Anisotropic sliding of multiple-level biomimetic rice-leaf surfaces on aluminium
substrates
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The realisation of special anisotropic sliding behaviour of liquids on metal substrates is very important for applications in fluidic control and
water directional transportation. Proposed is a method combining lithography assisted electrochemical etching, anodic oxidation and
fluoridation to construct the three-level microstructures (macro/micro/nano) of rice leaves on aluminium. Similar to the natural rice leaf,
the prepared surface was endowed with multiple-level microstructures and exhibits superhydrophobicity. The measurements show the
biomimetic rice-leaf surface has different anisotropic sliding behaviour with water droplets of different volumes. The perpendicular and
parallel sliding angles (SAs) of a 4 pl water droplet were 6.8° and 2.7°, respectively, the anisotropy was 4.1°, which is comparable to that
of a natural rice leaf. A mathematical model is presented to explain the mutational significant anisotropy of SAs (10.2°) when the water
droplet was only 2 ul. This method is simple and economical, and is believed can be used for the fabrication of large-area biomimetic

rice-leaf surfaces on metal.

1. Introduction: Lots of plants and animals in nature exhibit a
superhydrophobic property. Their surfaces are capable of making
water droplets roll off easily and thereby take away contamination
effectively. This particular property is mainly generated by the
micro/nanostructures and surface chemistry. For instance, the
randomly distributed micropapillaes and waxy branch-like
nanostructures endow the lotus with great repellency of water
droplets [1]; the elliptic protrusions and nanopins that form the
hierarchical structures of the taro leaf have excellent
superhydrophobicity [2]; the bristle microstructures allow the
water striders to stand on water easily [3]. Inspired by nature,
researchers all over the world have devoted significant effort to
investigate the mechanism and fabrication of superhydrophobic
surfaces. To date, large quantities of superhydrophobic surfaces
have been prepared successfully by various methods, including
lithography [4, 5], templating [6], laser microfabrication [7],
electrochemical machining [8—11], electroless galvanic deposition
[12], one-step spray-coating [13] and anodic oxidation [14, 15].

In recent years, the rice leaf has attracted many scientists’ atten-
tion because of its specific wettability. Its sliding angels (SAs) per-
pendicular and parallel to the veins are different, at about 3° and 9°,
respectively [16]. The anisotropic sliding property makes the
natural rice leaf shed water droplets more easily along the longitu-
dinal direction and finally to the root. It is generally believed that
the quasi-one-dimensional arrangement of micropapillae covered
with nanoscale wax features along the single direction, namely
the micro/nanohierarchical structures, results in the observed aniso-
tropic sliding behaviour. Based on this natural phenomenon, many
biomimetic anisotropic surfaces that imitate the rice leaf have
attracted considerable attention because of their extensive potential
applications in microfluidic devices, directional flow control and
self-cleaning materials [17—19]. Various methods, including photo-
lithography [20, 21], surface wrinkling [22, 23], electrospinning
[24], soft transfer [25] and interference lithography [26, 27], have
been applied in fabricating biomimetic rice-leaf surfaces.
However, most of the previous research did not realise the
dynamic superhydrophobicity, that is, the sliding angle (SA) is
too large, even the smallest one along the longitudinal direction
can reach 20°.
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Lately, Wu et al. [16] have proposed a model based on the three-
level microstructures (macro/micro/nano) to interpret the anisotropy
sliding behaviour through investigating the rice leaf systematically.
They realised considerable sliding anisotropy on PDMS (polydi-
methylsiloxane) by combining photolithography, PDMS imprinting
and micro/nano structure coating. The SAs in two directions were
3° and 8°, respectively, successfully mimicking the natural rice
leaf. However, this process was complicated, costly and not appro-
priate for large-scale fabrication. To date, few studies have demon-
strated producing the three-level anisotropic surface on metal,
which is widely used in industry and agriculture.

In this Letter, a new fabrication method is proposed to prepare the
biomimetic rice-leaf surface on Al based on Wu’s model. The alu-
minium (Al) was first electrochemical etched assisted by lithog-
raphy to gain the oriented sub-millimetre scale groove arrays. The
following anodic oxidation generated the micro/nanostructures on
the groove arrays. After modification with a low surface energy ma-
terial, the prepared surface exhibited a great superhydrophobicity
with anisotropic sliding behaviour.

It is known that Al and Al alloys are widely used as an important
engineering material. Since this method can be used for the fabrica-
tion of large-area biomimetic rice-leaf surfaces and the prepared
surface has properties of both superhydrophobicity and SA aniso-
tropy, we could possibly apply this technology to water directional
transportation. The process could be exploited to obtain multiple-
level anisotropic structures economically on Al alloy pipes, and
this kind of structures may have potential application in studying
the flow field of the pipe. In addition, the surface could also be
used as a template to prepare biomimetic rice-leaf surfaces on
PDMS.

