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Directional liquid transport isimportant in both fundamental studies
and industrial applications. Most existing strategies rely on the use of
predesigned surfaces with sophisticated microstructures that limit the

versatility and universality of the liquid transport. Here we present a
platform forliquid transport based on flexible microfluidic-derived fibers
with hemline-shaped cross-sections. These microfibers have periodic
parallel microcavities along the axial direction, with sharp edges and
wedge corners that enable unilateral pinning and capillary rise of liquids.
This structure enables directional liquid transport along hydrophilic
substrates with the use of a single fiber. Alternatively, a pair of fibers enables
directional liquid transport along hydrophobic substrates or even without
any additional substrate; the directional transport behavior applies to
awide range of liquids. We demonstrate the use of these fibers in open
microfluidics, water extraction and liquid transport along arbitrary three-

dimensional paths.

Our platform provides a facile and universal solution for

directional liquid transport in a range of different scenarios.

Directionalliquid transportisimportantinboth fundamental research
and practical applications including oil-water separation'™?, liquid
pumping*’, water harvesting®” and microfluidics® . Numerous efforts
have been made to design microscale systems that exploit driving
forces, including the use of surface tension gradients'*", external
impetus'®", chemical gradients***** and biomimetic anisotropic
structures® ™, In addition, to ensure survival, some natural organ-
isms have evolved surface structures to generate unbalanced forces
and control directional liquid dynamics****, Inspired in part by this,
fibrous materials with flexible shapes and asymmetric microstruc-
tures obtained through electrospinning, three-dimensional (3D) print-
ing and microfluidics have garnered substantial attention for liquid
transport®>**. For example, microfibers inspired by spider silk and
with aspindle-knotted structure have been designed with anisotropic
curvature and surface roughness thatinduce liquid transport by com-
bining the surface tension gradient arising from variations in surface
roughness and the Laplace pressure difference caused by the curvature

gradient®®. Therefore, precise control over the direction, speed and
distance of liquid transport on substrates with a predesigned surface
architecture has been widely achieved>***”*2, Despite this progress,
transport of different types of liquid remains challenging because
the surface energies of the liquid and surface(s) impacts the result-
ing transport behavior. Furthermore, the manipulation of liquids in
desired 3D paths is even more difficult due primarily to challenging
microfabrication****, Therefore, platforms with directional transport
capabilities for arange of liquids and transport pathways are required
to bridge the gap between studies of fundamental liquid dynamics and
practical applications.

In this study, we fabricate flexible hemline-shaped fibers from
microfluidics (Fig. 1a) as an alternative to the widely adopted strategy
of using a predesigned surface with sophisticated microstructures.
So far, microfluidics has been extensively employed to create micro-
fibers with cross-sectional shape anisotropy by geometric confine-
ment**® or inertial flow*****, However, few studies have explored
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Fig.1| Generation of ahemline-shaped jet template from piezoelectric
microfluidics. a, Schematic of the spinning process of the hemline-shaped
microfiber with programmable hemlines by piezoelectric-induced fluid vibration
inamicrofluidic channel. b, High-speed snapshots of a stable jet and a hemline-
shapedjet (Q; =4 mlh™,Q,=14 mlh™,f,=80 Hz, U=7 V). ¢, Computational fluid
dynamics simulations of the cross-section flow radial velocity contour and axial
velocity profiles (top) and streamline diagram (bottom) during hemline-shaped

Piezoelectric frequency, f, (Hz)

Voltage, U (V)

jetformation corresponding to b. d-f, Real-time images of the hemline-shaped
jetunder different Q/Q, (Q; + Q, =18 ml h",fp =80Hz, U=6V;d), piezoelectric
actuation frequencies (Q;=4 mlh™,Q,=14 mlh™, U= 6 V; e) and piezoelectric
actuation amplitudes (Q;=4 mlh™,Q,=14 mlh™, f,=80 Hz; ). g, Plotof d;as a
function of Q/Q,. h, Plot of p as afunction of,.. i, Plot of /as a function of U. Data
points and error barsindicate mean values + s.d. of five measurements in g-i.

