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Species ranging from butterflies and other insects, to cactuses and lotus plants have evolved to use
geometrically patterned surfaces to influence the transport of water droplets. While this phenomenon is
well known, an ideal geometry has yet to be discovered. To determine the impact of surface geometry
on droplet transport, we have studied the contact angle and droplet motion across anisotropically
wetting patterned surfaces. The surface geometries tested were sawtooth patterns with angles (8.62—
26.70°) and lengths (0.56-1.67 um). The droplet contact angles were measured on 45° angled surfaces
to simulate the droplet in motion. Velocities were measured using a high-speed camera shooting at
500 frames per second and the tailing edges of the droplets were hand tracked over 18 frames. It was
found that travel along the sawtooth ridges is significantly faster than travel against the ridges for
geometries with shallow angles. The optimal geometry was determined to be o« = 8.62° and b = 1.67 um
and was replicated using nanoimprint lithography using materials with different surface energies. When
replicated with acrylate resins and PDMS, the contact angles remained high, regardless of wettability, but
we find that the overall velocity and velocity hysteresis depends on the hydrophobicity. More
hydrophobic surfaces have overall higher hysteresis. The ability to tune imprinted surfaces to achieve
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Introduction

Anisotropically wetting surfaces are found often in nature with
examples ranging from lotus leaves,'™ to spider silk,® rice
leaves,” cacti,® and even butterfly wings.® These surfaces are
characterized by excellent, precise control of water droplet
transport, allowing organisms to move water with high effi-
ciency for either water collection or water repulsion. These
phenomena have inspired many materials designed for more
efficient surface water transport, for example in coatings that
limit biofouling in medical devices."® The control of solvent
flows'' ™' may allow for easier cleaning and better control of
protein adsorption. Butterflies have adapted special structures
to take advantage of anisotropic wetting properties.

Many butterfly wings are covered in scales that help trans-
port water droplets away from the central axis of the body. The
scales range in length from around 500-2000 nm with most
angles around 8°."° Directional transport was demonstrated in
butterfly wings by Zheng et al."” They showed that Morpho aega
scales, which are 585.5 + 16.3 nm long with a shallow angle,
can fully pin a 3 uL drop to prevent motion in the direction of

Department of Macromolecular Science and Engineering,

Case Western Reserve University, USA. E-mail: dgg28@case.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3sm01669b

This journal is © The Royal Society of Chemistry 2024

ideal wetting characteristics using geometry will lead to interesting anisotropic material design.

the body, but allow the same drop to flow easily away from the
body."” This anisotropic control is attributed to the three phase
(solid-liquid-gas) contact line. This boundary was thought to
be only capable of adopting two states of interest, the Cassie-
Baxter state, and the Wenzel state, low and high friction,
respectively.'*'®2® Kusumaatmaja and Yeomans®* developed
a model for the surface of butterfly scales. They found that
when the droplet has full contact with the surface, the aniso-
tropy in the velocity is maximized. In their work they also
identified a partially suspended state to accompany the
Cassie-Baxter'®*® and Wenzel states,”*® where significant
anisotropy in transport is still observed. On these surfaces, a
low contact angle causes pinning, and a high contact angle
leads to minimal friction. This intermediate wetting state was
further studied by Choi et al. where they studied droplets of
PDMS wetting a templated hoodoo surface.>” Through this they
worked to improve the Cassie-Baxter model. This work showed
that in asymmetric geometries the actual contact area is
difficult to estimate due to the low stability of droplets on
these geometries similar to what was shown in Eick et al. where
they predicted metastable states in surfaces with sharp, near
vertical angles.”® For example, on sawtooth geometries the
droplets impact a vertical edge on one side of the ridge, which
can cause metastable states which lead to a deviation from
the classic Young’s model of equilibrium wetting. Sawtooth
geometries® can be modelled by triangular ridges separated by
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Inspiration

Fig. 1 Butterfly wing (shown on the left) scales served as the inspiration
for our choice of surface. Blaze angle (x) blaze length (b), the primary
geometric variables are shown. The primary axes x and y are shown, y has
no positive direction assigned as the surfaces are symmetric in this
direction.

