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and Lei Jiangb

Uni-directional liquid spreading without energy input has gained much attention due to its potential

application in various areas such as microfluidic devices and energy fields. Recently, continuous uni-

directional liquid spreading with fast speed was discovered on the peristome of Nepenthes alata, which

possesses superhydrophilic hierarchical microgrooves and duck-billed microcavities with arc-shaped

edges and gradient wedge corners. Inspired by the surface structure of the peristome, a novel bio-

inspired uni-directional liquid spreading surface with various arc curvatures and wedge angles was built

via two-step inclined UV exposure photolithography. The effects of the surface wettability and structural

features, i.e. the arc-shaped outlines and wedge corners of microcavities, on the anisotropy of liquid

spreading were investigated. The underlying mechanisms were made clear by comparing the effects of

surface wettability and structural features of microcavities on both liquid spreading ability and liquid

pinning ability. Finally, the controlling of anisotropic liquid spreading and thorough uni-directional liquid

spreading were realized. This study provides inspiration to design novel uni-directional liquid spreading

surfaces without energy input, and can further expand their application in areas such as non-powered

delivery systems, microfluidic devices and self-lubrication in mechanical engineering.
1. Introduction

Uni-directional liquid spreading without energy input has
attracted worldwide attention in recent years for its diverse
potential applications, in areas such as non-powered delivery
systems, self-lubrication and microuidic devices.1–9 Direc-
tional liquid spreading systems are mainly constructed
through combining surfaces with gradient or patterned
wettability8,10–14 and structures with gradient Laplace pres-
sures, e.g., a 1D conical spine with a hydrophilic surface,2,3,15,16

a conical tube with a hydrophilic surface17 and hydrophilic
inclined micropillar arrays.18 In past years, the control of
directional liquid spreading abilities has been explored either
through adjusting the surface wettability via pH values,
temperature and exposure to UV light,19–22 or through the
optimization of structural features such as the apex angle in
cactus spines15,23 and micropillar heights.18 Besides, the effects
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of surface wettability and structural features are sometimes
interlinked. However, the application of these directional
liquid spreading structures is still in progress, due to their
slow spreading speeds and short spreading distances.24,25

Recently, we have discovered uni-directional liquid spreading
on the peristome of N. alata, which is mainly as a result of its
unique superhydrophilic hierarchical structure and duck-billed
microcavities with arc-shaped edges and sharp wedge corners.26

However, the effects of surface wettability and each structural
feature extracted from the peristome on uni-directional liquid
spreading abilities are still not clear, which makes it a very
necessary topic to be investigated. Themechanism of continuous
spreading in the front direction and pinning in the opposite
direction also needs to be studied.

Under the inspiration of N. alata, one novel bio-inspired uni-
directional liquid spreading surface is proposed and fabricated
via two-step inclined UV exposure photolithography.27 The
impacts of surface wettability and structural features on
anisotropic liquid spreading are investigated through
comparing the spreading speeds and spreading distances of
liquids on uni-directional spreading surfaces that are con-
structed with varying surface wettability and structural param-
eters. Finally, the underlying mechanisms of anisotropic liquid
spreading are explored. The anisotropy of liquid spreading can
be controlled, and the building of thorough uni-directional
liquid spreading surfaces is studied.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effects of surface wettability on uni-directional spreading. (a)
�0.1 mL of water spreading with different surface wettability. Only the
wettable surface demonstrates uni-directional spread on this surface
structure. The water almost stops spreading after the contact angle
reaches about 64�. (b) Uni-directional liquid spreading on a super-
hydrophilic bio-inspired surface. (c) Uni-directional spreading with
different liquid viscosities, including ethanol and silicon oil with
viscosities of 50, 100 and 350 mm2 s�1. A liquid droplet of �1 mL is
dropped onto six parallel arranged microgrooves. The dashed line
denotes the place where the liquid is dropped.
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2. Results and discussion
2.1 Control of surface wettability on uni-directional
spreading