the dynamic control of the axial anisotropy of the resultant fibers.
We developed a vibrating flow configuration in a microfluidic chan-
nel through piezoelectric control and translated this configuration
into solid hemline-shaped microfibers featuring axially aligned cavi-
ties with sharp edges and annularly connected wedge corners. When
placed ona plain hydrophilic substrate without any specially designed
surface architecture, asingle microfiber could form aninterstice with
the substrate and, thus, achieve directional liquid transport. Detailed
observation of the transport behavior by high-speed camerarevealed
that the transport processes included unilateral pinning, continuous
transportviatheinterstice and capillary-rise-induced filling of micro-
cavities. More intriguingly, a pair of close and adjacent fibers with the
same or opposite corner orientations were found to giverisetoalarge
variety of liquid transport phenomena that were not restricted to the
type of liquid or surface wettability. Most importantly, the microfibers
enabled liquid transportalong 3D paths because they are intrinsically
flexible. On the basis of these advantages, the platform was applied for

droplet manipulation, long-distance liquid transport and water-oil
separation. These results demonstrate the versatility and universality
of the proposed platform; broad applications in open microfluidics,
liquid transport along 3D paths, and energy and environmental engi-
neeringare envisioned.

Results

Hemline-shaped jet template from piezoelectric microfluidics
The principle behind preparing the hemline-shaped microfibers com-
bines forming a hemline-shaped jet template and solidifying the jet
through rapid polymerization. Therefore, a piezoelectric microfluidic
system (Supplementary Fig. 1) was constructed to generate a determin-
istic flow configuration with a coaxially nested capillary chip, inwhich
two fluids flowed concentrically; a piezoelectric actuator is used to
program theinner flow dynamically. Theinner fluid was a photocurable
solution of poly(ethylene glycol) diacrylate (PEGDA), and the outer fluid
was pure water. Intypical experiments, the range of Reynolds numbers
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was approximately 0.8-5.4, indicating flowin the laminar regime. The
properties of the inner and outer fluids are listed in Supplementary
Table 1. These two fluids are miscible and have negligible interfacial
tension, similar to previous studies of aqueous two-phase systems*>*°.
This causes the jet to be easily disturbed and deformed by external
fluctuations. A programmed piezoelectric signal was induced to the
inner phase, and the interactions between the two-phase interface
and external vibrations caused periodic jet oscillations. As aresult,
the interface was initially folded and then advected by Poiseuille flow
in the collection tube, eventually deforming into corrugations with
sharp edges (Fig. 1b and Supplementary Video 1).

To investigate the key parameters controlling the polymerized
fiber shape and guide experimental design, we performed numerical
simulations by solving the mass balance equation and Navier-Stokes
equation with the volume-of-fluid model to track the evolution of the
fluid/fluid interface. The simulation results revealed that deforma-
tion is a result of the expansion and contraction of the jet, with the
protruding segment transforming into a hemline shape due to the
velocity field gradient within the Poiseuille flow (Fig. 1c, Supplementary
Figs.2and19,and Supplementary Video 2). To investigate this further,
we conducted a series of experiments by tuning these parameters
and measuring the morphology of the jet, as shown in Fig. 1d-f. It was
found that the average diameter of the jet, d; (depicted in Fig. 1g), was
positively correlated with the volumetric flow rate ratio of the inner
and outer fluids, Q/Q,; these experimental results were consistent with
those of the simulations. In this co-flow microfluidic channel, d;can be
derived by applying the conditions of continuity of the velocity field
and tangential shear stress as follows®:

1/2
A+pp)”> — 1+ )

, 1
-2 1)

d; =D,

where @is Q/Q,, nistheratio oftheinner () and outer (1,) viscosities,
and D_ is the inner diameter of the collection tube (Supplementary
Discussion ). This resultis consistent with the experimental measure-
ments (Fig. 1g). In addition, the hemline pitch, p (depicted in Fig. 1h),
was negatively correlated with the piezoelectric frequency, f,.. These
experimental results were also consistent with the simulation results.
Because p also refers to the distance traveled by the jetin an oscillation
period (T=1/f,), it can be represented as (Q;xT)/S, where S is the jet
cross-sectional area and can be calculated as T[dj2/4. Taken together,
pisgivenby

p=Qr-_ f0G-2-0) .