Biomimetic design

a distance b, and raised at an angle o (Fig. 1). If the surface
is hydrophobic, anisotropic droplet transport is predicted,
depending on the wetting state.

Extensive previous work has been done to characterize
anisotropic wetting on different surface geometries.’** Verti-
cal ridges are the most studied surface geometry.”®'*2%:33737
Chen et al.*® discussed the forces at work and the geometry
dependence of transport anisotropy on these surfaces. They
performed significant analysis on the impact of water droplet
volume on the contact angle. They also examined the impact of
the width of the micro vertical ridges. Through this work they
found that the parallel contact angle is highly dependent
on water drop volume, increasing as the droplet volume
increased.?® Xia, Johnson, and Lépez* demonstrated anisotro-
pic wetting on striped surfaces as well as examined ratcheted
geometries. Gao and McCarthy® found that the advancing
contact angle is directly correlated to the wetting state of dro-
plets on ridged geometries similar to lotus leaves. Other
geometries such as regular triangular ridges,"* and micro-
channels®>**?*#7%° have been explored to a much lesser extent.
Xu et al.** modelled wetting on symmetric triangular ridges in
order to better predict and model the Cassie-Baxter and Wenzel
states. Wang et al®>® showed that micro patterned surface
energies can influence wetting and transport directionality
inside micro channels. Lee et al*' showed that droplet for-
mation on spikes came as a result of anisotropic wetting and
this geometric effect also influence droplet transport and
collision. While all these geometries show anisotropic wetting
and transport, the asymmetric sawtooth pattern seen on butter-
fly wings is the only one that shows anisotropic transport along
the same axis, meaning that motion in the +x and —x (with and
against the ridges) directions differ as opposed to only differing
with respect to x and y axes.'” These surfaces are typically
patterned and replicated using photolithography.

The use of ratcheted hydrophobic surfaces has been explored
extensively for its use in droplet propulsion.*>**** The directional
geometry is well known to influence droplet transport with a
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variety of external stimuli ranging from heat to vibration.
Lagubeau et al** showed that when heated sufficiently,
ratcheted surfaces can take advantage of the Leidenfrost effect
in order to propel droplets along these surfaces. Further work
has been done to investigate the use of textured materials for
droplet self-propulsion. Launay et al.** showed that rail pat-
terned micro grooved surfaces can use variable wetting condi-
tions to pull droplets uphill with no exterior force. While this
phenomenon is well known, replication of these surfaces is
difficult leading to limited application outside the lab.

Much work has been done to study wettability of various
materials,""">**3%%% however, control of this property has been
severely limited in the past. With advances in engineering
practices*® and a focus on surface modification'® we hope to
bring greater control of wetting to industry. This unique
property is already being investigated for applications in med-
icine, where it can help eliminate biofouling."® Further applica-
tions are being investigated in industrial longevity, where
corrosion prevention is necessary.*” In all applications better
control of solvent flow means better control of product degra-
dation and a more consistent product. In the medical field,
limiting biofouling means limiting chances of infection, one of
the most critical focuses of any medical technology.

To understand the optimal geometry for anisotropic trans-
port, we have studied water droplet motion on sawtooth ridges
of varying geometries (Table 1). The surface is first treated with
1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS), and contact
angles are measured. By capturing videos of droplet motion
driven by air flow, we have determined that the optimal geo-
metry coincides with the largest contact angle hysteresis in the
direction against the ridges. To test the effects of material
surface energy, we also measure the droplet motion on hydro-
philic acrylate surfaces and hydrophobic polydimethylsiloxane
(PDMS) surfaces. Studying geometric effects on droplet trans-
port will help guide the manufacturing of smart interfaces, with
precise water propulsion control.