2. Experiments

2.1. Fabrication of the biomimetic rice-leaf surface: The fabrication
process generally consisted of four steps: photolithography,
electrochemical etching, anodic oxidation and surface energy
reduction (Fig. 1). First, the photopolymer resist film (HT200,
0.04 mm thick, Etemal Chemical Co., China) was stuck onto the
polished Al plate (30 x35%x2mm, purity >99%, Dalian Al
material manufacturer, China) under a certain pressure, and then
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Figure 1 Schematic illustration of the fabrication process of a biomimetic
rice-leaf surface

a Photolithography process

b Electrochemical etching

¢ Anodic oxidation
d and e Close-up view

exposed for 30 s in a sealed box using a UV lamp (Fig. la), and
developed for 120 s in the eikonogen to obtain the photopolymer
sub-millimetre-scale groove arrays on Al; the photopolymer was
exploited as a mask in the following etching process. Then, the
Al with the mask was used as the anode, whereas a copper (Cu)
plate, the same size as the Al specimen, was used as the cathode.
Both electrodes were positioned face to face at a distance of 15
mm. The Al was electrochemical etched in a 0.1 M NaCl
aqueous solution for 8 min at a current density of 600 mA/cm?
(Fig. 1b) to obtain the Al microgroove arrays. After being
electrochemical etched, the Al specimen was ultrasonically rinsed
with ethanol to remove the mask. After being anodised in 0.3 M
oxalic acid solution for 13 h (Fig. 1¢), the Al microgroove arrays
were covered with the anodic Al oxide (AAO) films, which are
composed of superhydrophobic micro/nanostructures. The AAO
obtained in our process results in a slight increase in the widths
of the grooves and a slight decrease in the heights of the grooves.
The grooves retain their morphology after being anodised. The Al
specimen was then ultrasonically rinsed with deionised water,
subsequently dried and finally immersed in a 1.0 wt% ethanol
solution with fluoroalkylsilane for 3h to lower the surface
energy. In this experiment, all the chemicals were of analytical
grade.

2.2. Specimen characterisation: The surface morphology of the
specimens was characterised by a scanning electron microscope
(SEM, JSM-6360LV, Japan). Static contact angles (CAs) and
SAs measurements were performed at an ambient temperature
using a CA system OCA 20 (Dataphysics Instruments GmbH,
Germany) with the sessile-drop method. To characterise the
anisotropic dynamic wettability of the biomimetic rice leaf, the
CAs perpendicular and parallel to the microgroove arrays were
measured with water droplets of different volumes.

3. Result and discussion: First, we investigated the microstructures
of the biomimetic rice-leaf surface. Figs. 2a and b are the top-view
SEM images of the biomimetic rice-leaf surface. The sub-millimetre
oriented grooves obtained by the process were about 380 um wide
(Fig. 2a). The depth of the grooves was about 140 um (as shown
in the inset image of Fig. 2a). Fig. 2¢ shows that the surface with

802
© The Institution of Engineering and Technology 2013

microgrooves is covered by uniform hill-like protrusions with
sizes of about 20 um. Many cavities with sizes from 1 to 10 um
are distributed irregularly around these protrusions. A magnified
image (Fig. 2d) shows that the aforementioned microscale
protrusions are composed of flocculent nanoscale structures. After
fluoridation, these hierarchical micro/nanostructures have a great
static and dynamic superhydrophobicity which mainly results
from the discontinuities in the three-phase (solid-liquid—gas)
contact line (TCL) because of the trapped air beneath the liquid
compared to the smooth structures. It is obvious that this kind of
multiple-level biomimetic rice-leaf surface was well prepared, and
is similar to the three-level structures of natural rice leaves.

To quantify the static superhydrophobicity, the static CAs were
measured. The CAs perpendicular and parallel to the microgrooves
were 155°+3° (Fig. 2e) and 149° £ 4° (Fig. 2f), respectively, pre-
senting excellent superhydrophobicity. For the natural rice leaf, the
static CAs in two directions were 151° +2° and 146° + 4°, respect-
ively [25]. Apparently, the biomimetic rice-leaf surface has a
similar superhydrophobicity and anisotropy in CAs, compared
with natural rice leaves.

As the unique character of the rice leaf wettability is practically
reflected in its anisotropic sliding behaviour, the perpendicular
and parallel SAs of water droplets with different volumes were
also measured (Fig. 3). When a water droplet stayed on the fabri-
cated biomimetic rice-leaf surface, the surface was tilted until the
water droplet started to slide and the inclined angle at this

e f

Figure 2 SEM images of the biomimetic rice-leaf surface and images of
static CAs

a and b Top-view SEM images of the biomimetic rice-leaf surface with
about 380 um-wide grooves

The inset image of Fig. 2a is the cross-section perpendicular to microgroove
arrays

¢ and d Magnified SEM images of the micro/nanostructures on the
biomimetic rice-leaf surface

