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Abstract: Liquid uni-directional transport on solid surface
without energy input would advance a variety of applications,
such as in bio-fluidic devices, self-lubrication, and high-
resolution printing. Inspired by the liquid uni-directional
transportation on the peristome surface of Nepenthes alata,
here, we fabricated a peristome-mimicking surface through
high-resolution stereo-lithography and demonstrated the
detailed uni-directional transportation mechanism from
a micro-scaled view visualized through X-ray microscopy.
Significantly, an overflow-controlled liquid uni-directional
transportation mechanism is proposed and demonstrated.
Unlike the canonical predictions for completely wetting liquids
spreading symmetrically on a high-energy surface, liquids with
varied surface tensions and viscosities can spontaneously
propagate in a single preferred direction and pin in all others.
The fundamental understanding gained from this robust
system enabled us to tailor advanced micro-computerized
tomography scanning and stereo-lithography fabrication to
mimic natural creatures and construct a wide variety of fluidic
machines out of traditional materials.

A lively topic for centuries is the quest for directional
transportation of liquids without using an external force.
Biological surfaces, such as the back of desert beetles,[1] spider
silk,[2] butterfly wings,[3] cacti,[4] bird beaks,[5] and the peri-
stome of pitcher plant,[6] harness their micro-scaled morphol-
ogies or wettabilities to control liquid transportation for
survival. By mimicking these surfaces, several strategies have
been proposed to induce preferential liquid motion, including
chemical modification,[7] hetero-wettability fabrication,[8] and
directional motion through chemical reactions,[9] temperature
differences,[10] and geometrical effects.[11] Directional move-

ments of liquids induced by the unbalanced surface tension
forces constitute an important surface phenomenon,[12] and
understanding the physicochemical mechanisms could help
develop new liquid transportation devices.[2, 5] However,
several drawbacks still exist and limit practical usage:
1) The amplitude of liquid motion is limited to the size of
the drop as well as the gradient on the surface.[4] 2) Liquid
motion must often be triggered by injecting energy into the
system, using light,[13] vibrations,[5] or heat,[14] because the
resulting capillary force is comparable to the sticking force
that induced by defects on the solid. 3) The left–right
symmetry of the anisotropic wetting property on grooved
structures limits its transportation ability.[15] If these problems
were properly solved, directional liquid transportation would
be of great value in diverse applications,[16] such as fog
collection,[10] high-resolution printing,[17] lubrication,[6] and
micro-fluidic operations.[18]

Herein, inspired by the spontaneously uni-directional
transportation mechanism on the peristome surface of
Nepenthes alata,[6] we mimic the surface morphology of the
peristome surface through high-resolution stereo-lithography
to fabricate microcavity-arrayed substrates with varied sur-
face energies. Owing to the stereo-lithography fabrication
method, sophisticated structures can be fabricated on
demand. We harness the structure of peristome surface to
achieve uni-directional liquid transportation without external
energy input. Unlike the canonical predictions for low surface
tension liquids spreading symmetrically on a high-energy
surface,[19] liquids with varied surface tensions and viscosities
can propagate in a single preferred direction and pin in all
others. Significantly, the complexly wetting liquid, FC-72
(perfluorohexane), with a surface tension of 9.5 mnm@1, can
spontaneously and uni-directionally spread on the peristome-
mimetic surface. The micro-scaled overflow or anti-overflow
behavior on the peristome-mimetic surface is visualized and
demonstrated with X-ray microscopy, where overflow-con-
trolled liquid uni-directional spreading mechanism is pro-
posed. Through experiments and modelling, the uni-direc-
tional transportation characteristic was quantified, depending
on the surface morphologies of the fabricated surface, sur-
face-wetting properties, liquid surface tension, and viscosity.

In our experiments, we constructed peristome-mimetic
surfaces using high-resolution stereo-lithography. To modify
the substrates with varied surface energies, the fabricated
substrates were oxygen-plasma-treated for different durations
to hydroxylate the surface with high surface energies, as well
as fluorinated to achieve low surface energies. The substrate
was then mounted on the platform with two high-speed
cameras capturing the flow dynamics from vertical and
horizontal directions. Viscous and non-viscous droplets were
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individually or consequently dispensed though a micro-
syringe pump onto the fabricated surface. Liquids with
surface tensions ranging from 9.5 to 72.0 mnm@1, and
viscosity ranging from 0.3 to 96.0 mP s were utilized to
investigate the influence of surface tension as well as the
viscosity on liquid uni-directional transportation.

