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In experiments, printing paper is imprinted with three different ink micropatterns (square, grid, and stripe).
The wetting contact angle of water droplets on a heterogeneous surface is then investigated using
a proportionate scaling molecular dynamics (MD) simulation, where the water droplets and the ink-
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patterned printing paper are both shrunk by a factor of 200000 collectively. The errors from the

theoretical values are always less than 1°, which is much less than the bias of experimental measurement
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Introduction

Due to their critical prerequisites for the realization of self-
cleaning, water repellency, and anti-sticking capabilities, the
wetting properties of microstructure surfaces have attracted
enormous attention in recent years.’” The molecular interac-
tions between the liquid and the solid surface, which take place
at the micro- and nanoscales, largely define the wettability
statement. Since 1805, Young's equation has been used to
describe wettability on a smooth surface. However, real surfaces
cannot be perfectly smooth, and they might become somewhat
rough because of corroding or scraping. Thus, the Wenzel (W)
and Cassie-Baxter (C-B) states are the two main kinds of solid-
liquid wetting states on the rough surfaces.** The description of
the W state is based on the hypothesis that the water droplet
completely penetrates the grooves of a rough surface, while the
C-B state assumes the water droplet is suspended on the top of
the micro-structured surface, which results in a composite
interface. While the W and C-B models measure the static
contact angle with a solid phase area fraction over the whole
surface, their assumptions are not necessarily satisfied for
heterogeneous surfaces with complex microstructures.”> Kim
et al. presented the effects of three types of patterns on surface
hydrophobicity with an experimental method.® McHale
described that the roughness ratio of the W model and
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data, according to the modeling contact angles. It has been demonstrated that this proportionate scaling
approach works well to appropriately explain the interaction between micro-/nanostructures and liquids.

frictional contact area are valid only when the surface is
isotropic all over with uniform morphology.”

However, most research is analyzed from a macro-
perspective via the lattice Boltzmann method (LBM) and the
computational fluid dynamics (CFD) method.*** The approach
of molecular dynamics (MD), which is regarded as an efficient
and practical simulation method,” may obtain atomistic
information in the simulation of wetting behaviors and elimi-
nate the issues associated with experimental noise and turbu-
lence.™ In the MD simulation, the droplet and solid surface are
constantly downscaled to the nanoscale for minimal computer
usage. With a droplet diameter of 55.8 A, Xu et al. examined the
wetting states of nano-droplets on an array of micro-structured
surfaces with various gravities and discovered a rule for the
transition from Cassie to Wenzel-Cassie to Wenzel.” Using
water droplets measuring 60 A in diameter and containing 13
092 water molecules, Ding et al. investigated the anisotropic
behaviors of these droplets on textured surfaces.’® These
studies, however, did not compare experimental measurements
with a realistic droplet-to-textured-surface ratio. On the other
hand, the observed contact angle in experiments also frequently
contains significant human measurement errors."”

There are two major superhydrophobic
approaches in experimental strategy: top-down and bottom-up
approaches. In the top-down approach, the rough surface can
be made by carving, molding, and micromachining with lasers
or other tools. Examples of this approach include plasma
treatment, lithographic, and template-based methods. The
bottom-up approach includes the sol-gel process, layer-by-layer
deposition, chemical deposition, and colloidal assemblies.'® He
et al. presented a fabrication method combining photolithog-
raphy and the solution immersion method to grow CuO nano-
needles in microarrays on a copper substrate.” Pozzato et al.

fabrication

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fabricated a superhydrophobic surface on a silicon substrate
using chemical etching.”® Fang et al. used the sol-gel method to
prepare hydrophobic aluminum nanowire structures.**

The droplet and surface models have rarely been scaled
following realistic experimental parameters up until now via
MD calculations. The three types of ink micro-patterns—
square, grid, and stripe—are printed on printing paper in our
study as part of experimental investigations with the photoli-
thography method. The proportional scaling method is used in
MD simulations to lower the sizes of water droplets, ink
patterns, and printing paper by a factor of 200 000. When
compared to theoretical values and the outcomes of experi-
mental measurements, the results of the modeling contact
angle demonstrate the remarkable accuracy of our simulation.