The intrinsic superhydrophilicity of the peristome of N. alata
demonstrates that surface wettability is one key factor for the
uni-directional spreading of water. To test the effect of surface
wettability on uni-directional liquid spreading, surfaces with
varying wettability with one typical anisotropic structure were
obtained via the use of different oxygen plasma treatment
times. When the contact angle is about 64�, water shows no
spreading. With a surface wettability close to superhydrophilic,
the uni-directional water spreading properties become more
obvious (Fig. 1a). Generally, the spreading speed and spreading
distance increase as the contact angle drops (Fig. S1a†). Thus,
a superhydrophilic surface can achieve a perfect uni-directional
liquid spreading performance, as shown in Fig. 1b. Even for
liquids with high viscosity, e.g. silicon oil with viscosities of 50,
100 and 350 mm2 s�1, uni-directional liquid spreading still can
be obtained (Fig. 1c). However, the spreading speed in the front
direction decreases with an increase in viscosity. The nal
spreading distances for the same volume of liquid with different
viscosities are similar, indicating that the uni-directional
spreading abilities of one bio-inspired surface, especially the
spreading distance, mainly depend on surface wettability
(Fig. S1b†).
Fig. 2 The structure of uni-directional liquid spreading surface. (a)
SEM image of bio-inspired uni-directional liquid spreading surface. (b)
Section view A–A of the surface structure. Two main features have
been extracted as attributes of the structure, i.e. curvature of arc edge
and wedge angle of microcavity b.
2.2 Impact of two structural features on uni-directional
spreading

The bio-inspired surface structure consists of two layers. Iso-
metrical inclined arc stages and pit arrays are linearly aligned as
the bottom layer, and straight microgrooves are overlaid on
these stages and pits to form the upper layer (Fig. 2a). Here, we
dene the arc edge convex side as the front direction, and its
opposite side as the rear direction. Comparing the section view
of A–A in Fig. 2b and the duck-billed microcavities of the
N. alata peristome surface, two typical structural features
should have a great impact on uni-directional liquid spreading,
involving the arc edge curvature and the wedge angle b of
microcavities. To make clear their effects on anisotropic liquid
spreading, a variety of arc edges, including straight (S), circle arc
(C) and ellipse arc (E), were prepared with an increase in
curvature, and a variable wedge angle b ranging from �50� to
�110� (Fig. S2†).

2.2.1 Inuence of arc edge curvature. A variety of arc edges
were fabricated to study the effect of arc edge curvature,
including straight (S), a circle arc with a radius of 60 mm (C60),
and ellipse arcs with semi-major axis lengths of 110, 150 and
190 mm (E110, E150 and E190), as shown in Fig. 3a. The wedge
angle b of the microcavities is set to 50�, with other structural
parameters remaining the same (Fig. S3†). About 0.1 mL of
ethanol was used and injected into the center of these micro-
grooves in about 0.1 s (Video S1†). By comparing the liquid
spreading state aer 1.5 s (Fig. 3b), anisotropic liquid spreading
generally becomes more signicant with an increase in arc edge
curvature. Notably in respect to S and C60, liquid cannot be
This journal is © The Royal Society of Chemistry 2017
effectively pinned and spreads a short distance in the rear
direction. Because the wedge angle b exists in S as the sole
anisotropic structural feature, the liquid spreads slightly further
in the front direction than in the rear direction. As for C60, the
arc edge is another type of structural anisotropy besides the
wedge angle b and leads to a higher anisotropic liquid
spreading factor xd �0.5, which is dened as

xd ¼
��df � dr

��
max

�
df ; dr

� (1)

where df and dr are the spreading distances of the liquid in the
front and rear directions respectively at same time interval.
Particularly, with regard to E110, E150 and E190, the aniso-
tropic liquid spreading effects become much stronger with an
increase in the arc edge curvature, and nally thorough uni-
J. Mater. Chem. A, 2017, 5, 6914–6920 | 6915
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Fig. 3 Effects of different arc edge curvatures on liquid spreading in surface structures. (a) SEM images of surface structures with five types of arc
edge curvature include straight (S), circle arc with a radius of 60 mm (C60) and ellipse arc with semi-major axis lengths of 110, 150 and 190 mm
(E110, E150 and E190). (b) In situ observation of five types of surface structure with a microcavity wedge angle b of 50� at a time of 1.5 s. The
dashed line denotes the place liquid was dropped. (c) Time needed for liquid spreading to pass structural periods on five types of surface in the
front direction. (d) The pinning ability comparison was conducted by immersing the structures with the front direction vertically down into the
liquid. Dashed lines show the height of liquid climbing after 11 s in the reverse direction.
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directional liquid spreading appears with xd close to 1
(Fig. S4a†). Apart from the anisotropic spreading ability, the
spreading speeds and nal spreading distances in the front
direction have also been collected (Fig. 3c). In general, the
spreading speed in the front direction gradually declines with
the increase in spreading distance. Especially, it is obvious
that both spreading speed and nal spreading distance in the
front direction rise with the increase in arc edge curvature. To
explore the liquid pinning ability much deeper, these surface
structures were vertically immersed into liquid with the front
direction of the surface structure downwards. As shown in
Fig. 3d, the pinning ability of S and C60 is quite weak since
liquid quickly climbs up. As for ellipse arc surface structures,
though all of them demonstrate much stronger uni-directional
liquid spreading abilities, their pinning abilities are still
different. The larger the arc edge curvature is, the stronger the
pinning ability appears. Among the ellipse surface structures,
E190 shows the strongest pinning ability, with a liquid
climbing height lower than E150 and about three times less
than E110 (Fig. S4b†).
6916 | J. Mater. Chem. A, 2017, 5, 6914–6920
2.2.2 Inuence of wedge angle b. The inuence of micro-
cavity wedge angle b was also investigated through a compar-
ison of liquid spreading in four types of surface structures with
different wedge angles. Fig. 4a shows scanning electron
microscope (SEM, Model JSM-6010LA, JEOL, Ltd.) images of
surface structures with a wedge angle b of about 50�, 70�, 90�

