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ABSTRACT

Inkjet-printed micro-patterns on hydrophobic surfaces have promising applications in the fabrication of microscale devices such as organic
thin-film transistors. The low wettability of the surface prevents the inkjet-printed droplets from spreading, connecting to each other, and
forming a pattern. Consequently, it is challenging to form micro-patterns on surfaces with low wettability. Here, we propose a sequential
printing and drying method to form micro-patterns and control their shape. The first set of droplets is inkjet-printed at a certain spacing
and dried. The second set of droplets is printed between these dry anchors on the surface with low wettability. As a result, a stable bridge on
the surface with low wettability forms. This printing method is extended to more complicated shapes such as triangles. By implementing an
energy minimization technique, a simple model was devised to predict the shape of the inkjet-printed micro-patterns while confirming that
their equilibrium shape is mainly governed by surface tension forces. The gradient descent method was utilized with parametric boundaries
to emulate droplet pinning and wettability of the anchors and to prevent convergence issues from occurring in the simulations. Finally, the
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energy minimization based simulations were used to predict the required ink to produce dry lines and triangles with smooth edges.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0149663

I. INTRODUCTION

The formation of micro-patterns on surfaces with low wet-
tability, seen in applications such as microelectronic devices and
bio-surfaces with cell-based assays, poses a significant challenge."”
Printing techniques such as extrusion and screen printing are not
as influenced by substrate wettability compared to other techniques,
but their resolution is low.”* To print high-resolution patterns,
inkjet printing and gravure printing are used.”’ For both of these
techniques, ink spreading and pattern formation are influenced by
substrate wettability. If a surface has relatively high surface energy,
meaning that the ink contact angle is below 90°, lines and other
patterns can be printed, but if the contact angle is above 90°, the
printed droplets will not spread to merge with each other and form
patterns: Printed lines are unstable.® The use of hydrophobic films
such as Teflon amorphous fluoropolymers (Teflon-AF) as a coating
material, device encapsulation, or the gate dielectric in transistors

is often inevitable.”'* On surfaces with low wettability, adjacent
droplets merge and bulge into larger circular drops rather than
maintain the printed pattern such as a line or square. Consequently,
to deposit functional inks on hydrophobic surfaces, for instance, as
conducting electrodes in printed electronics, a common approach
is to increase the wettability of the surface using surface modifica-
tion."” For example, to achieve finer thin-film patterning through
printing, surfaces with hydrophilic/hydrophobic adjacent regions
can be created with plasma treatment. The ink wets the hydrophilic
region and is confined by the hydrophobic regions.'* However, in
addition to adding extra manufacturing steps to the process, sur-
face treatment methods such as plasma'”*’ and addition or removal
of monolayers”"** may alter the surface both chemically and phys-
ically,'® potentially compromising the functionality of the printed
micro-patterns.'?

There are some ways of forming micro-patterns on hydropho-
bic surfaces without resorting to surface modification. One approach
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is the chemical modification of the ink, for instance, by using gela-
tion polymers mixed with TiO; ink, where the thermal gelation of
the ink prevents it from dewetting the hydrophobic surface and helps
forming straight lines.”” This approach requires modifying the ink
formulation, which may not always be a viable option. On the other
hand, stacked-coin lines have been inkjet-printed on surfaces with
high wettability.”* In this method, the printing stage is heated and
the ink is dried immediately after it is deposited on the substrate.
Ideally, each droplet is dried before it retracts, and the subsequent
droplet is pinned on the previous droplet. When printing stacked-
coin lines, the heat from the print stage can cause the solvent to
evaporate in the nozzle and hinder droplet jetting due to ink agglom-
eration.”* While it helps with pinning the droplets on the surface,
it is more applicable to solvents with high boiling point, and due
to the high temperature condition, it is not considered as a general
method.

Another technique for forming ink patterns on hydrophobic
substrates involves printing of the corners of a rectangle and dry-
ing them, followed by the deposition of ink between those corners,
which is then stretched by the previously dried corner droplets.””
However, in Ref. 25, the focus was to use the printed pattern as a fully
overlapped transistor gate electrode without the need for accurate
patterning, low edge roughness, or high resolution. In a similar study
leveraging surface tension forces, high-resolution lines were formed
by sandwiching a layer of ink between a pre-patterned substrate with
printed dots and a cover plate. Bridges were formed between the dots
as the ink solvent evaporated.”® While smooth and well-controlled
lines were formed with this method, the process requires careful con-
trol over the dewetting process limiting the types of patterns that can
be printed. Additionally, the entire surface is initially covered with
the ink, which may pose difficulties for complex multilayer devices.

