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Long-distance directional liquid surface transport is of great importance not only for many biologic
functionalities of living organisms, but also for broad applications of open-channel microfluidics,
microreactors, heat transfer, water harvesting, and chemo/bioanalysis. However, relevant studies have
long concentrated on asymmetric 3D arrays produced by complicated microfabrication techniques. Also,
it remains challenging to switch the liquid surface transport direction on demand in a specific system.
Herein, we showed that directional liquid transport could be controlled easily on printable asymmetric
surface patterns via anisotropic interactions between the topographical barriers and the liquid. Due to
the unbalanced motion resistance and Laplace pressure, liquids showed different directional transport
modes according to their surface tension. When patterned on elastic substrates, mechanical stretching

could change their characteristic geometric parameters and thereby switch the direction of liquid
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directional steering dictated by its inherent properties, but also pose an endurable and simple method
DOI: 10.1039/d5ta05588a for intelligent liquid transport control. The responsiveness to liquids and strains offered extra flexibility of

rsc.li/materials-a switching liquid transport directions essential in liquid droplet separation and open-channel microfluidics.
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Introduction

Directional liquid transport is not only of great importance for
many biologic functionalities of living organisms (e.g., fog/water
collection for cactus thorns, lubrication for the peristome of N.
alata and water out-guidance for wings of M. deidamia),> but
also being pursued for applications in open-channel micro-
fluidics,® microreactors,”® heat transfer,” water harvesting,
and chemo/bioanalysis."**> To achieve spontaneous directional
liquid transport, different chemical gradients (e.g., in wetta-
bility and stiffness) and asymmetric topographies (e.g., in
curvature, shape and array arrangements) have been designed
for unbalanced capillary forces, Laplace pressure and pinning
effects.”®*® In contrast to the limited transport distance avail-
able for spatial chemical gradients, asymmetric surface topog-
raphies showed great potential for practical applications due to
their relevance to biologic systems and superiority in long-
distance liquid transport.”” Various biological and artificial
asymmetric topographies have been investigated to achieve
unidirectional liquid surface transport.””*° Besides the cone-/
spindle-like fibers with curvature gradients,* relevant studies
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concentrated mainly on three-dimensional (3D) tilted micro-
metric arrays on planar surfaces produced by complicated
microfabrication techniques (e.g., replica molding,** laser
ablation,” and digital light processing®). Also, it remains
challenging to switch the liquid surface transport direction on
demand in a specific system.

By constructing tilted micro-pit arrays on conical spines, oil
droplets were found to be transported from the spine tips to
their base sides due to unbalanced Laplace pressure.*
Mimicking the Araucaria leaf, 3D arrays of tilted micro-ratchets
were also designed on surfaces.” It was found that the asym-
metric reentrant effect enabled liquid transport along the
ratchet-tilting direction for low-surface-tension liquid transport
and along the opposite direction for high-surface-tension
liquids. Yang further produced asymmetric reentrant micro-
arrays by mimicking Crassula muscosa leaves by 3D printing."
By varying the tilting reentrant angles, ethanol could be trans-
ported unidirectionally in either direction due to the heteroge-
neous liquid meniscus. By incorporating magnetic fillers into
the reentrant arrays, the magnetic field could even switch the
liquid transport direction by changing the reentrant angles.
Analogously, the asymmetric re-entrant structure was further
optimized by Zhou to reinforce the tendency of unidirectional
liquid transport.”® By combining the magneto-responsive wires
and surface superhydrophobic treatment, the impact dynamic
control and selective transport of droplets, precise object
manipulation and chemical reactions are demonstrated.””*®
These 3D microarrays on planar surfaces promised great

J. Mater. Chem. A


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta05588a&domain=pdf&date_stamp=2025-11-06
http://orcid.org/0000-0003-0276-834X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05588a
https://pubs.rsc.org/en/journals/journal/TA

Open Access Article. Published on 24 October 2025. Downloaded on 11/14/2025 5:07:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

potential to control liquid flow for open-channel microfluidic
systems. But their topographical complexities normally relied
on high-cost, time-consuming and sophisticated micro-
fabrication processes. Their structural fragility also reduced
their mechanical endurance and service life.