and 110�. The arc edge curvature of the microcavities is
designed as E190, and other structural parameters remain the
same (Fig. S3†). Aer dropping 0.1 mL of ethanol into the center
of the microgrooves (Fig. 4b & Video S2†), the surface structure
with a wedge angle b of 110� cannot keep the liquid pinned in
the rear direction, with the weakest xd, of about 0.5 (Fig. S4c†).
However, for the surface structure with a wedge angle b of 50�,
uni-directional liquid spreading appears, indicating that the
uni-directional liquid spreading gradually becomes stronger
with the decline in wedge angle b. Of course, the spreading
speed and nal spreading distance in the front direction also
decrease with the increase in wedge angle b, as shown in Fig. 4c.
In the reverse immersing experiments (Fig. 4d), the surface
structure with the sharpest wedge angle, b ¼ 50�, shows the
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Effects of different microcavity wedge angles b on liquid spreading in surface structures. (a) SEM images of surface structures with wedge
angles b of about 50�, 70�, 90� and 110�. (b) In situ observation of four different b surface structures with an arc edge curvature of E190 at a time
of 1.5 s. The dashed line denotes the place where the liquid was dropped. (c) Time needed for liquid spreading to pass structural periods on four
types of surface in the front direction. (d) The pinning ability comparison was conducted by immersing the structures with the front direction
vertically in the liquid. The dashed lines show the height of liquid climbing after 11 s in the reverse direction.
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strongest pinning ability with the lowest climbing height, and
the climbing height gradually is enhanced as the wedge angle
increases (Fig. S4d†).
2.3 The underlying mechanisms of uni-directional liquid
spreading control

2.3.1 Microscopic characteristics of the structural features
for uni-directional spreading. To reveal the mechanisms
underpinning anisotropic liquid spreading, in situ microscopic
observation of liquid spreading on the surface structures are
conducted. The precursor of liquid spreading in different
surface structures is compared, as shown in the right side of
Fig. 5a. In the case of E190, with a b value of 50�, the liquid
spreading precursor in the front direction appears much
sharper with a longer length L and a smaller width D. In the rear
direction, section views of liquid pinning states at the edge
center are obtained using a laser confocal microscope (Model
LSM780, Zeiss) as shown on the le side of Fig. 5a. The liquid in
E190 with a b value of 50� can be pinned at the edge with a large
apparent contact angle and thick liquid lm. When pinning
failure happened, liquid in the surface structure with a b value
This journal is © The Royal Society of Chemistry 2017
of 50� and a small arc edge curvature C60 always breaks through
pinning at the intersection of the arc edge and microgroove
wall, and then ows into the pits (Fig. 5b, le side & Video S3†).
While in E190 with a large wedge angle b of 110�, pinning
failure occurs with liquid rushing into the pits through the
center of the arc edge (Fig. 5b, right side).