When lines are inkjet-printed on surfaces regardless of wetta-
bility, the beginning of the patterns tends to bulge due to Laplace
pressure gradient between an already printed larger volume with
lower curvature and the newly printed droplet with higher cur-
vature. One way of preventing inkjet-printed lines from bulging
at the beginning of the line is to use symmetric printing.” With
symmetric printing, three-droplet line segments are printed with
the middle droplet being printed last. This method prevents the
bulging at the beginning of printed patterns™*’ on surfaces with
high wettability; however, it has not yet been explored on surfaces
with low wettability. There is a need to understand and control the
printed line formation process on hydrophobic surfaces through the
development of novel methods.

Simulations can be used to predict printed ink behavior on
a surface and prevent waste of material and time while provid-
ing better understanding of the pattern formation. Different sim-
ulation methods have been employed to predict the formation
of micro-patterns, for example, the Navier-Stokes and continuity
equations,z‘\\'w the lattice Boltzmann equation,‘w‘H and the energy
minimization integral.’> Among these methods, the energy mini-
mization approach is simple and time-efficient and it can emulate
the shape of microdroplets with a high level of accuracy to find a
steady-state solution.”” This method finds the equilibrium state of
the droplet by calculating its energy using the surface integral of the
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applied forces. The minimum energy state for the system represents
the equilibrium state.”"” Surface Evolver is a popular simulation
tool that uses gradient descent method to minimize the energy to
study the equilibrium state of droplets by taking into account forces
such as surface tension and gravity.”* The energy is minimized using
the gradient descent method, in which each vertex on the surface of
the body has an energy and a force that acts on it. The total energy
of the surface is a function of the coordinates. The negative of the
energy gradient is the force that has a direction from higher to lower
energy and moves the vertex in that direction to define the shape
of the interface in an iterative process. As such, when running the
simulation, the system, through iterations and refinements, moves
vertices simultaneously to minimize the surface energy.” Gradient
descent method is a popular method to find the minimum energy
state, but it can have challenges. For example, achieving good con-
vergence by employing the gradient descent method alone is often
not possible.”” One challenge with the energy minimization method
is the accurate modeling of the contact angle at the discontinuities
between regions of different wettabilities. At these boundaries, the
energy minimization integral fails to work. One way of dealing with
this problem is replacing the gradient descent method with a direct
search method at the boundaries,”>** which means using two dif-
ferent methods for the different areas. This approach requires more
time and alternating between two algorithms.

To overcome the challenge of printing on hydrophobic
surfaces, we have conducted a combination of simulation and
experimental work, following the strategy below. To produce micro-
patterns on a hydrophobic surface, we inkjet print silver nanopar-
ticle ink on Teflon-AF films. Our method uses printing and drying
sequences, where hydrophilic/hydrophobic regions are created on
the surface without blanket surface modification. The dried ink from
the first printing sequence acts as the hydrophilic region as the
high silver nanoparticle content of the ink renders it hydrophilic.
The desired pattern is formed in the second step by depositing and
drying more ink on the hydrophobic region between pre-printed
anchors. In other words, we adopted symmetric printing method-
ology to inkjet print patterns on hydrophobic surfaces, with a drying
step to be inserted into the symmetric printing process to form line
segments. Schematics of the sequential printing and drying steps to
form micro-patterns are shown in Fig. 1. The edge profile of the line
is influenced by the volume of the printed ink. It is crucial to have the
ability to anticipate and regulate the required volume of ink for a spe-
cific line length, particularly in areas such as microelectronics where
pattern dimensions determine electrical performance. Instead of
experimental trial-and-error methods to determine accurate micro-
pattern dimensions, a computational model was devised based on
energy minimization with Surface Evolver to predict the ink vol-
ume required to print line segments with different lengths and other
patterns such as triangles. The printed patterns are simulated and
analyzed with only the contact angle of the ink on the substrate as an
input parameter. This allows us to confirm whether surface tension
is the main force controlling the equilibrium state of micro-patterns
obtained through the sequential print and dry method. The simula-
tion results are used to predict the printed volume necessary to print
smooth patterns after drying.
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FIG. 1. Schematics of the side and top views of the sequential printing and drying of the micro-patterns with the following steps: (a) Printing the first sequence of droplets,
(b) drying droplets, (c) printing the second sequence of droplets, and (d) drying the final pattern.