Besides 3D arrays, sub-millimetric hydrophilic channels
containing asymmetric superhydrophobic barriers inside were
recently generated on glass substrates through fluorination and
photocatalytic irradiation in the presence of photomasks.” It
was found that the unbalanced capillary forces could drive
water transport along one direction, whereas it was pinned at
the other side. Within similar open channels containing
hydrophobic barriers inside, manipulation of the water trans-
port direction could also be achieved by adjusting the wetta-
bility of channel sidewalls.*®

In contrast to these complicated 3D structures and
manufacturing process, direct writing/printing 2D patterns may
provide a low-cost and endurable solution for open-channel
microfluidic systems. Herein we designed a millimetric 2D V-
shape structure within parallel sidelines through direct
writing without any physical or chemical post-treatment. It was
found that the combination of unbalanced motion resistance
and Laplace pressure could drive directional liquid transport.
That is, a low-surface-tension liquid favored the tip-oriented
direction, and a high-surface-tension liquid favored the oppo-
site direction. Even for a specific liquid, above 50% strain of
elastic substrates could switch the liquid transport direction
due to the varying geometric parameters of the V-shaped
structure. Moreover, the intelligent response capability allows
the functional surface to be an automatic liquid separator. In
contrast to the complicated 3D tilted arrays and their sophisti-
cated microfabrication techniques, the endurable 2D V-shape
structure and simple fabrication method will offer a prom-
ising solution for building portable and cost effective open
microfluidic surfaces for long-distance liquid directional
steering. The responsiveness to liquids and strain further offers
the extra flexibility of controlling liquid transport directions
essential in open-channel microfluidics.

Results and discussion
Patterned surfaces and liquid-responsive directional transport

The millimetric V-shape structure within parallel sidelines was
fabricated via a commercial direct-ink-writing (DIW) printer as
shown in Fig. 1A. Fluidic prepolymer of silicone was written on
glass substrates along the predetermined path for further
solidification. The same V letters (with a width D ~ 3 mm,
a tilting angle o ~ 20° and a radius of vertex curvature R ~150
pm) were written sequentially with an interval distance of 4 mm
within two parallel sidelines (with a width W ~ 3.5 mm between
adjacent sidelines, Fig. 1B). The transverse gaps between the V
letter and the adjacent sidelines remained the same on both
sides (with the gap width d = (W — D)/2-250 um). The silicone
lines were approximately semicircular in cross section and
~160 pm in height # and 300 pm in width w (Fig. 1C). The
geometric parameters of the V patterns (i.e., tilting angle «,
width D and vertex radius R) were tuned to control the liquid
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transport direction. The V vertex direction was labeled as +s,
and the opposite direction was labeled as —s.

When pumping the liquid continuously between the
adjacent V letters at a constant rate of 10 pL s, three modes of
liquid transport behavior are exhibited on the patterned surface
due to liquid surface tension (Fig. 1D and Movie S1). The
unidirectional transport behavior of the liquids was evaluated
based on the distances of liquid transport in both directions
(i.e., Lis and L_). On a patterned glass substrate with the typical
silicone V shape (i.e., geometric parameter o = 20°, d = 250 um
and R = 150 um), it was found that the unidirectional liquid
transport ability depended strongly on the liquid inherent
properties.

For a liquid with a low surface tension of 20.9 mN m™" (e.g.,
isopropyl alcohol), symmetric transport towards both the
opposite directions was observed along the sidewalls
(symmetric transport mode, Fig. 1D(i) and E). The liquids with
higher surface tension were obtained by progressively adding
water to ethanol. As shown in Fig. S1, the liquid surface tension
could increase from 21.8 mN m™ "' (pure ethanol) to 72.1 mN
m™" (pure water). For the liquid with 21.8-23.6 mN m ™" surface
tension (i.e., percentage of water ranges from 0 to 25 wt%), the
liquid transported preferentially towards the +s direction (+s
directional transport mode, Fig. 1D(ii) and E), and there may
occur a slight backflow at the early stage (Fig. 1F).