Figure 1a–c shows the morphologies of the peristome-
mimetic surface, the cliv-entrapped and arch-shaped micro-

cavities arrayed surface (CAMAS). According to the spread-
ing abilities, the arched microcavities, with a typical length of
700 mm, a width of 250 mm and a depth of 150 mm, are
regularly aligned along the axial direction with periodic
overlapped configuration. Titled and cross-sectional SEM
views show that the cavities slightly slanted into the surface at
an angle of & 2088 with a closed apex in front and a sharped
overhang structure at rear. High-magnification images
showed that the radius of curvature (RoC) is 75 mm at the
apex, while less than 1 mm at the rear (Figure 1c). Such

a shaped overhang structure is assumed to resist motion of the
liquid at the rear side,[20] while the deposited liquid direction-
ally spreads toward the top of the microcavity (Figure 1 d and
e).

Time-lapse images of Figure 1 f and g show that water uni-
directionally spread along arrayed microcavities without
retraction when dyed water, Indian ink, was continually
deposited onto the CAMAS. The precursor advanced first at
an accelerating speed toward the apex of cavities, then,
slowed at the apex. After a brief stagnant period, the liquid
precursor elevated and overflowed the micro-overhang. As
a result, it propagated toward the apex of the next arched
microcavity with an accelerating speed. In contrast to the
liquid bi-directional transportation on channel-featured films,
the deposited liquid cannot overflow the barrier at the rear
side of the CAMAS,[21] but can uni-directionally spread in
a single preferred direction (Figure S1).

In addition to water uni-directionally spreading on
a hydrophilic surface, water can also spontaneously spread
on the CAMAS with varied wettabilities (Figure 2a, Fig-
ure S2 and Movie S1). The threshold contact angle qt for uni-
directional spreading was 64.488, similar to the newly defined
critical angle, 6588.[22]

Figure 1. Liquid uni-directional transportation on peristome-mimic sur-
face. a) Image of the peristome-mimetic surface fabricated by com-
puter-aided design. b, c) Cross-sectional micro-CT and scanning elec-
tron microscope (SEM) images of the fabricated surface, respectively.
c) A sharp overhang at the rear side of the arch-shaped microcavity
with a curvature of less than 1.0 mm, which can reduce the liquid
overflow at the rear side. d–g) Time-lapse images of uni-directional
spreading of a water droplet and continually deposited liquid. d, e) In
situ observation of dyed water uni-directional transportation on
a peristome-mimetic surface. A water droplet (dyed by Indian ink) is
dropped onto the surface through a capillary tube with a superamphi-
phobic opening. The deposited water (20.0 mL) can uni-directionally
transport in a single microcavity with an average velocity of
50.0 mms@1. f, g) Through continual liquid deposition, dyed water
could uni-directionally spread in a single direction and pin in all of the
others.

Figure 2. Time sequences of the uni-directional transporting distances.
a) 20.0 mL water directional transportation on peristome-mimetic surfa-
ces with varied wettabilities. The squares, circles, and triangles show
impulsive growth with uni-directional liquid transportation, and
crosses (the bottom line) show the experimental results, which are
nearly uni-directional transportation with liquid propagation, respec-
tively. (Detailed animations can be seen in Movie S1). The threshold
contact angle qt for uni-directional transportation is 64.488. b) Non-
viscous liquids (20.0 mL) with surface tensions ranging from 9.5 to
72.0 mn m@1 can uni-directionally transport on the hydrophilic (red
characters) and hydrophobic (green characters) CAMAS spontane-
ously. FC-72, the completely wetting liquid with lowest surface tension,
could still uni-directionally transport on the CAMAS with the fastest
speed. Detailed images and data can be seen in Figure S2. c, d) Vis-
cous liquids with viscosities between 0.3 to 96.0 mP spread on the
CAMAS with hydrophilicity (c) and hydrophobicity (d). For almost all of
the non-viscous liquids and viscous liquids that can be ejected from
the dispensing nozzle, uni-directional liquid transportation can be
achieved without further energy input (Figures S3–S6). The slope of
the curve indicates the flow velocity. Flow velocity increases with
increasing surface energy, decreasing liquid surface tension, and
reducing liquid viscosity.

Angewandte
ChemieZuschriften

15213Angew. Chem. 2016, 128, 15212 –15216 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


In contrast to previous reports that simply focused on the
motion of water, here, other liquids with complete wetting
properties (for example, ethanol and acetone; Figures S3 and
S4) and high viscosities (ethylene glycol, hexadecane, and
silicon oil; Figures S5 and S6) were also investigated and
showed uni-directional transportation on the CAMAS (The
physical and chemical properties of these tested liquids can be
found in the Table S1,S2 in Supporting Information). Notably,
FC-72, the lowest surface-tension liquid,[20a] could also
achieve uni-directional transportation. Time sequences of
20.0 mL of the liquid transporting distances with varied
surface tensions are shown in Figure 2b, and varied viscosities
in Figure 2c, d.