Il. METHODS AND MATERIALS

A. Experimental
1. Materials

Silver nanoparticle ink (ANP DGP 40LT-15C, Advanced Nano
Products, Co., Sejong, Korea) was inkjet-printed using a custom-
built inkjet-printer with a 60 ym-diameter nozzle (MJ-ATP-01-
60-8MX, Microfab Technologies, Inc. Plano, TX). Teflon-AF 1600
(Sigma-Aldrich, Oakville, Canada) was dissolved in Fluorinert
FC-40 (Sigma-Aldrich, Oakville, Canada) with a 1.6% con-
centration.

2. Sample fabrication

The Teflon-AF solution was spin-coated at 500 rpm for
1 min on glass slides and dried at 150 °C for 15 min. Two printing
approaches were used for printing lines, i.e., the traditional method
(method 1) and the sequential printing and drying method (method
2). In the traditional method, single droplets (volume 0.19 nl) were
printed with different spacing, i.e., the drop spacing of the printed
single droplets was varied between 10 and 85 ym. In the sequen-
tial printing and drying method, first, two anchors each comprising
ten droplets (volume 1.9 nl) were printed at different distances from
each other (170-260 um). Next, the printed anchors were dried at
150 °C for 15 min. Finally, different volumes of the ink were printed
between the two anchors. For each anchor spacing between 170 and
260 pm, first a minimum volume of ink was printed to connect the
anchors. Then, the volume was increased droplet by droplet, to find
where a relatively smooth line will form.

3. Characterization

The contact angle of de-ionized (DI) water and silver ink on
Teflon-AF and dry silver ink were measured using the sessile drop
method (Kriiss DSA10, Kriiss Scientific, Germany). The contact
angle of the silver nanoparticle ink on a Teflon-AF film is 84° + 2°.
Although the surface is not as non-wetting as it is for water with a

contact angle of 120° + 2°, it is still considered as non-wetting in
practice. The thickness profiles of the dry droplets were measured
using a stylus profilometer (Alpha-Step D-600, KLA-Tencor, USA).

B. Simulations

To model the line pattern formed by the sequential printing and
drying method, Surface Evolver was used. The surface in general is
defined as a complex of vertices, edges, and facets. A vertex is a point
with coordinates. An edge is defined by the head and tail vertices,
and each facet is defined by at least three edges. A body is defined
by the facets that make up its boundaries. The body initially has an
approximate shape (but accurate volume) and later approaches the
desired shape defined by the imposed constrains through an iterative
evolution. The surface energy is the integral of the forces acting on
the surface. For instance, if the force is only surface tension, we can
write the energy as

E:/fleg-d_)A:ffchosﬂdA, (1)

facet facet

where T is the surface tension, k is the surface tension unit vector, A
is the area of the facet, and 0 is the contact angle of the liquid on the
solid surface.

In the present work, the system was defined as two regions
having ink contact angles of 84° + 2° (printing surface) and 0°
(anchor region). In the simulation, gravity was ignored since the
printed features are in the microscale with a Bond number equal to
4.13 x 107°. Silver nanoparticle ink properties are given in Table 1.
The anchor regions were positioned at a distance of d to each other.
Due to geometry limitations in Surface Evolver, anchor regions were
assumed to be flat circles flush with the printing surface. In this
model, surface properties are applied to a flat substrate surface and
the anchor thickness and its variation are not accounted for in the
simulation environment as the thickness of the dried anchors is neg-
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TABLE I. Silver nanoparticle ink properties.

Surface tension (mN/m) 35

Viscosity (cps) 16.7
Density (g/ml) 1.38
Silver content (wt. %) 31.7

84 +2
12+2

Contact angle (°) on Teflon-AF
Contact angle (°) on dry silver

ligible compared with the thickness of the wet the line segment. The
radius r of the anchor regions was 39 ym. These circles are the para-
metric boundaries and are schematically shown in Figs. 2(a) and
2(b).