D f, [+ pp)” - 1+ )]

Theoretical predictions based on equation (2) arein good agree-
ment with those obtained by experiment (Fig. 1h). Moreover, because
the voltage, U, affects the amplitude of the vibration, it notably affects
the hemline length, [ (as depicted in Fig.1i). These resultsindicate that
the hemline-shaped jet templates can be tailored by adjusting the
operational parameters (Supplementary Discussion ).

Microstructure of the hemline-shaped microfibers

To polymerize the jet template, the photoinitiator 2-hydroxy-2-meth-
ylpropiophenone (HMPP) was added to the inner fluid. In addition,
two ultraviolet (UV) light sources were positioned toirradiate the col-
lection tube in opposite directions, thus concentrating their light to
a0.5cm x 0.5 cm area (Supplementary Fig. 3). The polymerization
timescale must be considerably faster thanthe timeit takes for ajet pass
through theirradiation area to ensure that the transient morphology
oftheliquidjet polymerizes effectively. Moreover, the polymerization
timescale is strongly correlated with the UV intensity (/,), as shownin
Supplementary Fig.4 and Supplementary Discussion Il. Therefore, to
ensure that the in situ polymerization was sufficiently fast to solidify

the transient morphology of the liquid jet, the velocity of the jet, v;
(equation (3)), was controlled with respect to /,. As aresult, hemline-
shaped microfibers were generated. Benefiting from the continuous
preparation process, meter-scale generation of these hemline-shaped
microfibers was achieved with a typical speed of 1.51 cm s (Fig. 2a,e).
The spinning speed, v;, was further adjusted by tuning microfluidic
parameters (Supplementary DiscussionI) according to
b= 2 o 132 ? : Q)
0.’ [(1+u9)"? - 1+ )]

The detailed configuration of the fiber, which consists of periodic
parallel microcavities in the axial direction, is shown in Fig. 2b. The
pitch and length of the microcavity and diameter of the fiber can be
varied by systemically regulating the parameters f,, Uand Q/Q, dur-
ingjet generation (Supplementary Fig. 5). Furthermore, the resulting
hemline-shaped microfibers showed component homogeneity, as
confirmed by laser scanning confocal microscopy (Fig. 2d), and unique
structural anisotropy, as confirmed by scanning electron microscopy
(Fig. 2f). The microcavity was centrosymmetric and annularly con-
nected, withasharp edge (theradius of curvature, R, wasless than2 pm
under atypical set of fiber-generation parameters) and awedge-shaped
corner. To create an adjustable hemline shape, custom-designed fib-
ers with segmented hemlines of varying /, and p along the axis were
fabricated by programming different piezoelectric signals (Fig.3g and
Supplementary Fig. 6). These custom-designed fibers could regulate
liquid flow dynamically (direction and transport speed). Moreover,
the flexibility of the fibers could be controlled by adjusting the PEGDA
concentration (Fig. 2c); higher PEGDA concentrations yielded fibers
with higher stiffness. Notably, the concentration should not be exces-
sively high because the corresponding high viscosity of the inner phase
suppresses jet deformation (Supplementary Fig. 7). To overcome this
problem, additional work to enhance the perturbation and deforma-
tion of high-viscosity fluids using piezoelectric actuators with larger
vibration amplitudes is required.