2.3.2 Mechanism for liquid spreading. The cooperative
effects of surface wettability and two typical structural features are
attributed to liquid spreading in the front direction and pinning
in the rear direction, which leads to uni-directional liquid
spreading. Liquid spreading on the bio-inspired surface structure
generally is fullled by the continuous climbing of liquid across
each stage and then lling the next pit. In the duration of pit
lling, liquid initially spreads along the bottom corner of the pit
ank, and then gathers at the apex of the microcavity. Bio-
inspired surface structures with different arc edge curvatures
and microcavity wedge angles b exhibit distinct liquid spreading
characteristics, as shown in the top view of the front direction
(Fig. 5a, right side). In the case of E190 with a b value of 50�, its
longer L and smaller D denote that it possesses strong spreading
and lling abilities. The impact of this on liquid spreading
induced by arc edge curvature andmicrocavity wedge angle b can
J. Mater. Chem. A, 2017, 5, 6914–6920 | 6917
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Fig. 5 Microscopic view of liquid spreading and pinning in different surface structures. (a) In the rear direction (left side), section views of the
liquid's steady pinning state at the center of the edge have been compared. E190, b ¼ 50� has the thickest liquid film and forms the largest
apparent contact angle at the arc edge. In the front direction (right side), the precursors of spreading liquid have been captured, and E190, b¼ 50�

has the sharpest precursor with the longest length L and the smallest width D. (b) When pinning failure happened, liquid on the surface with
a small arc edge curvature (C60, b ¼ 50�, left side) spreads through the intersection of the arc edge and microgroove wall, while liquid on the
surface with a large wedge angle b (E190, b¼ 110�, right side) breaks the pinning barrier through the center of the arc edge. Red arrows show the
direction of liquid spread.
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be regarded as two kinds of capillary rise effects, i.e. in taper and
in wedge corner (Fig. 6a and b).

The open angle h, formed by the liquid precursor at position
l and the apex of the arc edge (Fig. 6a, top), can be viewed as
a taper with a cone angle of a1 (Fig. 6a, bottom). In the taper, the
height of stable liquid capillary rising can be dened as

h1ða1Þ ¼ H

2
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4g

rgH2
� cosðq� a1=2Þ

tanða1=2Þ

s2
4

3
5 (2)

where g, q, r, g and H denote the liquid surface tension, the
liquid contact angle, the liquid density, the gravitational
acceleration and the height of the wedge corner, respectively.28

It is clear that with the decline of the cone angle a1, the height of
capillary rising h1 will be enhanced. Since the open angle h is
smaller with a larger arc edge curvature, e.g., hE < hC (Fig. 6a,
top), the liquid spreading ability for a larger arc edge curvature
will be better, which explains the strong liquid spreading
performance in E190 (Fig. 3b and c).

In the case of liquid spreading in a wedge microcavity
(Fig. 6b, top), the changing of the wedge angle b can be regarded
as a wedge corner with various angles a2 (Fig. 6b, bottom). The
height of a stable liquid capillary rising in a wedge corner is

h2ða2; xÞ ¼ 2gcos q

rgxa2

(3)

where x denotes the distance from the liquid precursor to the
apex of the corner.26 With a smaller corner angle a2, a higher h2
can be achieved. Then, in a bio-inspired surface with a smaller
wedge angle b, stronger liquid spreading abilities can be ach-
ieved, which is in perfect accordance with the fastest spreading
speed and longest spreading distance occurring in the case of the
smallest wedge angle b of 50� in Fig. 4b and c. Due to both stable
capillary rise heights h1 and h2 increasing with a smaller contact
angle q, stronger surface wettability will lead to liquid spreading
in the front direction being much easier. This explains why
the peristome surface of N. alata is superhydrophilic for uni-
6918 | J. Mater. Chem. A, 2017, 5, 6914–6920
directional water spreading. Combining the effect of surface
wettability and two structural features, liquid spreading ability in
the front direction can be controlled.