As detailed in Ref. 34, parametric boundaries are mathemat-
ical constrains applied to the geometry of the simulated body and
are defined using equations and algorithms. The vertices that are
positioned on the boundaries can only move on the 1D boundary
paths and they do not participate in the surface minimization pro-
cess. In the model, half of the vertices were placed on the perimeters
of the anchors (fixed), with the other half placed on the top surface of
the anchor hemispheres. The anchors were modeled as hemispheres,
and the volume of the hemispheres was ignored in the calculation of
the total liquid volume because it only represents 2.5% of the vol-
ume of a wet droplet. The volume of the anchor hemispheres shown
in Fig. 2 does not represent the real volume and it is simply used
to hold the initial vertices on its surface. The simulated ink will only
see the perimeters of the anchors and is not constrained by any other

geometrical boundary. The body was defined as the volume encom-
passed by edges that connects vertices both on the perimeter and
the top surface of the anchor hemispheres. The parametric bound-
aries were imposed on the edges of the initial body to confine the
body (printed ink) to the perimeters of the anchors. This method
ensures that the contact angle of 0° can be preserved for anchors.
Figure 2(c) shows the initial body confined to the parametric bound-
aries at the perimeter of the anchors, and Fig. 2(d) shows the same
system without parametric boundaries.

Another group of constrains defined in Ref. 34 is that of 2D
constraints, which are forces imposing restrictions on the body in
two dimensions. The only 2D constraint used in this model is sur-
face tension on the printing surface, see Fig. 2(b). This 2D constraint
is the foundation of the model in which the surface tension of the
hydrophobic surface is included through Young’s equation:

cos(6) = %, 2)

where 0y, 0y, and oy, are the solid-vapor, solid-liquid, and
liquid-vapor interfacial tensions. This constraint was exerted on the
body facet that lies on the surface with low wettability.

lll. RESULTS AND DISCUSSION

A. Method 1: Printing continuous lines on a surface
with low wettability

Figure 3(a) shows the nozzle and the ejected droplet in the air.
Figures 3(b) and 3(c) show single wet and dry droplets on the Teflon-
AF surface; the initial volume of both were equal. The dry droplet has

Printing Surface
0,r

A :

0,0 d, 0
Anchor Region

T2 =2t 2 = (x; + d)*+x3

b
Surface Tension Constraint
%
];oundaries ];oundaries\\
o
0 X X
2
260 Full Full
{E‘ N Wetting Wetting
= t t
é 0 L L L L
r 0 r dr d d+r

X direction (um)

FIG. 2. (a) Top view of the surface view in simulations. The circles represent the previously printed and dried silver drops, i.e., the anchor regions. (b) Local contact angle
variation in the x-direction, with boundaries, full wetting, and surface tension constraint regions shown. Initial defined body in Surface Evolver (c) with, and (d) without

parametric boundaries imposed on its edges.
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FIG. 3. (a) A 60 um-diameter inkjet nozzle and an ejected droplet in the air. Inkjet-
printed single (b) wet, and (c) dry droplets on Teflon-AF surface. (d) Thickness
profile of a single dry droplet.

a radius of 18.6 ym (the diameter of a wet droplet on the Teflon-AF
surface is ~71 ym), with an average thickness of 3.4 ym. The thick-
ness profile of a single dry droplet is shown in Fig. 3(d). The dimple
in Fig. 3(d) is due to accumulation of material’*” on the edges of
the droplet due to capillary flow.”

Method 1 represents the traditional approach to form lines on a
surface. With this method, a series of lines with varied drop spacing
was printed with decrements of 5 ym. On a hydrophilic surface, an
excessively small drop spacing results in lines that exhibit bulging,
and an excessively large drop spacing leads to scalloping and dis-
continuities in the lines.”** Figure 4(a) depicts a schematics of the
inkjet printing process. On a hydrophobic surface, as can be seen in
Fig. 4(b), when the drop spacing is small, every few droplets merge,
and the number of the merging droplets decreases by increasing the
drop spacing. In all panels in Fig. 4(b), the same number of droplets
were printed (12). At a drop spacing of 75 um, individual droplets
appear. Beyond a drop spacing of 80 ym, the individual printed
droplets no longer merge with one another. This experiment serves
to affirm that the Teflon-AF surface exhibits a non-wetting behav-
ior for this silver nanoparticle ink, pointing to the challenge that was
discussed earlier to form a continuous line through adjustment of
the drop spacing. Changing the volume of printed droplets will not
remedy the issue due to same surface thermodynamic principle that
governs this phenomenon.