These micro/nanostructures mean that the artificial surface has excellent
superhydrophobic properties

e and f Static CAs measurements on the biomimetic rice-leaf surface
Figs. 2e and f illustrate CAs perpendicular and parallel to microgroove
arrays, respectively
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Figure 3 Perpendicular and parallel SAs of water droplets with different
volumes

moment is defined as the SA. Smaller SA indicates that the surface
is slipperier and has a better dynamic wettability. The perpendicular
and parallel SAs of the 4 ul water droplet were 6.8° and 2.7°, re-
spectively, the anisotropy was 4.1°, which is comparable to that
of a natural rice leaf (6°) [16, 25]. Specially, when the water
droplet decreased to 2 pl, the SAs along two directions were
14.3° and 4.1°, respectively, demonstrating significant anisotropy
(10.2°). It is apparent that when the droplet volume increased, the
SAs parallel and perpendicular to the microgrooves tended to be
converged. When the volume of the water droplet was above 60
ul, the sliding anisotropy was not obvious. The SA is closely
related to the volume (or mass) of the water droplet and the water
repellency of the surface. This relationship is given by Furmidge [28]

. wy,
sina = m_gv (cos 6, — cos 6,) 1)

where « is the SA, w is the width of the droplet, 1 v is the interfacial
tension between the liquid and vapour, mg is the gravitational force
because of the mass of the droplet and cos 6, and cos 0, are the ad-
vancing and receding CAs, respectively.

The CA hysteresis perpendicular to the grooves was higher than
the values parallel to the grooves because the TCL for water droplet
movement perpendicular to the grooves was more discontinuous
than that parallel to the grooves because of the higher wetting/
dewetting energy barrier [29]. According to (1), this aforemen-
tioned anisotropy in CA hysteresis finally resulted in anisotropic
SAs of a given volume of water droplet. Based on (1), it could
also be inferred that as the droplet volume increased, the effect of
the mass became more dominant than the surface tension effect
and the CA hysteresis. Therefore, when the water droplet volume
increased, the SA decreased, and the SA anisotropy, which was
caused by the anisotropic CA hysteresis, would tend to be undiffer-
entiated. This facile transition from anisotropic to isotropic sliding
behaviour agreed with the transition of water sliding behaviour
observed previously for anisotropic structures [16, 29]. Similarly,
as the droplet volume decreased, the surface tension effect and
the CA hysteresis became more ascendant than the effect of the
mass. Therefore, when the water droplet decreased, the SA
increased, and the SA anisotropy would tend to be obvious.

Although the water droplet is small enough (2 pl in this Letter), it
could maintain a perfect solid ball shape without any apparent
deformation. In this case, the water droplet on the biomimetic rice-
leaf surface was set up right between two ridges as shown in
Figs. 4a and c. According to principles of force balance, when
the biomimetic rice-leaf surface was tilted along the perpendicular
direction, the water droplet would not slide away until its centre
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Figure 4 Illustration of the SA of 2 ul water droplet along the perpendic-
ular direction

a Water droplet was set up between two ridges, maintaining a perfect solid
ball sharp without any apparent deformation

b Water droplet began to slide when the centre of the droplet’s gravity
crossed the right supporting point ‘B’

¢ and d Experimental images

of gravity crossed the left supporting point ‘B’ in the vertical
direction, as illustrated in Figs. 4b and d. Thus, the SA under this
circumstance could be deduced as the following equation

n
0 = arcsin | Z— (2)

where 6 is the SA, D is the width of the grooves (D =380 um in this
Letter), V' is the volume of the water droplet. This equation shows
that the wider the grooves were or the smaller the volume of the
water droplet was, the bigger the perpendicular SA was.
Therefore, according to (2), the perpendicular SA of the 2 ul
water droplet could be calculated to be 14.1°, which was consistent
with the experimental value 14.3°.

Moreover, on the basis of Wu’s model, when the widths of the
microgrooves are too small (<100 um), they could not provide
an effective energy barrier to hinder the TCL movement perpen-
dicular to the grooves. Therefore the hysteresis is low so that it
could not result in obvious SA anisotropy. As the widths increase
to hundreds of micrometres (sub-millimetre scale), the SA anisot-
ropy is distinct because of the high energy barrier. Secondly
when the heights of the grooves are too small, the surface also
could not exhibit anisotropic sliding behaviour because of the
low energy barrier. The SA anisotropy would increase as the
heights become larger. However, the anisotropy would not increase
when the heights reach a certain critical value, because the water
droplet could not reach the bottom of the grooves under this
circumstance. In general, the larger the widths and heights of the
microgrooves, the more apparent the anisotropic sliding behaviour
(here, the SAs were measured with a 4 pl water droplet) [16, 28].

4. Conclusion: A simple method combining lithography assisted
electrochemical etching, anodic oxidation and fluoridation is
proposed to prepare the three-level (macro/micro/nano) biomimetic
rice-leaf surface on Al. The natural rice leaf was mimicked to
realise the distinctive anisotropic sliding property. The obtained
artificial surface exhibited different anisotropic sliding behaviour
with water droplets of different volumes. A mathematical model is
presented to explain the mutational significant anisotropy of SAs
when the water droplet was as small as 2 pl. These results not only
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provide an understanding on the anisotropic dynamic behaviour of
biomimetic rice-leaf surfaces, but also are serviceable for designing
other functional superhydrophobic surfaces for applications in
bioinspired systems on metal.
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