For a liquid with 25.2-34.1 mN m™' surface tension
(percentage of water ranges from 30 to 70 wt%), the liquid
transported preferentially towards the —s direction (—s direc-
tional transport mode, Fig. 1D(iii)). The transport process in the
—s direction was discontinuous due to the apparently tempo-
rary liquid accumulation and then onrush at the V vertex
barriers. For the liquid with > 39 mN m™' surface tension
(percentage of water exceeds 80 wt%), there was no liquid
spreading analogous to the dewetting behavior on solid
substrates. Continuous liquid pumping on the patterned
surfaces would result in extra accumulation and effusion over
the sidelines (Fig. S2). As shown in Fig. S3, the durability of the
surface has been further verified, and the unidirectional
transmission of liquid can still remain stable after 100 repetitive
experiments.

Symmetric transport for low-surface-tension liquid

To explain the mechanisms responsible for the liquid direc-
tional transport mode regulation, we first investigate the
differences in spreading behaviors of various liquids passing
through the gap between the V letter and the adjacent sidelines.
When a liquid met a micrometric gap, as modeled in the inset
image M-M of Fig. 2A, spontaneous capillary flow occurs when
the generalized Cassie angle 6* is smaller than /2, and
becomes:*"**

cos 0* = Z(cos 6:f;) = 0.189 cos 6, + 0.381 cos 6, — 0.432>0

(1)

1
where 6; and f; are Young's contact angle with each interface and
the fractional area of each component in a cross section of the
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Fig. 1 Three liquid transport modes based on the surface tension of the liquid. (A) Schematic illustration of the direct ink writing process. (B)
Typical geometric parameters of the surface pattern. The distance of the adjacent V pattern and parallel sidelines is 4 mm and 3.5 mm,
respectively. The width D, radius of vertex curvature R and tilting angle « can be varied. (C) Cross-sectional view of the silicone line. The height h
and width w of the silicone line are 160 pm and 300 pm, respectively. (D) Varying liquids with different surface tensions in (i) symmetric transport
mode, (i) +s directional transport mode and (iii) —s directional transport mode. (E) Three modes of liquid transport identified based on liquid
transport distances (L,s and L_) along two directions and liquids of different water compositions in ethanol. (F) Temporal variation of L,sand L_g
in three modes of liquid transport. The inset image shows temporary liquid accumulation before onrush at the V vertex.
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Fig.2 Symmetric transport for a low-surface-tension liquid. (A) Generalized Cassie angle 6* for spontaneous capillary flow for liquids of different
water compositions in ethanol. The inset M—M illustrates cross-sectional morphology of liquid in the gap between the V letter and the adjacent
sidelines of silicone. Liquids preferentially pass through the narrow gap during the transport process when cos #* > 0. With the increase in liquid
surface tension, the break point is transformed from the gap on the sides to the vertex of the V letter. (B) Spreading dynamics of symmetric
transport of isopropyl alcohol as a low-surface-tension liquid. Isopropyl alcohol spreads along the sidelines in two directions and visible capillary
filaments ahead of bulk flow are formed. (C) Oblique view of the morphology of the isopropanol concave meniscus in two directions.
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flow (containing the interface between the liquid and glass
bottom f; = d/(2h + 2d + h) = 0.189; the interface between the
liquid and silicone lines f, = ®h/(2h + 2d + Twh) = 0.381; and the
interface between the liquid and air f = (2k + d)/(2h + 2d + wh) =
0.432. Here, the contact line between the liquid and the silicone
lines is considered a quarter arc and the interface between
liquid and vapor is often regarded as a hydrophobic surface
with a contact angle 6; of 180°.