B. Method 2: Sequential printing and drying

Method 2 is our suggested strategy. It was employed to print
line segments on a surface with low wettability. Method 2 is a sym-
metric printing method, where anchors at the two ends of the line
segments are printed first, and the middle droplets are printed last.

ARTICLE pubs.aip.org/aipl/jcp

To pin the ink on the surface, the first sequence of droplets was
dried before printing the second sequence in the middle. Figure 5
shows the process. First, two anchors with a distance of 200 ym
were printed and dried [Fig. 5(a)]. Each wet anchor has the volume
of 1.93 nl (ten single printed droplets). Subsequently, ink vol-
umes of 1.8-6.4 nl were printed between anchor regions and dried
[see Figs. 5(b)-5(e)]. It can be observed from Fig. 5 that varying the
volume of the printed droplets in between the anchors changes the
shape of the line segments. As the ink volume is gradually increased,
the width of the line segments increases accordingly. When the vol-
ume of the printed droplets is insufficient, the connection is hardly
formed after drying [Fig. 5(b)]. As the volume is increased, the con-
nection widens, but it remains thinner than the anchor diameter
[Fig. 5(c)]. At a specific volume for a given line segment length, the
dry linewidth approaches the anchor diameter [Fig. 5(d)], result-
ing in a smooth line after drying. However, further increasing the
ink volume results in a line segment width larger than the anchor
diameter [Fig. 5(e)], which is generally not desirable. Considering
above, the strategy suggested in this study works for printing lines.
Longer lines can be generated by simply repeating this process; even
corners can be formed by positioning the next dry anchor not along
the initial line but at a desired orientation.

C. Simulating the sequential printing
and drying process

To minimize experimentation to produce printed lines with
different characteristics and explore patterns other than a line, the
wet patterns were simulated. Figures 6(a) and 6(b) show the exper-
imental and simulated line segments before drying with the anchor
distance of 200 ym for different ink volumes of 1.2, 3.2, and 5.0 nl.
Figure 6(c) shows the graph of the midpoint for wet linewidth vs
the printed volume for the same anchor distance; the objective is
to attain a smooth line, so the width of the midpoint for the line
was used as the point of comparison, the midpoint of the line was
selected since it shows the most deviation from a straight line that is
the goal of the work. Figure 6 shows an excellent agreement between
experiment and simulation with an average error of 1.1%.

The distance between the two anchors was varied in both exper-
iments and simulations. The results for the anchor distances of 170,
230, and 260 ym are shown in Fig. 7. Again, the inkjet-printed exper-
imental and simulated data are very close to each other and follow
the same trend. The optical images of the inkjet-printed and simu-
lated line segments for the volume of 5.6 nl for different lengths are
also presented in Fig. 7.

Parametric boundaries were used on the perimeter of the
anchors where the wettability abruptly changes from one region to
the other, to avoid discontinuities in the gradient descent method.
Defining parametric boundaries at the location of discontinuities
allows us to remove the discontinuous coordinates from the energy
minimization integral by fixing them in place. The implementation

of surface tension via the contact angle (le- (ZZX =T cosf-dA) asa
2D constraint leads to simulation results that fit the results obtained
from printed patterns. As confirmed by this model, the formation
of microdroplets with the sequential drying method is mainly gov-
erned by the surface energy of the substrate. Factors such as gravity,
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FIG. 4. (a) Schematic of the inkjet printing process. (b) Inkjet-printed silver nanoparticle lines with different drop spacing on the Teflon-AF surface. The drop spacing for each
image i |s shown on top of the image. The scale bar represents 200 um. The volume of a drop in the air is 0.19 nl.