Liquid transport on flexible surfaces

The sharp edges of the fibers resulted in strong droplet pinning (Sup-
plementary Fig. 8), whereas the wedged corner promoted capillary
rise”*>*>, When a single hemline-shaped microfiber was placedin con-
tactwith ahydrophilicsubstrate (water contact angle (WCA), 8 = 40°),
water was transported unidirectionally in the forward direction (that is,
against the hemline) without retraction, unlike for smooth fibers, which
showed bidirectional transport (Fig. 3a and Supplementary Video 3).
To capture the unidirectional transport characteristic resulting from
the hemline-shaped fibers, we recorded the flow process using a high-
speed camera. Initially, the water droplet coincided with the outline of
therearand was pinned to the top of the hemline sharp edge, as shown
inFig.3band Supplementary Video 4a. It then quickly filled the micro-
cavity and spread in the interstice between the fiber and substrate.
Because water is pinned at the sharp bottom edge, it can only move in
the forward direction. When reaching the sharp bottom edge of the
next hemline, the water filled the next microcavity via capillary effects.
With continuous water feeding, the water stream advances by flowing
into the interstice and consecutively fills the microcavities, thereby
achieving continuous liquid transport (Fig. 3c, Supplementary Fig. 9
and Supplementary Video 4b).

Having shown the pinning and advancing dynamics of waterona
single fiber attached to a hydrophilic substrate, we next analyzed the
impact of fiber geometry onthe liquid transport. The driving force for
unidirectional liquid spreading is closely associated with the specific
geometries of the sharp edges, microcavities and interstices between
the fiber and substrate. Asillustrated in Fig. 3d, the curvature variation
ofthe menisci at the sharp edge and interstice resultin a differencein
the Laplace pressure exerted on the liquid, suggesting that the
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Fig. 2| Characterization of the hemline-shaped microfibers. a, A batch of
microfibers collected from the continuous spinning piezoelectric microfluidic
platform. b, An optical photograph showcasing resultant microfibers
maintaining the hemline microstructure, in which D, land p represent the fiber
diameter, hemline length and pitch, respectively. ¢, Fibers with different PEGDA
concentrations showing different flexibility, in which wt% refers percentage

by weight. Theinsert shows the deformation manner of the flexible fiber. With
one end stabilized, the fiber can bend itself under the influence of gravity.

d, Schematic diagram and laser scanning confocal microscope images showing
the component homogeneity of the microfiber and the structure detail of the
microcavity. e, Relationship between the fiber length and the spinning time

1,000 pm
s

(Q;=15mlh™, Q,=28 ml h™); the slope represents the spinning speed of the
microfibers. f, Scanning electron microscopy images showing the microstructure
of the hemline-shaped microfiber. Cutting along the axis (the dashed line in the
upper left panel) can showcase the longitudinal section of the fiber (the bottom
left panel). The two magnified images demonstrate the details of the corner
(region with ared dashed box) and edge (region with a blue dashed box)

of the fiber, withatip radius, R(Q, =30 mlh™, Q,=56 ml h™, £, =30 Hz).

g, A customized microfiber with hemlines of varying length and pitch obtained
by programming the input piezoelectric signal. Data points and error bars
indicate mean values + s.d of five measurementsine.

wettability of the substrate has a key effect on the spreading process.
To quantify such diode-like transport behavior, we deposited a 2.5 pl
droplet on the fiber and defined a rectification coefficient, k=L¢/L,,
where L;and L, represent the transport length of the forward and pin-
ning directions, respectively (Fig.3e). The unidirectional transport capac-
ity (represented by k) and average liquid transportspeed (0 = L¢/t, where
tisthe spreading time) could be effectively controlled by tuning p and
lof the hemline (Fig. 3f,g and Supplementary Discussionl); and pand
['were controlled by varying f,, and U, respectively (Supplementary
Fig.10). Asmaller p value indicates a decreased distance between two
adjacent hemline edges, which may negate the pinning effect and
reduce k (Supplementary Fig. 20c¢). A larger p results in an increased
microcavity size, causing alarger amount of liquid to fill the microcavi-
ties (Supplementary Fig. 21d,e), thereby decreasing 0. Similarly, alarge
cavity length, [, tends to make it easier for the leaked liquid to contact
the previous hemline. However, a small/and less sharp edge weakens
the pinning effect at the contact points, leading to a smaller k.