2.3.3 Mechanism for liquid pinning. Liquid pinning in the
rear direction is another crucial factor for uni-directional liquid
spreading. The large apparent contact angle and thick liquid lm
forming at the edge in E190 with a b value of 50� demonstrates
that two structural features can jointly enhance the liquid
pinning effect in the rear direction (Fig. 5a, le side). The liquid
thickness of the pinned liquid in the rear direction gradually
decreases along the corner A (CA) that is formed by the micro-
groove wall and the top of the pit stages (Fig. 6c), which means
that the apparent contact angle regularly declines from the apex
of the arc edge to the intersection of CA and the rear edge (RE).
With the decline in arc edge curvature (from E to C), the apparent
contact angle of the pinned liquid at the intersection of CA
and RE gradually becomes larger, and arc edge pinning effects
become much weaker. The liquid will easily break through
pinning at the intersection and then ow into pits, e.g., a liquid
pinning failure for the small arc edge curvature C60 with a b value
of 50� (Fig. 5b, le side & 6c). With an increase in wedge angle
b (from 50� to 110�), pinning at RE can be penetrated because of
the lower sharp edge pinning effect.29 In E190 with a large wedge
angle b of 110�, pinning failure occurs with liquid rushing into
pits through the center of the arc edge (Fig. 5b, right side & 6d),
since its large ellipse arc edge curvature possess much stronger
arc edge pinning effects at the spanwise of the arc edge, i.e. the
intersection of CA and RE. Such a sharp arc edge can effectively
keep the liquid pinned even when dropping complete wetting
liquid on the surface (Fig. 1b). Uni-directional liquid spreading
can nally be realized, as shown in E190, b¼ 50� (Fig. 3b and 4b).
3. Conclusions

In summary, inspired by the arc-shaped sharp edge and wedge
corner of duck-billed microcavities in N. alata, a novel uni-
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Mechanisms of liquid uni-directional spreading. (a) Liquid
spreading in microgrooves with different arc edge curvatures (top) can
be regarded as liquid capillary rise in a taper with various cone angles
a1 (bottom). w is the width of the channel. a and l are the semi-major
axis length and the distance from the center of the ellipse arc to the
liquid contact line. hC and hE are the open angle of the circle arc and
ellipse arc at the position of l. g, q and H are the gravitational accel-
eration, the contact angle of the liquid and the height of the horizontal
wedge corner. h1 represents the height of liquid capillary rising. (b) The
influence of the microcavity wedge angle b on liquid spreading (top)
can be regarded as capillary rise in a wedge corner with different open
angles of a2 (bottom). h2 denotes the height of liquid capillary rising in
a vertical wedge corner at the position of x. (c) Arc edge pinning effect
induced by different arc edge curvatures (E190 and C60, b ¼ 50�).
Liquid in C60 breaks through the pinning barrier at the intersection of
RE and CA. RE and CA represent the rear edge and corner A,
respectively. (d) In a sharp edge pinning failure, liquid breaks the
pinning through the center of RE (E190, b ¼ 110�).
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directional liquid spreading surface structure has been
designed and fabricated via the use of two-step inclined UV
exposure photolithography. Complete wetting was proved to be
essential for perfect uni-directional liquid spreading through
investigating the effects of surface wettability on anisotropic
liquid spreading. Moreover, two main structural features, i.e.
arc edge curvature and microcavity wedge angle b, which were
extracted from the peristome, were another two important
This journal is © The Royal Society of Chemistry 2017
factors for uni-directional liquid spreading. Particularly, a large
arc edge curvature and small wedge angle b can assist much
stronger uni-directional liquid spreading ability. The under-
lying uni-directional liquid spreading mechanism was also
provided for each surface feature, and anisotropic liquid
spreading can be controlled using these features. These bio-
inspired uni-directional liquid spreading surface structures
can advance a variety of applications such as non-power driven
biochemical devices,30 microuidic electrochemical devices31

and even self-lubrication in mechanical engineering.

4. Experimental section
4.1 Bio-inspired surface fabrication

The bio-inspired surfaces were fabricated via two-step UV
photolithography. An inclined pitted array was built with
inclined UV exposure on a 30 mm thick SU-8 photoresist as the
rst step. In the second step, microgrooves were constructed to
just cover one line of inclined pits. Various types of masking
pattern and UV inclined angles were prepared in the rst step
for surface fabrication with different arc edge curvatures and
wedge angles.

4.2 Characterization of uni-directional liquid spreading with
different surface wettability

Various wettable surfaces were obtained via different plasma
treatment durations, including 5, 3, 1 and 0.5 min with
a contact angle of about 5�, 37�, 47� and 64�, respectively. A
volume of 0.1 mL of liquid was injected into the center of the
microgrooves.

4.3 In situ observation of liquid spreading on different
surface structures

About 0.1 mL of ethanol was used and injected into the center of
microgrooves in 0.1 s using a micro injector (RSP01-BG, RIS-
TRON Inc.). In situ observation of liquid spreading was con-
ducted using a high-speed camera (I-speed LT, Olympus, Japan)
with a recording speed of 800 frames per second. The time was
recorded with the liquid spreading past each structural period.
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