The impulse-typed plots observed on the curves of
Figure 2 can be explained as followings: The microcavity
allows continuous and inward liquid transportation, and the
speed of liquid spreading along or filling the microcavity
accelerates as the precursor approaching the apex of the
cavity. After the liquid layer fills up a microcavity, the
hysteresis effect induced by the curvature differences
between the top of the cavity and the overhang structure
plays a major obstacle for liquid motion, introducing an
impulse-typed liquid transportation style.

To help understand the mechanism of overflow-controlled
liquid uni-directional transportation, we utilized micro-com-
puterized tomography (micro-CT) to demonstrate the liquid–
solid wetting state in a 3D view (Movie S2). Ethylene glycol
(EG) with a surface tension of 48.2 mnm@1 and a viscosity of
16.1 mP s was deposited onto the vertically mounted CAMAS
with the opening of the microcavities down. The wetting state
is captured at a resolution of 1.0 mm and shown in Figure 3.
The upper liquid exceeds and overflows the overhang as well
as fills up the upper microcavity (the transition from S1 to S2
in Figure 3 c). Whereas, the liquid–solid contact line still pins
in place and follows the outline of sharped overhangs
(Figure 3b), though gravity acts to drag the EG overflowing
the rear-side of the microcavity. Because of the energy barrier
at the rear side,[23] even 2.0 mL EG would not overflow the
overhang. In addition, micro-CT images captured at tilted,
rotated, and flipped angles clearly demonstrated the mor-
phology of liquid wetting state (Movie S2). The sharped
overhang structure thus plays a major role in preventing
liquid from spreading in the reverse direction.

Having shown the micro-scaled wetting state of the EG
drop on CAMAS and demonstrated the overflow-controlled
liquid uni-directional transportation, we next analyzed the
driving mechanism for liquid transportation at the precursor.
The possible propulsive force for uni-directional liquid
spreading could arise from the specific geometries of arched
cavities. As shown in Figure 3c,d, the curvature variation of
menisci at the overhang and apex gave rise to a difference in
Laplace pressure, DP, acting on the liquid:[24]

DP & gcosqa

ax
@@ gcosqr

aðx þ LÞ ð1Þ

where g is the liquid surface tension, qa is the contact angle
(CA) of the precursor, qr is the CA at the rear side, a is the
apex angle, x is the distance of the precursor from the apex,

and L is the length of precursor, respectively. Because
Laplace pressure on the precursor with a small radius of
curvature (RoC) is larger than that on the overhang with
a large RoC, the resultant pressure gradient over the liquid
would drive the precursor towards the apex.[25]

The geometry of microcavities also influences the surface
micro-scaled wetting property. The cross section of a liquid
drop on CAMAS has unequal contact angles at the precursor
side and rear side. As illustrated in Figure 3d2, the CA at
precursor is 1488, while a large CA of 16688 at the overhang, the
values of which are quite different from what has been
measured by conversional method (Figure 3d1). From the
micro-CT observations,[26] we could clearly observe the
wetting state in detail. A large qr on such a shaped overhang
is believed to prevent liquid from downward overflow.[20] For
the lowest surface tension liquid FC-72, qr is undoubtedly
below the threshold value to overflow the overhang,[20a] thus
ensuring the uni-directional spreading behavior for all nearly
non-viscous liquids.

For non-viscous liquids, such as water, methanol, ethanol,
and acetone, contact angle hysteresis was previously regarded
as a resistant force for liquid motion.[5] The capillary resistant
force is scaled as:

dFc ¼ gDcosqdx ð2Þ

where Dcosq = cosqR@cosqA, qR is the receding CA at the
precursor, qA is the advancing CA at the rear, and dx is the
thickness of the section of the drop.[27] However, an interest-
ing phenomenon is observed in Figure 2b, where completely
wetting liquids can uni-directionally spread along the
CAMAS. This phenomenon can be explained as follows:

Figure 3. Three-dimensional illustration of the liquid wetting state
during the uni-directional spreading process. a) 2.0 mL and 0.5 mL
ethylene glycol (EG) deposited on the peristome-mimetic surface
vertically mounted on the sample stage with the opening of micro-
cavity down. The images have been color-coded and rotated by the
software. b) EG pins at the rear-side of the overhang. Because of the
sharp edge, liquid cannot overflow the overhang. c) From S1 to S2,
upper liquid exceeds and overflows around the sharp overhang as well
as fills up the upper microcavity, whereas, liquid spreading in the
reverse direction or vertical directions do not occur. The liquid–solid
contact line pins in place and follows the outline of the microcavities.
d) Side view (d1) and cross-section view (d2) of the advancing and
receding contact angles of the liquid on the surface, respectively.
Animated video of the 3D wetting state is shown in Movie S2.