Materials and methods
Materials

The blazed, sawtooth surfaces were purchased from Thorlabs
(8.62°,10.37°,17.45°), and Edmund Optics (12.48°, 26.7°). Their
geometries and surface properties are tabulated in Table 1,
all gratings were purchased with an aluminum coating.
1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) was pur-
chased from VWR and (Beantown Chemical). UV acrylate resin

Table1 Geometries used (x blaze angles, b blaze lengths, z ridge heights,
0r receding contact angles, 0, advancing contact angles)

o (ﬁ) b (um) Z (um] 0R(+x/—x/y) 0A(+x/—x/y)

8.62 1.67 0.25 97/109/102 117/138/122
10.37 0.83 0.15 96/109/99 114/135/110
12.48 0.56 0.12 104/100/108 104/100/122
17.45 0.83 0.25 104/107/106 120/126/123
17.45 1.67 0.5 99/102/101 124/132/119
26.70 0.83 0.37 124/135/104 124/135/119

This journal is © The Royal Society of Chemistry 2024
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was purchased from Sigma Aldrich. Triton X-100 surfactant was
purchased from Sigma Aldrich. Sylgard 184 PDMS resin kit was
purchased from VWR. All reagents were used without further
purification.

Surface treatment

All Thorlabs and Edmund Optics blazed gratings were treated
with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) through
vapor deposition. For this process each surface was first UV-
Ozone etched for 45 minutes with a Jelight Model 24 UV-Ozone
cleaner to change the surface groups to highly reactive ozone. The
surfaces were then placed in a desiccator under house vacuum
along with 20 UL of 96% FDTS for a minimum of 30 minutes.
This process results in a uniform monolayer of highly hydro-
phobic perfluoro tails protruding from the surface. In high
humidity conditions surface hydration can lead to failed coatings.
To mitigate this issue the surfaces were first dried at 80° under
house vacuum, then ozone etched, then the coating was
performed in an inert atmosphere. A glass coverslip was used
as a control reference smooth geometry.

Contact angle measurements

Contact angles were measured as a function of surface direc-
tion using an acA1920-155um - Basler ace camera and a tilt
table. A 5 pL drop was deposited onto each surface and imaged
at a 45° tilt. Between subsequent trials the surfaces were dried
with a combination of canned and house air to avoid wetting
effects. The apparent advancing and receding angles were then
analysed using Image]. The apparent angles are tabulated in
Table 1 and shown in Fig. 2 for each geometry and surface
direction. All measurements were done in triplicate and were
consistent throughout. Between subsequent trials the surfaces
were dried with a combination of canned and house air to avoid
wetting effects. We note that each subsequent run did not
greatly deviate from the original.

Droplet tracking

To image directional droplet motion in each direction, each
surface was placed on a flat stage in between a backlight and
the camera, with the air nozzle blowing from the right to left
relative to the camera. Air was used to direct droplet motion as
the droplets did not move due to gravity even on vertical
surfaces. Air was blown at a constant 4 Liters per minute, to
avoid changes in the airflow it was not shut off during testing.
House air was used with a Brooks Instruments flowmeter.
It was found that droplets did not move consistently at lower
airflows. The airflow was then occluded using a plastic Petri
dish. A 5 uL drop was then placed on the surface, recording was
started, and the Petri dish was withdrawn quickly upward. This
allowed the airflow to be applied across the surface uniformly.
The surfaces were then recorded over eight seconds at 500 fps.
Between subsequent trials the surfaces were dried with a
combination of canned and house air to avoid wetting effects.
We note that each subsequent run did not greatly deviate from
the original. Tests were repeated with the glass coverslip
control, varying the height of the stage until the droplets slid

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic of the +x direction. (b) Schematic of the —x direction.
(c) Droplet contact angles in +x direction vs. «, surfaces imaged on a 45°
titled surface, the filled circles are advancing angles and the hollow circles
are receding angles. (d) Droplet contact angles in —x direction vs. o.
(e) Droplet contact angles in y direction vs. «. (f) Droplet contact angle
hysteresis (advancing—receding).

uniformly across the surface without lifting off. Video was then
taken of each surface, first with motion in the +x direction, then
rotating 90 degrees to the y direction, then rotating 90 degrees
to the —x direction.