Printing direction

FIG. 5. Optical images of line segments printed with method 2 in the wet (top row) and dry (bottom row) state. (a) Step one to form the anchor regions. Subsequently printed
ink between anchor regions with ink volume of (b) 1.8 nl, (c) 3.6 nl, (d) 5 nl, and (e) 6.4 nl. The scale bar represents 100 um. The droplet separation distance is 200 ym. In
each column, the top row shows the line segments before drying, and the bottom row shows the same line segments after drying (at 150 °C for 15 min).
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FIG. 7. From left to right, graphs of the midpoint linewidth vs printed ink volume, top view images of printed and simulated line segments for an anchor distance of (a) 170
um, (b) 230 um, and (c) 260 m. Red arrows point to a volume that results in a straight dry line in each case. The images of line segment are all for the volume of 5.6 nl.
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FIG. 8. The ink volume needed to produce a smooth line segment vs line seg-
ment length. The graph shows a linear relationship between the Vol and
anchor distance and its linear fit. The slope of the linear fit is 2.7 x 10* um? (with
y-intercept, standard error and R being equal to —0.3 nl, 5.2 x 10~"8 nl and 1.00,
respectively). The error bars show error margin of one droplet (0.2 nl).

pinning, and drop impact do not significantly influence the equilib-
rium state of micro-patterns obtained through the sequential drying
method as these phenomena are not included in the model.
Understanding the surface tension forces that lead to the mini-
mal energy state allows us to understand the final ink shape. Without
the anchors, the wet ink makes a contact angle of ~90° with the sur-
face and becomes a hemisphere instead of a line to minimize surface
energy. As there is no pinning, no stable line can be formed. Increas-
ing ink volume only adds to the hemisphere’s radius. The anchors
add two areas where pinning of contact line occurs, allowing for the
formation of a line. Due to the high surface energy of the dried silver
anchors, surface energy is minimized when the wet ink fully wets the
anchors. This constraint allows the formation of a line rather than a
hemisphere. The positioning of the ink exactly in the midpoint of
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the anchors leads them to be equally covered by wet ink. Therefore,
a bridge of ink forms between the anchors, which increases in width
with increasing ink volume as seen in Fig. 5.

If we plot the ink volume vs the anchor distance, which leads to
a straight line with smooth edges (From Figs. 6 and 7), a line with
constant slope can be found (see Fig. 8); the error bars show an error
margin of one droplet (0.2 nl). Such behavior suggests two possibil-
ities. First, it can mean that a print factor (PF) exists correlating the
required printed volume to the anchor distance (d), i.e.,

Volyer = d x PF. (3)

The interesting point about PF is that it does not need to be calcu-
lated for each case; rather, it can be derived from a single experiment
with a specific line length and be extended to other line lengths.

The second implication of PF is that it indicates that there
should be a relationship between the volume of the ink and the width
of line that remains after the ink has been dried. This is very inter-
esting as it means the simulation alone can be used to potentially
predict the resultant printed features. This will be further explained
below, but before that in Fig. 9 we show that this method of print-
ing can be used for printing other features such as triangles using
three-anchor patterns. Using method 2, we printed equilateral trian-
gles and compared the results with simulations. The top view optical
images of the inkjet-printed experimental and simulated triangles
and the graphs of the image area vs printed ink volume are shown in
Fig. 9.

To demonstrate the second implication of Fig. 8, we need to
consider the drying process of the ink, i.e., the removal of the solvent
and having only the solute (silver nanoparticles) left behind. The fact
that we can predict the final ink pattern only considering surface
energy minimization means that the dynamics of the drying pro-
cess do not significantly affect the final equilibrium state. The drying
of the ink where the contact line recedes and the final line shape
achieved is much slower, i.e., in the order of minutes compared to

25 35 45 55 65 75 85 95 105
Volume (nL)