Simultaneously, alarger [ would cause a larger amount of liquid to fill
the microcavities, thereby decreasing .

Because the long-distance transport ability is a key criterion for
evaluating practical application of the system, we used a hemline-
shaped microfiber with specific morphological features (p and [) to
investigate the long-distance transport ability by continuously inject-
ing water from one side. When water wasinjected into the fiber at afixed
injection flow rate, the water moved in the forward direction (Fig. 3h).
Figure 3i and Supplementary Fig. 11 show the transport distance as a
function of time for different injection flow rates. Initially, the trans-
port speed is high but decreases in time until a steady-state value is
reached. Thus, we next estimated the transport speed under the steady-
state condition, expressed as the slope of the curveinthe nearly linear
region. The transport speed increases with increasing injection flow
rate. However, for aspecific fiber morphology (p = 418 um, /=185 pm)
and substrate wettability (6 = 40°), the maximum transport speed
was about 5 mm s™, corresponding to a critical injection flow rate of
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d,e, Water transport along two contacting co-oriented fibers placedona
hydrophilic substrate (d) and without any substrate (e). f, On/off control of the
transport by dividing apart and bringing together two co-oriented fibers placed
onahydrophobic substrate.

120 pl min™. Once the injection flow rate exceeded 120 pl min, the
liquid would overflow to the surroundings (Supplementary Fig. 12),
while the forward transport speed was still 5 mm s™, insensitive to
larger injection flow rates. Different maximum transport speeds canbe
obtained using fibers of differing geometries (Supplementary Fig.13).
Moreover, for fibers with given geometrical parameters, the maximum
transport speed could be further adjusted by adjusting the substrate
wettability (Supplementary Fig. 14). A more hydrophilic substrate
showed a higher maximum transport speed, whereas a substrate hav-
inga WCA larger than 90° impeded transport (Fig. 3j).

These results indicate that asingle microfiber can achieve unidi-
rectional liquid transportonahydrophilic substrate (Supplementary
Fig.15). Next, we speculated that a pair of hemline-shaped microfibers
canrealize directional liquid transport on any substrate because they
formaninterstice where they arein contact®. To validate this, two co-
oriented fibers arranged side by side were placed on a hydrophobic
substrate. The water deposited on the fibers was unidirectionally
transported in the forward direction (Fig. 4a). This can be attributed
to the continuous filling of the microcavities and interstices between
the two fibers. In contrast, the two oppositely oriented fibers pre-
vented water from spreadingin any direction owingto the sharp edge
pinning (Fig. 4b). In addition, the co-oriented pair of fibers showed
excellent unidirectional liquid transport on hydrophilic substrates
(Fig.4d). Intriguingly, two freestanding co-oriented fibers can guide
unidirectional water transport, even without any substrate (Fig. 4e).
Onthisbasis, avalve could be created to switch the water transport on
and off. As shown in Fig. 4f, water transport stopped when the fibers
were separated, whereas it resumed when the fibers were brought
back together. This suggests that by simply controlling the interstice
between the two fibers, the spatiotemporal manipulation of liquid
transport canbe achieved. Moreover, the unidirectional transport of
different types of liquid was demonstrated for freestanding co-ori-
ented fiber pairs. These include lower-surface-tension liquids, such as
ethanol and hexane; higher-viscosity liquids, such as ethylene glycol;
and lubricant oils, such as mineral oil and silicone oil (Supplementary

Fig. 16). These liquids were transported at different speeds in part
because of differences in their viscosity and surface tension (Fig. 4c,
Supplementary Fig.16c and Supplementary Table 2). The driving force
for directional liquid spreading is generated by the Laplace pressure
difference resulting from the sharp edge of the hemline. For lower-
viscosity liquids, such as ethanol, hexadecane and water, those with
alower contact angle with the fibers show higher transport speeds™.
In contrast, more viscous fluids show slower transport speeds (Sup-
plementary Fig. 16d), consistent with what one might expect froma
simple Washburn analysis®**".