The videos were then analyzed frame by frame in Image].
The dimensions of each surface were measured using vernier
calipers to the nearest 0.1 mm. This scale was then used to
track the distance of each droplet traveled. The droplets were
tracked over 18 frames (36 milliseconds) this timeframe was
found to best capture uniform, smooth motion of the droplets
across the surfaces without any lifting or stalling. The tracking
began from the first frame that showed deformation of the
droplet shape. The distance was then tracked from the trailing
edge of the droplet through 18 frames. This distance was
measured by hand using the pixel count in the straight-line
in Image] tool which could then be converted to mm using the
known length of the surfaces. This distance traveled was then
converted to velocity, dividing by the time elapsed, 36 milli-
seconds. Each measurement was repeated in triplicate then the
results were individually averaged, and the sample standard
deviation was taken for error.

Imprint lithography

Imprint lithography was used to make acrylate and PDMS
surfaces. To mitigate wetting effects, Triton X-100 surfactant
was dissolved at a concentration of 0.10 mM in UV curable
acrylate resin. The UV-curable resin was then sandwiched
between a flat, glass coverslip and one of the treated blazed
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gratings and then exposed to UV light through the coverslip.
The acrylate was left to cure for 30 minutes under an ever-
beam 50 watt 395 nm lamp before carefully removing the
blazed grating. These acrylate resin surfaces require no further
modification.

PDMS surfaces were prepared using Sylgard 184. The resin
and cure agent were mixed in the manufacturer recommended
10:1 weight:weight ratio. The resin is then sandwiched
between a flat glass coverslip and a treated blazed grating.
The resin is then oven cured at 85 °C for 4 hours before
carefully removing the blazed grating. These PDMS surfaces
require no further modification.

All resins were degassed under house vacuum for 30 min-
utes after mixing. The resin was further degassed for 1 hour
after sandwiching prior to cure to remove gases incorporated
during pipetting.

PDMS surfaces were tested when made fresh, they were then
aged according to A. Hourlier-Fargette et al.*® This procedure
aims to free uncrosslinked chains from PDMS.

Microscopy

Both optical and scanning electron microscopy were used to
evaluate the quality of the templated surfaces. The optical
microscopy was performed using a Leica DMI 4000 B micro-
scope with a 100x oil objective with the surfaces imaged in
bright field using a Basler acA640-750um camera. The surfaces
for optical microscopy were prepared on and imaged through a
Ted Pella no. 1 coverslip. Confocal microscopy was performed
with the same Leica microscope, acrylate samples then had a
silicone ring mold placed on them and filled with 200 pL of
0.01 mg mL ™" rhodamine B dyed water covered with another
number 1 coverslip. This was then imaged using a 532 nm
laser. A z scan was performed with 80 nm steps in the z

a=8.62°,b=1.66 um

X t=0s

a=10.37°,b=0.83 um
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direction starting from below the surface, and data are reported
in the ESL.{ SEM was performed on an Apreo 2 SEM. The
surfaces for SEM were sputter coated with gold in the presence
of argon at 1 kV and 20 mA for 90 seconds to give a gold layer
with a thickness of 30.6 nm. All SEM images were taken at
15000 x magnification.

Results

To determine the optimal geometry for anisotropic water
transport, contact angles and droplet velocities were measured
as a function of o and b in all directions on the surface (Fig. 1
and 2a, b). The surfaces with the optimal geometry were then
replicated using lithography techniques to determine the
effects of surface energy on anisotropic transport.

The apparent contact angle, 0, has a slight dependence on
the geometry, in the +x (Fig. 2¢), —x (Fig. 2d), and y directions
(Fig. 2e) and are summarized in Table 1. In all directions,
hysteresis is observed between the receding, 0, and advancing
angles, 0,, measured by tilting the surface 45° (see ESIt for raw
images). As shown in Fig. 2f, there is no change in hysteresis,
A0 = 0, — O, for the control coverslip surface in the +x, —x, and
y directions, as expected. For blazed surfaces, there is a clear
difference in A6 between the +x (square points in Fig. 2f) and
—x directions (circle points in Fig. 2f). This difference is shown
in Fig. 2f as a function of o. A0 is the same in the +x and y
directions, for all geometries, including the coverslip. Interest-
ingly, A0 is much larger in the —x direction, compared to the +x
direction, by about 10° for o = 8.62°, b = 1.67 um (Fig. 2f), and by
about 13.67° for o = 10.37°, b = 0.83 pm. This difference
decreases as « increases to about 17° to 5°, and then increases
slightly to 7° for « = 26.7. If the surfaces are in a Wenzel state,
we expect, following Eick’s*® arguments, that the advancing

a=12.48°,b=0.56 um

Xft=0s

- +x =
X t=0s ! £=0s

- ft=001s

—d

Jt=002s !
t=003s !