Experimental and computational
methods
MD simulation settings and calculations

The MD program of the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) was used to perform all simula-
tions.”* The building block of the substrate is a face-centered
cubic (FCC) unit cell consisting of four copper atoms, and the
length of the unit cell (ac,) is 3.616 A. The substrates were
established by this Cu (1 0 0) surface consisting of seven atomic
layers (thickness of 3ag,); the lateral size (both length and
width) of the simulation cell is around 80ac, = 289.28 A; and
the height of the simulation cell is 253.26 A. In the simulations,
every atom of the solid surface was fixed. The SPC/E model was
used to describe the water molecules.”® The experimental water
droplets have a diameter of 2.12 mm and a volume of 5 pL.
According to the scaling down factor of 200 000, the droplet has
a diameter of 10.6 nm and a density of 1.0 ¢ cm > while con-
taining 20 828 water molecules. Both the coulombic and the van
der Waals forces were calculated, including long-range inter-
actions with a cutoff length of 10 A, and the particle-particle
particle-mesh (pppm) long-range solver is employed. The
simulations were run using the NVT ensemble with the Nosé-
Hoover thermostat method. The system's temperature (300 K)
was used. All models were calculated using 400 000 steps. The
time step was 5 fs, so the total simulation time was 2 ns for each
model. The interaction between the water and copper-type
surface is assumed to be 12-6 Lennard-Jones (L-]) particles.**
It should be noted that the substrate of Cu virtually imitates the
substrate materials of printing paper and ink by tuning écy-o,
€0-0, Ocu-cu, and 0o o are fixed values of 0.1554 kcal mol %,
2.338 A and 3.166 A, respectively. These characteristic
parameters are calculated by Lorentz-Berthelot mixing rules.?

Experimental apparatus

The samples were prepared utilizing Shanghai Power Electronic
Technology Co., Ltd's Scientific 3 printer, as seen in Fig. 1a. The
piezoelectric nozzle mainly uses the inverse piezoelectric effect
of piezoelectric ceramic, as shown in Fig. 1b. The piezoelectric
ceramic will deform when a voltage is applied in the polariza-
tion direction, and the deformation is inversely proportional to

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

()

power

button

wireless router
power cable

power cable

air hose | f

air pump

‘o o

(c)

Left 69.44
Right 69.44

J | piezoelectric ceramics
Llﬁ

.‘\ orifice

Fig. 1 Schematic diagram of the printer working mechanism. (a)
Schematic diagram of the micro-spray printer. (b) Schematic diagram
of the ink-jet process of the micro-jet printing piezoelectric nozzle. (c)
Schematic diagram of observation of contact angle.

the size of the applied electric field. The process of microelec-
tronic printing can be broken down into two steps: in the first
step, pulse voltage causes the piezoelectric ceramic to distort.
The ink chamber is compressed in the following phase, ejecting
a substantial volume of ink that can be layered to create two-
dimensional micro-patterns.

Stereomicroscope (Vision, SX45) and scanning electron
microscopy (SEM, Hitachi, SU900) observations of the structural
properties of the micro-patterned structure surface were made.
The contact angle tester (Surface Tech, Version 2.8) is used to
measure the surface wettability, as shown in Fig. 1c. The liquid
volume for the contact angle test was 5 uL. The average contact
angle of their surfaces was measured and computed at 10
different places. The square, grid, and stripe pattern structures
and contact angle measurements are listed in Tables S1, S2 and
S3 in the ESI,T respectively.

Experimental materials

TEST-01 ink from Shanghai Power Electronic Technology Co.,
Ltd. was used to print micro-structure patterns. The base
material was printing paper. Energy dispersive spectroscopy
(EDS) was used to quantitatively and qualitatively examine the
surface chemical composition of TEST-01 ink. The weight
percentages of C and O elements are 82.54% and 17.46%,
respectively, and the atomic percentages are 86.3% and 13.7%.
It was confirmed that the test ink dispersion is very good and
satisfies the printing requirements when the TEST-01 ink drops
evenly on the print paper substrate and disperses evenly. We
measured the intrinsic static contact angles of the droplet on
printing paper and TEST-01 ink 10 times repeatedly and ob-
tained average values of 52° and 66°, respectively.