The spontaneous, unidirectional liquid transport ability imparts
the hemline-shaped fibers with broad potential applications, particu-
larlyindroplet manipulation, adaptable liquid transport and water/oil
separation. To demonstrate this, a pair of co-oriented hemline-shaped
fibers was fixed on ahydrophobic plate. The plate served asastamp to
pickup adroplet that was then transported to another plate (Fig. 5a,b
and Supplementary Video 5a). As such, complex droplet manipula-
tion can be readily achieved using stamps with as-designed fiber pat-
terns. For example, three pairs of co-oriented hemline-shaped fibers
forming separate paths were used to translocate multiple droplets
simultaneously (Fig. 5¢). In addition, the formation of a converging
fiber pattern enabled droplet mixing (Fig. 5d) and adivergent pattern
enabled dropletsplitting (Fig. 5e). This versatile droplet manipulation
is highly appealing for microreactors and open microfluidic applica-
tions. Moreover, benefiting from the flexibility of the microfibers,
long-distanceliquid transporton curved surfaces canbe achieved using
apairof contacting co-oriented microfibers, regardless of the surface
wettability. Therefore, liquid transport along practical materials was
realized (Fig. 5fand Supplementary Video 5b), and the transport path
could be customized, enabling spiral, upward and dangling paths
(Fig. 5g,h and Supplementary Video 5b,c).

Another distinguishing feature of the hemline-shaped microfibers
is their ability to extract water from oil. We found that water passed
through the oil deposited on a pair of contacting co-oriented fibers
and continued to move, suggesting that water preferentially wetted
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Fig. 5| Applications of the hemline-shaped fibers bearing unidirectional
liquid transport capabilities. a,b, Schematics (a) and photographs (b) showing
the fiber-based ‘stamps’ for droplet manipulation. c-e, Complex droplet
manipulation using stamps with programmable fiber patterns, including
simultaneous translocation of multiple droplets (c), convergent droplet mixing
(d) and divergent droplet split (e). f, Side views of a pair of co-oriented fibers

freely attached on a ping-pong ball surface. By continuously depositing dyed
water onto one side, water flowed upward and climbed along the curve without
retraction at the injection position. g,h, Water transport on the surface of astraw
(g) and aglass rod along a spiral or dangling path (h). i, Water extraction from oil
with the aid of a pair of co-oriented fibers. j, Bulk water transfer from a thick oil
layer by abundle of co-oriented hemline-shaped fibers.

thefiber surface. In contrast, the predeposited oil was repelled by the
advancing water phase (Supplementary Fig.17). We further confirmed
thata pair of contacting co-oriented freestanding fibers enabled unidi-
rectional water transport even when fully submerged in the oil phase
(Supplementary Fig. 18). Thus, water can continuously travel along
the paired fibers upward across the oil/water interface, as shown in
Fig. 5i and Supplementary Video 5i. This provides a solution for water

extraction from complex multiphase fluid environments®. By applying
this, a facile system for bulk water transfer was developed. As shown
inFig. 5j, using a bundle of co-oriented hemline-shaped fibers, water
was extracted from a thick oil layer of 2.3 cm, reaching a rising height
of about 3.1 cm. Collectively, these features of the hemline-shaped
fibers give them broad potential applications in the energy and envi-
ronmental engineering fields.
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Discussion