a=26.7°,b=0.83 um

Xu
u
;t= 0.02s !

Fig. 3 Still frames of droplets being blown across glass surfaces (all scale bars 1 mm). Motion with the ridges (+x) is on the left, and against the ridges (—x)

is on the right for each geometry.
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angle in the +x direction is 0, = 0 + a, where 0, is the measured
apparent advancing angle and 0g is the equilibrium contact
angle at the surface. We do observe a linear increase in 6, that
follows this theory however we expect the formation of meta-
stable states or partial wetting results in the discrepancy
between the equation and the observed. Similarly, we expect
the advancing contact angles in the —x direction to follow
0a = Og + 90 as the leading edge contacts the vertical faces of
the ridges. We observe the constant trend that agrees with this
prediction, but not the exact values. Once again, we believe the
discrepancy results from the formation of metastable wetting
states.

Droplet motion is observed by blowing 5 pL water droplets
across flat surfaces with a constant air jet at a flow rate of
4 L min . Still frames from representative movies are shown in
Fig. 3. From the movies, we observe that blaze angle appears to
have an impact on both the top speed of the droplets as well as
anisotropy in droplet transport. In all these surfaces there are
3 distinct types of motion, sliding, pinning, and liftoff.
In sliding motion, we observe the droplet gliding smoothly
along the surface with no sticking or lifting. In pinning we see
the droplet seemingly adhere to the surface as it is trapped
between the ridges. In liftoff we see the droplet fully release
from the surface and a thin layer of air along the surface carries
the droplet across the forward. These motion types give us
information on the shear forces imposed on the droplets by the
surface.

In some movies, the droplet gets pinned by the surface, after
which the airflow is enough to peel the droplets off. In other
cases, the droplet glides along the surface smoothly. The largest
obvious difference is for the « = 8.62°, b = 1.67 pm and
o =10.37°, b = 0.83 um geometries. In the +x direction, along
the sawtooth pattern, in 0.02 s, the droplet slides smoothly
12.7 mm. In the —x, after 0.02 s, the droplet is pinned at 5 mm.
Interestingly, for surfaces with the highest « angles and ridge
heights (Table 1), the friction in both directions is highest. This
is obvious from the elongated droplet shape almost immedi-
ately upon exposure to the air jet. This shape results from high
shear.*® For surfaces with intermediate o angles and low ridge
heights (Table 1), there is less pinning and the droplets slide in
both directions freely (Fig. 3). This also leads to a tendency for
the droplets to lift off. The shape of the droplets is also
consistent with much less shear as compared to the o = 8.62°,
b = 1.67 pm geometry.

The velocities of the droplets were compared in relation to
both the blaze angle of the surface and the blaze length with
the control being considered 0 for both. The results are shown
in Fig. 4. This allows us to determine which dimension
impacted each aspect of droplet motion. Fig. 4 shows both
the top speed of the droplet compared to the control, as well as
the hysteresis, defined as the difference between the velocity in
+x direction and —x direction. In Fig. 4a we observe the
absolute velocities in the —x direction (triangle points in
Fig. 4a) of the extreme « geometries, high and low, tend to be
lower than the intermediate o geometries and the control.
For the « = 8.62° and o = 10.37° geometries, the velocities are

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

a)040f . ]

0.35} ]
» - + @ o
E0.30 - . 3 ]
>0.25¢ s ¢ . 1
80.20¢ e ]
=0.15] §a £ 4 .