FIG. 9. Optical images of (a) wet and (b) dry printed, and (c) simulated equilateral triangles (side dimension = 200 um), with ink volumes of 5.2, 8.8, and 9.8 nl from left to
right. The scale bar represents 100 um. (d) The simulated and inkjet-printed image area vs ink volume with a percentage error of 2.9%.
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spreading—under a second (see video of the drying process of a line
segment with an anchor distance of 200 ym while stage tempera-
ture increases from 22 to 150 °C the in the supplementary material).
The drying process will determine the feature dimension, which is of
great importance in microelectronics since it affects electrical prop-
erties. The simulations can be used to predict the dry shape and, in
particular, the printed volume required to form straight smooth fea-
tures on hydrophobic surfaces. The linewidth vs volume for all the
four tested anchor distances in Figs. 6 and 7 can be fit to a square
root function,

w=AVY, (4)

where w is the linewidth, V is the printed volume or Ve, and A is a
fitting parameter. There are two distinct phases in the drying process
of a droplet (or a pattern in general) on a surface with low contact
angle hysteresis. The schematic drawing in Fig. 9(a) shows the dry-
ing process of a droplet, starting from an initial wet droplet with the
diameter of wye. In the first phase, as the droplet dries, the contact
line recedes without being pinned to the surface due to the low wet-
tability of the surface, while the contact angle stays fixed. Therefore,
the droplet maintains the shape of a spherical cap. The volume of a
spherical cap is proportional to the cube of its radius (r*). The onset
of the second phase is when the droplet becomes pinned. The sim-
ulations are based on energy minimization of the liquid surface and
hold only for phase one. In phase one, the droplet is regarded as a
spherical cap, so for the volume ratio between the pinned and wet

a Vet

Droplet shrinking
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state, we will have the following value based on the measured drop
radii for this ink on Teflon-AF:

Vi n)® [18.6)\°
volop = ~PIn _ (rf’—“) - (—) = 14.38%. (5)
wet T'wet 35.5

In phase two, the concentration and viscosity of the ink have
increased sufficiently to inhibit the contact line from further move-
ment, and the droplet contact angle starts to reduce (constant
contact angle mode of drop evaporation®®). When pinning starts,
the cord length (or contact length) in Fig. 10(a) is wpin (which is
assumed to be equal to wqry). Substituting wpin in Eq. (4) leads to
a value for Vi, and, using the volume ratio in Eq. (5), Vet can
be calculated. We assume that the same relationships and assump-
tions hold for lines and other features, too, which were validated
for lines and triangles. The V. value that results in smooth line
segments (linewidth equal to anchor diameter) was measured for
four different anchor distances. Figures 10(b)-10(e) show the wet
and smooth dry line segments for anchor distances of 170, 200, 230,
and 260 pm, respectively. The plot in Fig. 10(f) shows values for
the printed volume needed to create smooth line segments vs the
anchor distance for the experimental and simulation results. The
values predicted from the simulation are close to the experimental
results with an average absolute error of 10.7%. The same method
was used to predict the area of triangles printed with different ink
volumes and shows a good match with experiment with an average
absolute error of 22.2%. The larger error for triangles is likely due to

Onset of pinning

0:0:

w A W N 2

N

Printed ink volume (nL)

—

0100

100 pm

=
B Experimental : 2
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50 100 150 200 250 300

Anchor distance (um)

FIG. 10. (a) The drying process of a droplet, starting from an initial wet droplet with the diameter of wye until its diameter reaches w, in phase one. In phase two, the contact
line is pinned as the drop volume is reduced to Vgy. Images of smooth line segments in the wet and dry state for anchor distances of (b) 170, (c) 200, (d) 230, and (e)
260 mm, respectively. (f) The printed volume needed to print a smooth dry line segment vs the anchor distance for the experimental and simulation results.
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their more complicated shape having three anchors and three edges
with complications arising from their pinning process.

IV. CONCLUSION

A new printing method is shown to form micro-patterns on
surfaces with low wettability that does not require surface modifi-
cation. A model based on energy minimization predicts the shape
of the inkjet-printed micro-patterns with good accuracy and only
the contact angle of the ink on the surface as the input, confirming
that the formation and equilibrium state of these micro-patterns are
mainly governed by surface tension forces. Line segments with dif-
ferent length were printed and simulated. Both the experimental and
simulation methods are extended to more complicated shapes such
as triangles. Moreover, the energy minimization based simulations
were used to predict the required printed ink to produce smooth dry
features, which show good agreement with experimental results.

SUPPLEMENTARY MATERIAL

We have added a video of drying line segments printed with
an anchor distance of 200 ym as supplementary material. The stage
temperature increases from 22 to 150 °C in the video. During the
drying of the ink, the contact line recedes and the width of the line
segments decreases.
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