We have reported aflexible hemline-shaped microfiber prepared using
microfluidics for directional liquid transport. The microfibers were
generated by combining the piezoelectric-induced vibration of a jet
in a microfluidic channel with rapid photopolymerization, resulting
in annularly connected microcavities with sharp edges and wedge
corners. The unique structural features of the microfibers enable
directional water transport because of unilateral pinning. Inaddition,
the structural features of the microfibers were precisely tailored by the
microfluidic and piezoelectric parameters, enabling control of the
transport capacity and speed. Moreover, the assembly of the fibers facil-
itated versatile transport regardless of the type of liquid or wettability
ofthe substrate; the flexibility of the fibers enabled substrate-free and
underwater transport. Owing to these capabilities, we demonstrated
the use of the hemline-shaped microfibersinsmartdroplet manipula-
tion, versatile liquid transport and water/oil separation.

In general, continuous liquid transport along a surface is driven
by designed anisotropic structures®%, Despite the rapid progress in
the development of novel liquid transport strategies, many rely on
predesigned surfaces with intricate structural features®?. However,
the predesigned substrate substantially restricts the transport path
and cannot achieve versatile transport on the surface of any object
without redesign. In addition, the complex equipment, need for an
ultraclean environment and high cost of traditional microfabrica-
tion technologies used to generate sophisticated structures restrict
their practical usage. Another important point is that each hemline-
shaped microfiber is fabricated using microfluidics. Microfluidics has
been widely explored for the dynamic manipulation of liquid/liquid
interfaces using aqueous two-phase systems under external control.
However, this typically requires the strict selection of the liquids used
(most commonly poly(ethylene glycol) and dextran)*>*°. In our study,
PEGDA and water were used as the two liquids, making it possible to
solidify the liquid jet directly to obtain the fibers.

Taken together, the directional liquid transport performance of
hemline-shaped fibers, along with their ease of fabrication, universal-
ity and scalability, willenable widespread applications, including open
microfluidics, water extraction and real-life liquid transport, especially
in substrate- or surface-limited settings. Future work could focus on
coupling this method with other techniques, such as 3D printing, by
which fiber networks could be directly printed for water transport along
predetermined paths. To extend the potential applications of this tech-
nology, stimuli-responsive functional materials could be incorporated
intotheinner phaseto develop smart hemline-shaped microfibers. We
anticipate thatother types of UV-curable liquid canbe used to fabricate
fibers with distinct properties using our microfluidic platform.

Methods

Materials

PEGDA (number-average molecular weight, M, = 700) and HMPP were
purchased from Sigma-Aldrich. Citrate sodium, hexane, ethanol, eth-
ylene glycol and mineral oil were purchased from Macklin. Silicone oil
(50 cS) was obtained from Shin-Etsu Chemical. Fluorescent polystyrene
nanoparticles (F8811) were purchased from Invitrogen for the laser
scanning confocal microscopy image. Polydimethylsiloxane (PDMS;
Sylgard 184) was obtained from Dow Corning. Ultrapure water (resistiv-
ity 18.2 MQ cm) was obtained using a Millipore Milli-Q system.

Piezoelectric microfluidic system

To observe the jet, capillary microfluidics were achieved by coaxi-
ally assembling two capillaries on a glass slide. Briefly, a cylindrical
capillary (inner diameter 580 um, outer diameter 1.0 mm; World Pre-
cision Instruments) was tapered and polished to a tip with a 50 um
inner diameter using a capillary puller (Sutter Instrument, P-97) and
amicroforge (Narishige, MF-830); this was used as the injection tube.
The other cylindrical capillary, which had inner and outer diameters

of 800 pm and 1.0 mm, respectively, served as the collection tube. The
two capillaries were aligned inside a square capillary (AIT Glass) with
aninner diameter of 1.05 mm.

For fabricating hemline-shaped microfibers, the tip of the injec-
tion tube was 200 pm and the inner diameter of the collection tube
was 1,560 pm; no square capillary was used. These dimensions allow
the preparation of fibers with a large range of diameters. The micro-
fluidic chip was placed vertically and immersed in 2 wt% sodium cit-
rate solution to counteract the force of gravity of the PEGDA fibers.
Transparent epoxy resin was used to seal the joints of the capillaries
where necessary.