0.10 . . Ziég;m : 22?2%2 ™ dehgspoms'

005 y @ b=056um @ b=0.83um Acrylate

0 5 10 15 20 25 30

b) a (Degrees)

0.20 — : ; : . ;

=N J

0 [ ]
E 0.15 }
> 0.10} : i -
i ®
¥
2 0.05} , ]
> Coverslip b=167um @ b=0.83um
-~ ® v-083um @ bi1.67;12 PD:AS

OOO [ I ® zc—rﬁjg um @ b=083um @ Aged PDMS

0 5 10 15 20 25 30

o (Degrees)

Fig. 4 (a) Droplet velocities vs. o droplets were blown in the three primary
directions +x, —x, y. (b) Difference in velocity between +x and —x
directions.

about 0.03 m s~ lower than for the o = 12.48° and o = 17.45°
geometries. The o = 26.7° geometry has the lowest velocity in
the —x direction, equal to 0.11 m s~ '. However, in the +x
direction (round points in Fig. 4a), the lowest o angles has
the highest droplet velocity. The o = 26.7° geometry again has
the lowest velocity in the +x direction, equal to 0.22 m s~ . For
surfaces with constant surface energy, the velocity hysteresis
(difference between +x and —x) on the low angle geometries is
high, for « = 8.62° 0.13 m s~ " increasing to 0.18 m s~ " for o =
10.37°. The hysteresis then drops to 0.09 m s~ " for o = 12.48°
then increases to around 0.1 m s~ for o = 17.45-26.7°.

To determine the effect of surface energy, the o = 8.62°, b =
1.67 pm geometry was replicated using lithography techniques
with acrylate resins mixed with Triton X-100 and PDMS
(Table 2). These two materials show greatly different surface
contact angles with water, ~40° for acrylate resins mixed with
Triton X-100 and ~84° for PDMS, on a flat surface (Table 2).

Table 2 Resins and corresponding contact angles for imprint lithography

Resin - additive +x(0a, Or) —x(0a, Or) (04, Og)
UV Acrylate — Triton X-100 106°, 94° 126°, 97° 104°, 96°
PDMS 118°, 102° 130°, 109° 1217, 104°
Aged PDMS 105°, 92° 138°,121°  112°, 99°

Soft Matter, 2024, 20, 4079-4087 | 4083
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In Fig. 5, we show SEM and optical images of the surface texture
on replicated surfaces. The surface appears to be well replicated
using both materials, as indicated by the sharp lines spaced
~1.7 pm apart. The contact angles in these surfaces (Table 2)
very closely resemble those of the Thorlabs gratings. Aged
PDMS shows some increased wettability over the virgin PDMS.
We observe that contact angles in the +x and y directions
decrease with the aging process and are overall closer to the
hydrophilic acrylate surface (Table 2). This likely results from a
slightly more hydrophilic surface as PDMS ages. UV acrylate
with Triton X-100 surfaces had contact angle hysteresis of about
12° in the +x direction and about 29° in the —x direction. PDMS
had contact angle hysteresis of about 16° in the +x direction
and about 21° in the —x direction. Contact angle hysteresis
decreased for aged PDMS. In the —x direction the hysteresis is
17° and 13° in the +x and y directions. In Fig. 5¢, we observe
5 uL water droplet motion on acrylate templated surfaces with
the o = 8.62°, b = 1.67 pm geometry. In the videos, there is some
pinning indicative of shear. The droplet velocities recorded are
0.15 m s ' in the +x direction and about 0.1 m s ' in the
—x direction. While the contact angle hysteresis is very similar
to FDTS-coated Thorlabs gratings, the absolute velocity and
velocity hysteresis decrease significantly from the more hydro-
phobic surfaces. The virgin PDMS - templated surfaces more
closely resemble the FDTS-coated gratings. The droplet velocity
in the +x-direction is 0.32 m s~' and 0.14 m s~ ' in the —x-
direction. This data shows that the contact angle hysteresis and
transport anisotropy is influenced by both surface energy and
surface geometry. Geometric patterning influences wetting
anisotropy in the range of flat surface contact angles from

a)
C) +x t=0.00s _x t=0.00s
t=0.01s t=0.01s
t=0.02s t=0.02s
ey O
t=0.03s / t=0.03s v
wienr ezl
Fig. 5 (a) SEM image of PDMS i;nprinted surface taken at 15000x (scale

bar is 2 um). (b) Optical microscopy of imprinted surface made with Triton
modified acrylate resin with 100x objective (scale bar is 10 pm). (c) Still
frames taken showing droplet motion on Triton X-100 modified acrylate
lithographs, droplet motion in —x direction is slower (scale bars are 2 mm).
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40°-125°, where wetting and transport depend on the substrate
geometry and surface energy.