RSC Adv, 2023, 13, 32852-32857 | 32853
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Theoretical contact angle calculations

In the calculation of theoretical contact angle values (f¢g), it was
assumed that the water droplets are supported by the micro-
structures as follows from the Cassie-Baxter wetting model,
which is described in eqn (1):

Ccos HCB = filnk COos 0ink + f}l)aper Cos 6paper (1)

where fi,x and foaper represent the surface fractions of the ink
and the paper, and i,k and 0,,per represent the corresponding
contact angles of 52° and 66°, respectively. Based on the
arrangement of the pattern shapes of square, grid, and stripe,
fink and fhaper Were reinterpreted as eqn (2), (3) and (4),
respectively:

a? . b* 4 2ab
ink = T3> aper — T 3 9 2
fk (a+b)2 fpp (a+b)2 ()
a* + 2ab b?
ink = - 5> aper — .5 3
Ju (a+b) Joso (a+b) )
X a X b
Sink = m7 Joaper = m (4)

Here, for square patterns, a is the square side length of the ink
pattern, and b is the square interval length of the printing
paper. For grid patterns, a is the width of the ink-patterned grid,
and b is the square side length of the printing paper. For stripe
patterns, a is the stripe width of the ink pattern, and b is the
stripe interval width of the printing paper.

Results and discussions

Fig. 2 shows the droplet wetting process over 2.0 ns. It is evident
from Fig. 2a-e that the contact area between the droplet and the
solid surface is continuously expanding and the droplet’s height
of gravity center is continuously decreasing. Between 1.0 ns
(Fig. 2e) and 2.0 ns (Fig. 2f), the droplet's shape has stabilized,
indicating that the droplet wetting system has fully relaxed
during this time. It should be noted that even when the droplet
has fully relaxed, there is still a slight variance in the contact

(a) Ons

(b) 0.2 ns

(c) 0.4 ns

(d) 0.6 ns (e) 1.0 ns (f) 2.0 ns

Fig. 2 Snapshots of the spreading process of water droplets wetting
with time.
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angle in different MD frames. Hence, we estimated the contact
angles for the most recent 10 frames and employed the left- and
right-side views of each frame to measure the contact angles.
Then, we took the average of the entire set of 20 data points to
lessen the impact of volatility. In fact, the larger the water
droplet molecules used in MD, the higher the accuracy of the
contact angle that could be obtained because the statistical
fluctuations were significantly minimized. In all, repeated
measurements and contact angle averaging are still necessary to
reduce systematic errors.

One of the most crucial elements influencing the contact
angle of a water droplet on a solid surface is the surface char-
acteristic energy in the L-J potential. It is first necessary to
obtain accurate L-J] parameters ecy-o to represent the surfaces of
ink and printing paper. The contact angles with various ecy-o
are computed using full relaxation according to the scaling
down factor of 200 000 and are then compared with ref. 15 and
27, as shown in Fig. 3. It can be seen that the results of this
investigation closely resemble those of ref. 15 and 27, which
further supports the validity and dependability of this study.
ecu-o and the contact angle ¢ can be fit as § = —0.331.51ecy0 +
174.62 by linear regression with the coefficient of determination
R?> = 0.9977. Then, the contact angles of ink (f = 66°) and
printing paper (f = 52°) are substituted into this linear regres-
sion formula, obtaining ec,_o = 0.3277 kcal mol " for ink and
£cu-o = 0.3699 kcal mol ™ for printing paper.

The experimental measurements of square, grid, and stripe
pattern parameters and contact angles are listed in Tables S1, S2
and S3,f respectiveldy. Based on these realistic experiment
parameters, we proportionally scale down the MD models with
a ratio of 200 000. For the square pattern, the corresponding
square side length a of the ink pattern is approximately in the
range of 3.5ac, to 7.5ac,. The square interval length b is
approximately in the range of 1.5a¢, to 5.5ac,. Thus, there are
20 models of square patterns with different b/a combinations to
be simulated. Fig. 4 shows these top views of ink square-pattern

180 T T T T
160 [ ° ® Data (Authors) &
* ® Ref. [15]
140 LN A Ref. [27] T
. <4
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Fig. 3 Comparison of contact angle with different ec,,_o between this
paper and ref. 15 and 27.
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Fig. 4 Top view of the ink's square pattern surface and the water droplet at the beginning of the water droplet wetting MD simulation. The
descriptions for (a—t) correspond to b/a, where a is the square side length of the ink pattern and b is the square interval length. The red atoms
stand for the ink surface, and the azure atoms stand for the printing paper surface. The yellow and blue atoms stand for the oxygen and hydrogen

atoms in water, respectively.