When the generalized Cassie angle 6* is smaller than /2
(general condition for the spontaneous capillary flow in
a composite channel being satisfied®"), liquids preferentially
pass through the narrow gap during the transport process
(symmetric transport mode or +s directional transport mode).
When increasing the water composition in the mixture for
a larger surface tension and contact angle of liquids, the
generalized Cassie angle (cos 6*) for spontaneous capillary flow
turned from positive to negative, resulting in the transition
from the driving force to resistance for liquids passing through
the gap. The break points are transformed from the gap on sides
to the vertex of the V letter and the liquid transport direction is
also reversed (—s directional transport mode, Fig. 2A). For a low-
surface-tension liquid such as isopropyl alcohol, the low contact
angles at the liquid/solid interfaces (e.g., 1° for glass and 21° for
silicone) gave cos 6* > 0. This implied the overwhelming inter-
facial forces at the liquid/solid interfaces and led to sponta-
neous liquid transport through the narrow gap, analogous to
the spontaneous wetting behavior on solid substrates. In the
case of liquid transport along silicone V-shape structures within
parallel sidelines on glass (Fig. 2B), the liquid could easily pass
through the narrow gaps between the V pattern and sidelines in
both the +s and —s directions due to the capillary force and
corner effect formed by the silicone line pattern and substrate,
and the impact of the V pattern is almost negligible. In the +s
direction, liquid preferentially transported along the sidelines
(see the 0 s photograph in Fig. 2B) and may form the middle
void space within the V-shape structures (see the 1.02 s photo-
graph in Fig. 2B and C). With continuous liquid accumulation,
the liquid gradually filled the void, and then combined with the
bilateral liquid along the sidelines (see the 1.28 s photograph in
Fig. 2B). In the —s direction, liquid was transported preferen-
tially through the narrow gaps and then may be hindered by the
V-shaped pattern, and the backflow along the inner lines caused
the intermediate liquid to continue flowing backward over the
barrier (see the 0.50 s and 0.82 s photograph in Fig. 2B). The
advancing meniscus of liquid remained concave in shape
throughout the entire liquid transfer process (Fig. 2C).

Unidirectional liquid transport in the +s direction

On increasing the surface tension of liquid and thereby the
contact angles on the interfaces between the liquid and the
solid, the resistance of silicone lines to liquid transport would
start to become apparent. For the liquid of ethanol containing
10 wt% water, in the +s direction, liquid transport was initially
hindered by the side tails of the V pattern and formed a convex
liquid meniscus (see the 0.08 s photograph in Fig. 3A), which
then transformed into a concave surface (see the 0.16 s
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Fig. 3 Unidirectional liquid transport in the +s direction. (A) Spreading
dynamics of the liquid along the +s direction. Liquid filled the middle
void space within the V letter preferentially, and then passed through
the narrow gaps until it covered the entire pattern. (B) Pinning
dynamics of a liquid in the —s direction. (C) The morphology of the
liquid precursor after contact with the side tails of the V-shaped
pattern in the +s direction and schematic illustration of the TCL. (D)
Pinning state in the —s direction and schematic illustration of the TCL.
Liquid flow is blocked at the junction due to the fluidic diode effect. (E)
Correlation of the transport distance ratio (L;s/L ) of liquid along two
directions with geometric parameters of the V letter. The unidirec-
tional liquid transport ability decreases with the increase in gap width
d and barrier tilting angles «. Liquid: ethanol containing 10 wt% water.

photograph in Fig. 3A). Compared with isopropyl alcohol, the
capillary filaments ahead of bulk flow are not prominent due to
the decrease in wettability. The liquid preferentially filled the
middle void space within the V letter before passing through the
narrow gaps between the V pattern and sidelines (see the 0.41 s
photograph in Fig. 3A and S4). In the —s direction, liquid
transport was hindered by the silicone V line (see the 0.5 s
photograph in Fig. 3B). The abrupt cross-section changes from
wide channels to narrow channels would lead to a fluidic diode
effect,*** which may obstruct liquid transport through the
narrow gaps between the V pattern and sidelines (see the 11.5 s
photograph in Fig. 3B).

As shown in Fig. 3C and D, liquid transport was governed by
the competing resistance between the side tails of the V pattern
in the +s direction (Fig. 3C(i)) and the profile line of the V
pattern in the —s direction (Fig. 3D(i)). Due to the low height of
the silicone line, we simplified the V-shaped pattern as a 2D
hydrophobic water barrier. Following the contact between the
liquid precursor and V pattern in the +s direction, the silicone
barrier stabbed into the liquid film in a nearly perpendicular
way, and the three-phase contact line (TCL) length was
described with the width w (300 pm) of the silicone line as 2w/
cosa (Fig. 3C(ii)). And the interfacial TCL resistance was
expressed as:*

Fig=2-w-y-(cos @ — cos f.)/cos « (2)

where v is the surface tension of liquid, cos 6 and cos 6. were the
real-time contact angle and equilibrium contact angle, respec-
tively. In the —s direction, the TCL length along the V-letter was

This journal is © The Royal Society of Chemistry 2025
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expressed as (W — 2d)/sin «. And the interfacial TCL resistance
along the axial direction was expressed as:

F_g= (W — 2d)-~v-(cos §—cos 0.) (3)

The competition between the interfacial TCL resistances of
the opposite directions could be estimated by using:

F_JF.s = (W — 2d)-cos al2w (4)

That is, the unidirectional transport ability of a liquid towards
the +s direction depended on geometric parameters of the V
patterns (ie., tilting angle « and gap width d), when fixing
a width W of 3.5 mm between two adjacent parallel sidelines
and silicone line width w of 300 pm (Fig. S5).