Discussion

Though much work has been done to investigate anisotropic
wetting and transport an ideal geometry has yet to be found.
We have determined how the geometry influences droplet
motion on sawtooth patterns as a function of angles (« =
8.62-26.70°) and lengths (b = 0.56-1.67 um) (Fig. 1 and
Table 1). We observe that the o = 8.62° and 10.37° surfaces
exhibit the highest anisotropic droplet transport and the high-
est absolute velocities in the direction along the ridges (+x
direction) and perpendicular to the ridges (y-direction). In this
case, the shallow angle allows full droplet motion in one
direction while pinning in the opposite direction.

Maximum hysteresis, optimal wetting conditions for this
experiment, is achieved when the droplet is in full contact (see
ESIt for confocal images of the surface) with the surface with
shallow angle geometries (¢ = 8.62° and 10.37°), as first
described by Kusumaatmaja.** For « = 8.62° and 10.37° sur-
faces, droplet motion along the ridges and perpendicular to the
ridges has an absolute velocity similar to that of a flat coverslip.
Significant pinning occurs as the droplet tries to slide against
the ridges (motion in the —x direction (Fig. 2b)), based on the
contact angle hysteresis and low droplet velocities. The full
contact with the surface ensures pinning in the —x direction,
and the shallow angle is necessary with minimal surface area
for the droplet. In this way, friction is minimized in the +x
direction (Fig. 2a) and maximized in the —x-direction. This
geometry also corresponds most closely to that of butterfly wing
scales which have « in the range of 5-10°. We also see that in
motion in the +x direction the advancing contact angles tend to
increase as o increases, we predict this occurs due according to
the theoretical advancing contact angle 0, = g + o.. Similarly, for
the motion in the —x direction we see a trend closer to 0, = 05 + 90.
This results from the advancing edge of the droplet impact only
vertical faces of the ridges and remain in a metastable state.

As the o angle increases, the difference between contact
angle hysteresis and velocity anisotropy changes. For o = 12-18°
and b = 0.56-0.83 um, we observe that droplets are able to slide
freely in both the —x and +x directions (Fig. 2b and a respec-
tively). The velocity in the —x direction is slightly higher than
for shallower geometries. This is particularly true for the o = 12°
angle with b = 0.56 pm. For this geometry, the ridge height is
only 0.12 nm (Table 1), however, and leads to the lowest contact
angle hysteresis and velocity hysteresis. As the ridge height
increases, we once again observe pinning in the —x direction
(Fig. 3).

At high angles and high ridge heights, we observe a signifi-
cantly lower maximum droplet velocity in all directions and
high friction indicated by the shear apparent in the videos. The
velocities of sliding droplets in the +x direction drop by about
0.11 m s~ " from « = 10° to &« = 26°. This change follows the
predictions from simulation shown by Kussumatmaja.>* While

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (top) Low angled surfaces have anisotropic pinning with high
velocities in the +x direction and low velocity in the —x direction. (middle)
High angled surfaces show strong pinning in both directions with low
droplet velocities in the +x and —x directions. (bottom) Hydrophilic
surfaces with anisotropic pinning with lower contact angles and velocities.

we expect the droplets are fully wetting the geometry for both
high and low « surfaces, (Fig. 6), significant pinning occurs in
both directions for the o« = 26.7° surface as opposed to primarily
in the —x direction as seen in the 8.62° and 10.37° surfaces, and
the hysteresis in the advancing angles is lower. As « increases to
26.7°, the droplets are pinned both along the ridges and against
the ridges. As b decreases from 1.67 um to 0.83 um the ridge
height decreases for the « = 18° surface from 500 nm to 250 nm,
and we observe less droplet pinning in both directions.