Angewandte
ChemieZuschriften

15214 www.angewandte.de T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 15212 –15216

http://www.angewandte.de


the CA at the precursor site is quite smaller than that at the
rear side, and CA differences constitute a driving force for
liquid movement. Because of the energy barrier induced by
the overhang, this combination of Laplace force Fd and
capillary hysteresis could permit continually deposited liquid
to move uni-directionally.

Unlike water, viscous liquid typically shows a wetting
state because of its low surface tension. Resistant force is thus
typically provided by its viscosity.[5] A theoretical analysis was
performed to infer the spreading velocity at the microcavity,
considering that a tiny amount of liquid has a value of &
aL2sinqA, and the pressure drop between these two menisci
could scale as gcosqa/(ax). The corresponding Laplace
pressure gradient, gcosqa/(axL), over this volume finally
yields a capillary driving force varying as

Fd &
gL2sinqAcosqa

x
ð3Þ

It can be clearly seen from Equation (3) that Fd increases
as the precursor approaches the apex. The fast spreading of
continuous liquid flow could therefore be achieved through
integrating optimized apex geometry.

When a liquid with a dynamic viscosity h uni-directional
spreading at a speed v, the viscous force, Fh, whose magnitude
scales as hvL sinqA/a, could act and resist liquid spreading.
Balancing the propulsive Laplace force and the resistant
viscous force, the velocity v can be inferred as:

v & agLcosqa

hx
ð4Þ

The surface tension, viscosity, morphologies, micro-scaled
wetting properties are therefore crucial roles to determine the
liquid uni-directional transportation. From Equation (4), we
can clearly explain the question of why liquid spreads slowly
on a hydrophobic surface (Figures S4, S6): For a given liquid
with a set value of g/h, a smaller spreading velocity v is
produced on a confined surface (a) with a larger advancing
contact angle qa.

When continually adding liquid onto the CAMAS, the
deposit drops could spread rapidly along the surface with
velocities on the order of a few meters per second. This was an
interesting phenomenon because the average moving speed
of one liquid drop with a volume of 2.0 mL deposited on the
surface typically scales as & 50 mms@1. If continually adding
liquid onto the wetted surface, the following liquid drops with
an even smaller volume of 0.5 mL that impact on the liquid
film could attain velocities that are two orders of magnitude
higher than the first one. This kind of drop motion could be
explained by a loss of interfacial resistance that was intro-
duced by a hydrodynamical lubricating liquid film on the
surface. If we can harness this interesting liquid transportation
phenomenon, we can directionally transport liquid with less
energy loss.

After the fundamental demonstration of our artificial uni-
directional spreading system, we then explored several liquid
transportation applications by building three-dimensional
elevated spiral and two dimensionally fluidic machines
through stereo-lithography (Figure 4). Unlike the downward

water flow direction of the fountain of Cologne Cathedral,
water can “climb” along the track of an Archimedes spiral and
elevate to a height of 10.0 mm. We noted that, because the
water layer at the rear side cannot overflow the overhang
structures, the liquid–solid contact line at the rear side is
unaffected by prior trajectories and is able to withstand the
hydrostatic pressure. Within one minute, dyed water could
flow along the trajectory with a distance of 45.0 cm, which is
a significant speed without an external energy input
(Movie S1). Other liquids, such as hexadecane, also flow
along the track of the Archimedes spiral without flowing in
the reverse direction. The CAMAS system is therefore a good
candidate in liquid uni-directional manipulation.

In summary, we have presented a facile method for
mimicking biological surfaces with sophisticated structures
through micro-CT observations and high-resolution stereo-
lithography. The micro-scaled wetting state of liquid uni-
directional transportation process have been visualized
through X-ray microscopy, and overflow-controlled uni-
directional transportation mechanism has been demon-
strated. Even for completely wetting liquids, uni-directional
transportation could still be achieved. Our results suggest an
innovative bio-mimetic material fabrication method that
should find practical applications in liquid transportation
control, particularly in the field of fog collection, high-
resolution printing, self-lubrication, and micro-fluidic oper-
ations.

Figure 4. Liquid uni-directional transportation on elevated spiral and
Archimedean spiral surfaces. a) Optical images depicting the fountain
of Cologne Cathedral. Deposited liquid could flow downward along the
spiral. b) Side view of the elevated spiral. Through stereo-lithography,
an elevated spiral was fabricated with an elevation of 10.0 mm.
c) Continuously depositing dyed water (3.0 mL) onto the center of the
spiral, water flows upward and climbs along the curve without
retraction at the rear side. Within a minute, dyed water flows a distance
of 45 cm and elevates 1 cm. d) Optical images depicting the morphol-
ogy of Nautilus pompiplius, and e) the Archimedean spiral designed by
computer-aided design (CAD). f) Red-dyed hexadecane (150 mL) can
spread along the Archimedean spiral without retraction and follow the
pattern without expansion.
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