Accordingly, the small angle « and gap width d of V patterns
tended to increase the F_y/F,4 value, and led to a larger motion
resistance for liquid transport in the —s direction. For example,
F_¢/F.s~ 4.5 was obtained for o« = 20°, d = 250 um. In the +s
direction, the liquid of ethanol containing 10 wt% water formed
the concave liquid front and thereby the Laplace pressure
towards the +s direction. The liquid would preferentially be
transported through the narrow gap between the V letter and
sidelines. When evaluating the unidirectional liquid transport
by using the distance ratio (L.s/L_g) of liquid transport, it was
found that the large L.,s/L_g value was favored by the small
dvalue and « (Fig. 3E), being consistent with the F_¢/F.¢ value. It
is to be noted that the large liquid pumping rates may depress
the tendency of unidirectional liquid transport due to possible
liquid overflow in the opposite direction. When the pinning
state collapses, liquid effused from the vertex of the V-letter due

Os 2.00s

1 mm

396s
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to the Laplace pressure caused by the concave liquid front
(Fig. S6A). Hence, the unidirectional liquid transport ability
could be improved by increasing the vertex radius R without
changing other channel parameters. Compared to R ~ 150 um,
the distance ratio (L.s/L_) increased by more than 100% for the
channel with R ~ 300 um (injection velocity: 50 uL s, Fig. S6B).

Unidirectional liquid transport in the —s direction

As the water content of the liquid increases from 10 wt% to
50 wt%, it had large surface tension (~27 mN m ') and contact
angles on the solid interfaces (~15° for glass substrates; ~62°
for silicone lines). The silicone lines in both directions exerted
large interfacial resistances to liquid transport and the Cassie
angle for spontaneous capillary flow cos 6* < 0. Therefore,
liquids cannot pass through the gap spontaneously. In the —s
direction, the silicone lines also posed the interfacial TCL
resistance to liquid transport (Fig. 4A). However, as shown in
Fig. 4C(i), the liquid would accumulate between the sidelines
and give a larger thickness of the liquid layer at the vertex point
of V patterns. The liquid accumulation produced a concave
liquid front and thereby an additional Laplace pressure Pg, P =
v/R,, towards the —s direction that was related to the local
radius of the droplet on the vertex point (R; = w/(1 — sin &), as
shown in Fig. 4C(ii)).?® Thus, the liquid may break the TCL
resistances at the vertex point and flow over the vertex in the —s
direction (see the 3.92 s photograph in Fig. 4A). Subsequently,
driven by the middle liquid film, the liquid on the sides grad-
ually spread forward until it covered the entire V pattern and
filled the next unit at 4.16 s. In the +s direction, liquid transport
was hindered by the silicone lines together with the convex

(ii)

250
2y, m)

Fig. 4 Unidirectional liquid transport in the —s direction. (A) Spreading dynamics of liquids along the —s direction. A concave surface formed after
the contact between the liquid and silicone line, and the liquid crosses the silicone line from the vertex of the V pattern. (B) Spreading dynamics of
liquids along the +s direction. (C) Liquid spreading state in the —s direction and schematic illustration of the TCL. (D) Pinning state in the +s
direction and schematic illustration of the TCL. Laplace pressure caused by the concave surface (Ps) and the convex surfaces (P,,) directed to the
—s direction. (E) Dependence of the liquid transport distance ratio (L_¢/L ) on tilting angle « and gap width d of the V pattern. The unidirectional
liquid transport ability decreases with the increase in gap width d and barrier tilting angle «. Liquid: ethanol containing 50 wt% water.
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Fig. 5 Strain responsiveness of directional liquid transport. (A)
Dependence of liquid transport on the stretching ratio (¢) of the elastic
substrate. As ¢ increases from 0% to 100%, the liquid transforms from
the +s directon to the —s direction. (B) The relationship between the
stretching ratio and surface morphology parameters. Gap width d and
tilting angle « decrease with the increase in the surface stretching
ratio. (C) Variation of vertex curvature R against the stretching ratio.
When the stretching ratio increases from 0% to 100%, the curvature
radius R of the liquid film at the vertex decreases from ~150 um to ~86
um. (D) Liquid transport distance ratio at different stretching ratios of
the elastic substrate. When the surface stretching ratio exceeds 50%,
the liquid transport distance in the —s direction (L_J) is greater than that
in the +s direction (L,). Liquid: ethanol containing 10 wt% water.