surfaces and water droplets at the beginning of the water
droplet wetting MD simulation. Grid and stripe pattern surfaces
are madde using the same scaling down ratio of 200 000,
obtaining the approximate surfaces shown in Fig. S1 and S2.f

The theoretical, experimental, and MD simulation results for
contact angles with various k are shown in Fig. 5. It can be seen
that the experimentally measured findings for the square-
pattern surface in Fig. 5a are slightly higher than the theoret-
ical values. The maximum error point will reach over 5°, and the
averaging error is more than 1°. The experimental procedure or
the contact angle measurement could be the source of these
errors. These errors are highly typical and pervasive in human
contact angle measurements. Using the proportional scaling
method, the MD simulation results, on the other hand, are
observed to be quite close to the theoretical values. The
maximum error point has deviations around 1°, and the aver-
aging error is lower than 0.3°. The theoretical formula for
contact angle 4 with the ratio of k = b/a is cos § = (0.4067 + 1.23
x k+0.615 x k*)/(k + 1)>, where the derivation of the formula is
explained in the theoretical contact angle calculation section for
eqn (1) and (2). The contact angles from our MD simulation

© 2023 The Author(s). Published by the Royal Society of Chemistry

follow the same trend as the theoretical curve in that they first
decline quickly and then gradually as & rises. The printing
patterns made with ink always infiltrated the printing paper.
Hence, the influence of the infiltration effect might cause the
experimental contact angle values to be slightly larger than the
theoretical values in Fig. 5a.

For the grid-pattern surface in Fig. 5b, the theoretical contact
angle decreases from ~65° to ~60° as k increases from 0.4 to
2.0. The theoretical formula is cosf = (0.4067 + 0.8134 x k +
0.615 x k*)/(k + 1)?, derived from eqn (1) and (3). When k ranges
from 0.4 to 1.0, the experimentally measured values are roughly
2° less than the theoretical values. The MD simulation values,
however, show an apparent minor deviation when employing
the proportional scaling method. At k = 1.0, there are five points
corresponding to the results of a = b = 1.5acy, 2.0acy, 2.5dcy,
3.0acy, and 3.5ac, surfaces. The largest variation in these
findings is approximately 1°, and their average value is still
fairly close to the theoretical value. When printing the grid
pattern, due to the fact that the ink first prints horizontal lines
and then vertical lines, there are actually two layers of ink
overlapping at the intersection. That might affect the contact

RSC Adv, 2023,13, 32852-32857 | 32855
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Fig.5 Theoretical, experimental, and MD simulation results of contact
angles with different k. (a) Square-pattern surface results. (b) Grid-
pattern surface results. (c) Stripe-pattern surface results. The error bars
are the standard deviations of experimental and simulation results.

angle measurements and results. From the results of the error
bars, we could find that the standard deviations of the simula-
tion results are around 0.5-1°. Hence, the variations of a = b =
1.5acy, 2.0acy, 2.50cy, 3.0acy, and 3.5a¢, are still in a reasonable
error range of 0.5-1°. For the stripe-pattern surface in Fig. 5c,
the theoretical contact angle decreases from ~64° to ~57° with
k increasing from 0.2 to 2.0. The theoretical formula is cos 6§ =
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(0.4067 + 0.6156 x k)/(k + 1), derived from eqn (1) and (4). The
highest divergence is roughly 5°, with the experimental contact
angles being higher than theoretical values in the range of k
from 0.2 to 0.7 and lower than theoretical values in the range of
k from 0.7 to 2.2. The MD simulation results are also very close
to the theoretical values. Five places with k = 1.0 are quite near
the theoretical value, similar to the grid-pattern surfaces. Based
on the findings in Fig. 5, we can conclude that a reliable
simulation approach for researching wetting contact angles is
verified using the MD simulation based on the proportional
scaling method.

Conclusions

With a scaling down factor of 200 000, a proportional scaling
molecular dynamics simulation is used to explore the wetting
contact angle. According to the MD modeling contact angles, all
deviations from the theoretical values are less than 1°, which is
much less than the bias in the findings of experimental
measurements. Few publications have used the proportionate
scaling method to analyze the wetting contact angle or other
MD simulations as of yet. This approach can more realistically
and precisely depict how micro-/nanostructures interact with
other liquids. It can be used as a successful simulation tech-
nique in both industrial manufacturing and scientific studies.
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