Apiezoelectricstack (Core Morrow Technology, PSt150/7/20VS12)
was used to transmit the programmable signal and modulate theinner
fluid through contact with a thin polytetrafluoroethylene film (thick-
ness of about 100 pm). The film periodically squeezed the fluid and
coupled the piezoelectric vibrations into the flow, as shownin Supple-
mentary Fig.1. The stack was controlled by asignal generator (Siglent,
SDG 2000X) using a power amplifier (Core Morrow, E-05). The ampli-
fication factor of the power amplifier was constant at 12.

UVirradiationset-up

The set-up consisted of two UV light heads (365 nm, EXFO OmniCure
SERIES 1000) mounted on homemade holders surrounding the col-
lection tube in opposite directions (Supplementary Fig. 3). UV light
was blocked from the tip of theinner capillary using heavy-duty black
electrical tape (3M) to prevent clogging.

Characterization of the hemline-shaped jet/microfiber

The flow behavior of the hemline-shaped jet was monitored using an
inverted microscope equipped with a high-speed camera (AcutEye).
The fluorescence images of the hemline-shaped microfibers were
obtained usingalaser scanning confocal microscope (Nikon, Al). The
microstructures of the solidified microfibers were observed by scan-
ning electron microscopy (HITACHI, SU8010).

Tracking the liquid transport dynamics

Theresultant hemline-shaped fibers were washed ten times to remove
sodium citrate fromthe surfaces. Before performingaliquid unidirec-
tional transportexperiment, Kimwipes were used to absorb any surface
water. In addition, we captured the transport and pinning behavior
of water with red food dye (0.05 mg ml™) at room temperature. For
droplet depositing, a water droplet (2.5 pl) was suspended at the tip
of the needle, and then placed directly in contacted with the fiber.
Regarding the calculation of k, we recorded the corresponding value
of L,and L. For continuous injection, water was pumped through a
stainless-steel needle at a variable flow rate (ranging from 30 pl min™
to 210 pl min™) using a syringe pump (LSPO1-2A, Longer). To observe
the water pinning effect at the sharp edge and the transport dynamics
ofthe hemline, we continuously injected water on the fiber and moni-
tored the moving boundary of the water using the high-speed camera
(FASTCAM SA4, Photron).

Wettability measurements

A gradient wetting substrate was formed by mixing and degassing a
PDMS precursor (part A) and curing agent (part B) in a mass ratio of
10:1. Awettability gradient was achieved using radiofrequency plasma
(DT-01, Ops) at a power of 2 W for treatment times ranging from O to
40 . Subsequently, the PDMS plates were immediately used to con-
duct the water transport experiments, and their contact angles were
measured by placingadroplet (1 pl) onthe surface and using an optical
angle-measuring system (JGW-360D, Kaosi).

Fiber-based ‘stamps’ for droplet manipulation
Several water droplets (6 pl) were predeposited on a hydrophobic
PDMS substrate at a distance of 15 mm. Then the co-oriented fiber
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pairs, arranged in a predesigned pattern, were attached to thebottom
ofthe upper plate (aglassslide) by double-sided tape, thus forming the
fiber-based ‘stamps’. The operation of the ‘stamp’ involved the use of
adisplacement platform, which aligned the fibers and the dropletsin
the vertical direction, and then descended the upper plate to contact
the droplet and, finally, lifted it up after the transport process was
completed.

Water extraction from oil

For observation, a pair of co-oriented fibers was inserted vertically
and submerged below the oil/water interface. For bulk water transfer,
thetail end of abundle of co-oriented fibers (nine fibers) was inserted
atthebottom of abeaker containing the water and oil phases, and the
other end was placed at the bottom of an empty beaker. Before per-
formingthe experiments, the fibers were gently wiped with Kimwipes
to remove surface water.

Data availability
All data are available within the paper and its Supplementary
Information.
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