liquid front (Fig. 4B). The convex meniscus of liquid in the
narrow gap would produce a Laplace pressure, P, = y/R, (R, ~ d/
2, Fig. 4D(ii)) towards the —s direction and hinder the liquid
transport through the narrow gaps between V letters and side-
lines. It is to be noted that liquid overflow cannot be avoided at
large liquid pumping rates.

It could be seen that the —s unidirectional transport ability
of a liquid with large surface tension was related to the addi-
tional Laplace pressure at the vertex point of V letters and
narrow gap. Thus, the smaller tilting angle « may favor the
larger Laplace pressure in the —s direction, with other struc-
tural parameters remaining the same. In the case of liquid
pinning in the +s direction, decreasing the gap width d would
generate higher pressure, thereby hindering the liquid trans-
port through the gaps and exhibiting a larger distance ratio
(Fig. 4E). As a matter of fact, the transport distance ratio L_g/L.

45°< 06 <86° 12°< 6 <45°

Fig. 6
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was found to increase from 2.6 to 10.8 when decreasing the
vertex radius R value from 300 um to 100 um with the same gap
width and tilting angle (Fig. S7A and S7B).

Strain-responsiveness for the direction of liquid transport

For a predetermined liquid, its directional transport depended
strongly on the geometric parameters (e.g. gap width d, tilting
angle « and radius of vertex curvature R) of the substrate
patterns. When printing the same structure on elastomeric
substrates (e.g., PDMS), tensile strains may change the
geometric parameters and then the liquid transport directions
(Fig. S8). As shown in Fig. 5A, the patterned PDMS substrate (50
x 8 mm? in size) was fixed on a tensile stage. At the initial state
(0% strain), for the liquid of ethanol containing 10 wt% water,
the contact angle (~21°) gave cos 6* > 0, causing the liquid to be
preferentially transported in the +s direction (Fig. 5A(i), S9A,
S10A, and Movie S2). With the increase in the stretching ratio,
the transport distance ratio (L.s/L_s) decreased dramatically
from 9.1 to 2.5 (20% strain, Fig. 5D). At s strain of 60%, the
tilting angle « and gap width d decreased from ~20° and ~300
pm to ~10.7° and ~241.2 pm (Fig. 5B), together with a smaller
vertex radius R (decreased from ~150 um to ~102 pum, Fig. 5C)
and thereby larger additional Laplace pressure in the —s
direction (Fig. S10B). The liquid transported nearly symmetri-
cally in both —s and +s directions. At a strain of 100%, the tilting
angle « is only about 8.2°; meanwhile, the curvature radius R of
a liquid film at the vertex decreases accordingly, reducing to
about half of its initial value (from ~150 pm to ~86 um). The
Laplace pressure acting on the liquid precursor at the vertex of
the V-shape structure increases by approximately two times and
leads to liquid transport in the —s direction (Fig. S9C and S10C).
In addition, directional liquid transport seemed to be main-
tained when bending the elastic substrates (e.g., “C” and “S”
shaped trajectory in Fig. S11), which offered extra adaptivity for
open microfluidic systems.