This journal is © The Royal Society of Chemistry 2024
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The overall velocity and velocity hysteresis however remains
similar (Fig. 3 and Fig. 4b). While b plays a role in droplet
motion and wetting on these surfaces, we see a dominating
effect from changing «, which is apparent in the contact angle
hysteresis, especially in the +x direction on all surfaces studied.
Interestingly, regardless of o and b, all contact angles in the
—x direction remain similar due to the underlying pinning
geometry.

In many of the surfaces we see similar wetting in the +x and
y directions. The similarity in contact angle likely arises from
extremely fine geometry investigated. The sawtooth geometry
demonstrates significant hysteresis in motion in the —x and +x
directions. When droplets travel in the +x and y directions they
flow over or along these faces respectively because the advan-
cing edge is close to a flat surface due to the low « angle. This
results in the drastic difference in pinning in the —x direction
where the advancing edge of the droplet runs into the vertical
face. This differs from many previously studied geometries
where motion along parallel vectors is symmetric. Furthermore,
the size regime of geometric texturing likely plays a role in the
strength of the wetting effects seen. Many studies have been
done concerning parallel ridged surfaces, however, the typical
size of the features present are multiple microns wide and
similar in depth.*® Our geometries are much smaller than this
with the longest b = 1.67 pm and the depths ranging from 120-
500 nm (Table 1).

We observe that droplet transport is dependent on both
geometry and surface energy. For hydrophobic surfaces, both
the absolute velocity and velocity hysteresis increase. While
geometry is what enables and impacts the effectiveness of
anisotropic droplet motion we still observe that droplets move
at higher velocities on more hydrophobic surfaces, . > 90
(Fig. 6). For hydrophilic surfaces like acrylate, we see a decrease
in absolute velocities, which leads to a reduction in absolute
hysteresis as well. Similar to acrylate we see the aged PDMS has
lower absolute velocities and hysteresis. This likely results from
the droplets more easily wetting these surfaces leading to a
higher friction. This is consistent with the expected prediction
by Eick et al.,*® who predict increasing hydrophobicity we tend
to see an increase in contact angles. However, the predictions
are not exact, and the contact angles remain higher than
predicted for all surfaces, due to either the formation of
metastable states or due to partial wetting. By using biological
analogues with long b and low o we can achieve high droplet
velocity hysteresis, which allows for directional transport across
a wide range of surface energies.

Conclusion

The use of anisotropic droplet transport is ubiquitous in
nature. Inspired by the wetting of butterfly wing scales, we
have determined the effect of geometry of sawtooth patterned
surfaces on the contact angle and droplet velocity. The contact
angle hysteresis along the ridges (+x direction) and against the
ridges (—x direction) changes as the ridge angle, o, increases

Soft Matter, 2024, 20, 4079-4087 | 4085
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from 8.62° to 26.7°. This coincides with a change in droplet
velocity hysteresis, driven by air flow on the surface. For
surfaces with shallow angle geometries, the highest hysteresis
is observed in the direction against the ridges on hydrophobic
surfaces. Droplets are pinned in the —x direction and travel
freely in the +x direction, which results in the highest velocity
hysteresis. As the angle increases, the droplets are pinned in
both directions, which results in the lowest velocity hysteresis.
This anisotropic transport persists on different surface energy
materials like PDMS (virgin or aged) and acrylate. However,
surface energy plays an important role effecting absolute droplet
velocities and the magnitude of hysteresis. More hydrophilic
substrates like acrylate have a higher global pinning force leading
to reduced velocities in all directions but they maintain some
directional hysteresis. By imparting sawtooth ridged textures onto
any of the materials studied we can influence the droplet wetting
and transport properties. Control of wetting and solvent flows has
many applications, from antifouling to corrosion resistance, and
lubricant films. By controlling material properties through texture,
we hope we are able to use safer plastics in place of complex
coatings.
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