contact angle of
17°, the droplet spread along the strip and stayed within the
confinement of the wettability contrast. As the contact angle of
the hydrophilic surface was increased, the droplet spread
diameter reduced significantly. For lines with contact angles of
44° and 77°, a central blob was formed at the hydrophilic region
and the upper and lower edges of the droplet stayed outside of the
hydrophilic lines (see Figure 5).

Brinkmann and Liposky [9] analytically derived the criterion for
the transition between the two regimes of droplet spreading on a
hydrophilic strip over a surrounding hydrophobic surface. The
droplet only stays within the stripe when the contact angle of the
stripe is less than ~38°[9]. This criterion is applicable when the
contact angle of the hydrophobic surface surrounding the strip is
larger than 90°. When the contact angle of the hydrophilic stripe
is larger than 38°, a droplet with diameter larger than the width of
the stripe would stay as a central blob with limited spreading
along the line. Our experimental results agree with the theoretical
prediction of the transition between the two types of droplet
morphologies. At low contact angle (17°), the droplet conform to
the hydrophilic line while at contact angle higher than 38° (44°
and 77°), a central blob is formed (see figure 4). Hence, a high
contact angle contrast between the hydrophilic pattern and its
surrounding is crucial for the printed droplet conformity to the
desired line width.

If the droplet is not impinged exactly at the middle of the
hydrophilic line but at an offset of SOum, the droplet migrated
towards the hydrophilic area (see Figure 6). At 1 = 50ms after
impact, the droplet appeared to be the same as the droplet which
was impinged exactly on the line. This behavior is important for

inkjet printing technology. The final printed feature is
independent on the initial impact location as long as part of the
droplet touches the hydrophilic line. Despite an offset or
inaccuracy of the initial impact location, the droplet will migrate
towards the line and conform to the required line width.

Conclusions

Images of a micro-sized droplet impinging on a hydrophilic line
with a surrounding hydrophobic surface have been captured with
a high speed camera. The effects of line width and contact angle
contrast on droplet spreading were investigated. The contact
angle of the hydrophobic surface was kept constant at 107°
throughout the studies. A micro-sized droplet impinged on the
hydrophilic line conforms to the line width if the line width is
larger than or equal to 0.65 times of the droplet initial diameter.
When the line width is reduced or contact angle of the line is
increased, the droplet failed to conform completely to the line
width. A residual blob of liquid remained at the initial impact
location due to the lack of spreading on the hydrophilic line with
a smaller width. When the droplet is not impinged exactly at the
middle of the hydrophilic line, the droplet migrated towards the
hydrophilic area before conforming to it. This study demonstrates
that wettability patterning can potentially enhance the robustness
for producing micro-sized features at higher resolution through
inkjet printing.
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Figure 4. Bottom view image sequence of droplets (diameter = 81um)
impinging on hydrophilic lines with different contact angle contrast.
Hydrophilic line average width = 53um. Droplet initial diameter = 81pm.
Impact velocity = 1.2ms™.



Contact angle: hydrophilic-hydrophobic

m 17°-107° o 4401070 770-107°
80 -
B
=
s O el
=
S snmmmwaamnn
= TrEes
=
e igi
5 { il L LT
5 S S G I I GEE AN IR IS MR GEn GEm s
2 20 -
.
]
=
s
; () T T T T T 1
= 000 005 010 015 020 025 030
g Time (s)
T 20 -
E -_— -_— -— -_— - -—
S TTT1IT 0
2 T L
g Ei g RERattang
T = - Tr=—=fMT =
& NPT esnatanas
60 -

Figure 5. Positions of droplet upper and lower contact lines (relative to
center of the line) impinged on hydrophilic lines with various contact
angle contrast to surrounding hydrophobic surface (contact angle 107°).
Hydrophilic line width = 53um (indicated by black dashed lines). Droplet
initial diameter = 81um.
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Figure 6. Bottom view image sequence of droplets (diameter = 81pum)
impinging on hydrophilic lines at 50um offset distance. Contact angles of
hydrophilic line and surrounding surface are 17° and 107° respectively.
Hydrophilic line width = 53um. Droplet initial diameter = 81um. Impact
velocity = 1.2ms™.
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