For the patterned surface with fixed geometric parameters,
different liquids could show distinct directional transport
behavior (Fig. S12). This phenomenon could be used to isolate
droplets of liquids with different surfaces tensions. As depicted
in Fig. 6A, the patterned glass substrate was installed on a tilt-
able platform. And the liquids with different surface tensions
were pumped in the middle of the substrate at an appropriate

Polyethylene glycol Os

Isolation of liquids with different surface tensions. (A) Setup of pumping liquids on a tiltable and patterned substrate. Various liquids are

injected into the center of the channel with a constant injection velocity of 10 uL s~ and tend to move towards opposite directions due to the
differences in wettability, causing the platform to tilt and ultimately be collected in the container. (B) Droplets of alcohol transported in the +s
direction on a patterned substrate, were collected by the right container. (C) The collection process of polyethylene glycol containing 85 wt%

water on a patterned substrate.
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rate. When pumping alcohol on the substrate, the liquid was
preferentially transported to the right (Fig. 6B). The substrate
tilted to the right and the liquid was collected in the right
container. When pumping an aqueous solution of polyethylene
glycol (PEG 2000, 15 wt%), the liquid was preferentially trans-
ported to the left and collected in the left container (Movie S3).

Conclusions

In this study, we showed that directional liquid transport could
be controlled easily by using printable asymmetrical surface
patterns. A millimetric 2D V-shape structure within parallel
sidelines was produced through direct writing. For a fixed
pattern with constant geometric parameters, three modes of
liquid transport behaviors were identified according to surface
tensions of the liquids. It seemed that the combination of
unbalanced motion resistance and Laplace pressure drove
directional transport of liquids. When patterned on elastic
substrates, mechanical stretching could change characteristic
geometric parameters of the patterns and thereby switch the
direction of liquid transport. Thus, this study may not only offer
a low-cost and scalable solution to achieve long-distance surface
transport of liquids, but also provide an endurable type of V-
shape patterns for directional liquid transport. The respon-
siveness to liquids and strain offered extra flexibility of
switching liquid transport directions essential in liquid droplet
separation open-channel microfluidics.

Experimental section
Fabrication of patterned surfaces

Asymmetric functional surfaces are fabricated via a direct-ink-
writing printer (Adventure-3D-LB-Printer-0100, Adventure Tech
Inc.). DOWSIL SE 1700 Clear base and the catalyst were mixed at
a mass ratio of 10/1 and stirred for 15 min. The prepared
mixture was introduced into an extrusion syringe and subjected
to centrifugal treatment at 3000 rpm for 5 min to remove
trapped air bubbles. Subsequently, the resulting silicone ink
was deposited onto a pre-cleaned glass slide through a nozzle
(inner diameter is 340 pm) along a preset trajectory that was
designed using CAD software, and the extrusion pressure was
maintained at 0.5 MPa. The distance between the nozzle tip and
substrate is about 200 um and the printing velocity is 2 mm s ™.
After printing, the surface was placed on a hot plate and cured
at 85 °C for 1 h.

Fabrication of elastic surfaces

Polydimethylsiloxane (PDMS, DOWSIL 184 silicone elastomer)
was used to print the soft surface. PDMS and the curing agent
were mixed at a mass ratio of 10/1, stirred for 10 min and
degassed in a vacuum oven for 30 min. The uncured PDMS
mixture was coated on the cleaned glass substrates by using
a spin coater (KW-4T, IMECAS, Beijing, China) with a rotational
speed of 500 rpm for 30 s, and then heated on a hot plate at 75 °©
C for 1 h to fabricate the substrate. The PDMS ink was intro-
duced into an extrusion syringe and degassed in a 45 °C vacuum

This journal is © The Royal Society of Chemistry 2025
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oven for 45 min to remove trapped air bubbles and improve the
viscosity of ink. Then the precured PDMS ink was deposited
onto the substrates through a nozzle (25G, inner diameter is 260
pum) along a preset trajectory, and the extrusion pressure was
maintained at 0.3 MPa. The distance between the nozzle tip and
substrate is about 150 pm and the printing velocity is 2 mm s~ .
After printing, the surface was placed on a hot plate and cured

at 75 °C for 1 h and demolded from the glass.

Characterization

Water-ethanol mixtures with varied mass fractions (dyed by
using water-soluble dyes such as aniline blue) were injected into
the center of the channel through a glass capillary that con-
nected to a micro injector (RSP01-BG, RISTRON Inc.) with
a constant injection velocity of 10 pL s~ *. The liquid transport
behavior was monitored by using a digital camera (EOS800D,
Canon) at 50 fps.
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