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Abstract
Directed transport of a small amount of water is a basic issue and has attracted extensive attention due to its
importance in a wide range of applications, such as water collection, microfluidics, printing, bioanalysis, and
microchemical reactions. Various strategies based on constructing a surface tension gradient or Laplace pressure
gradient have been developed to realize directional water transport. Typically, electrostatic forces and magnetic fields
are utilized to achieve high-speed water transport on open superhydrophobic surfaces. However, these methods
suffer from water evaporation or contamination. Here, we report a magnetic superhydrophobic tubular PDMS actuator
for directional water transport. The actuator deformed under an applied external magnetic field and actuated the
water droplet to transport along the moving direction of the magnet. The water transport velocity reached 16.1 cm/s.
In addition, as the inner surface of the actuator is superhydrophobic, the water droplet showed weak interactions with
the surface and presented negligible mass loss during the transport process. The results of this work may inspire new
design of actuators for directional water transport with high speeds.

Introduction
Water-based liquid manipulation has attracted con-

siderable attention in recent decades due to its funda-
mental importance in a broad range of applications, such
as water collection1–3, microfluidics4–6, condensation and
heat transfer7–9, self-cleaning10, printing11,12, bioana-
lysis13–15, oil/water separation16–18, and microchemical
reactions19,20. Nature provides excellent examples of
directional water transport. For example, beetles in the
Namib Desert can collect water from the air by using
unique hydrophilic-hydrophobic patterns on their backs
to survive in the desert21. By repeatedly opening and
closing their beaks, shorebirds can control the capillary
force that transports water droplets mouthward22. A
cactus featuring conical spines utilizes the asymmetric

structure-induced force to efficiently capture fog and
move the water droplets from the tip to the base23.
Various nature-inspired strategies have been success-

fully developed for self-propelled water transport either by
constructing chemical gradients on substrates or by fab-
ricating asymmetric structures17,24–27. However, these
passive methods generally suffer from quite low water
transport velocities or short transport distances28,29,
which limit practical application. In recent years, the
peristome surface of the pitcher plant has provided
inspiration for fabricating materials that present high
water transport velocities over relatively long dis-
tances30,31. However, this requires the substrate to be
superhydrophilic, which inevitably causes significant
liquid loss during the transport process. In addition, it is
still a technical challenge to easily fabricate the complex
structure of the peristome surface of the pitcher plant.
Alternatively, active strategies, such as magnetic
fields20,32,33, electrostatic forces34,35, and heat36–38, have
also been utilized to direct water transport with high
speeds on open surfaces. For example, magnetic actuation
has attracted particular interest due to its susceptibility to
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remote control and easy operation. By coating magnetic
nanoparticles on the droplet surface or by adding mag-
netic materials into the droplet, water droplets on
superhydrophobic surfaces can be actuated with magnetic
fields39–41. However, these strategies inevitably lead to
contamination, loss of magnetic response due to detach-
ment of the magnetic materials from the liquid droplets,
and significant liquid loss due to evaporation. Recently,
interesting tubular actuators have been reported for
directional liquid transport42,43, but the water transport
velocity is quite low due to the large wetting hysteresis.
Here, we propose a magnetic superhydrophobic poly-

dimethylsiloxane (PDMS) tubular actuator (M-SPDMS-
A) for use in directional water transport. The actuator is
composed of a PDMS tube with one side of the tube outer
surface coated with magnetic nanoparticles. The inner
surface of the actuator is rough and superhydrophobic.
Upon applying an external magnetic field with a pre-
defined direction of motion, the actuator deforms corre-
spondingly and actuates the water droplet inside the tube
to move forward (Fig. 1a). As the inner surface of the
actuator is superhydrophobic, the droplet is easily driven
to move with speeds reaching up to 16.1 cm/s. In addition,
the water droplet presents negligible liquid loss due to the
superhydrophobic property of the actuator. In Fig. 1b, an
M-SPDMS-A is shown to actuate a water droplet inside
the tube from left to right under the control of an external
magnetic field (Movie S1).

Materials and methods
Materials
Industrial Al (99+%, Mingxi Bonsai Modeling Tools,

Jiangsu, China) rods (1, 2, and 3mm in diameter) were cut
to lengths of approximately 11 cm and used as templates
for tubular PDMS preparation. Hydrochloric acid (HCl),
sodium hydroxide (NaOH), and nitric acid (HNO3) were
purchased from Innochem (China). Ethanol and rhoda-
mine B (RhB) were purchased from Hushi (Shanghai,
China). PDMS (Sylgard184, monomer and curing agent)
was purchased from Dow Corning. Iron oxide (Fe3O4)
nanoparticles were purchased from Aladdin. Artificial
urine (pH 4.5) and artificial sweat (pH 5.5) were pur-
chased from ChuangFeng Technology (Dongguan,
China). Phosphate buffer solution (PBS, 0.1M, pH 7.4)
was purchased from Sigma. The cylindrical magnets used
were 5 mm in diameter and 2 cm in length. Unless
otherwise specified, all magnetic control experiments
were performed with a magnetic field intensity of
approximately 306 mT.

Instruments
Scanning electron microscopy (SEM) images and

energy-dispersive X-ray spectroscopy (EDS) images were
collected with a field-emission scanning electron

microscope (SU8010, HITACHI, Japan) equipped with
EDS (BRUKER AXS, Germany). PDMS samples were
coated with a thin layer of gold prior to SEM examination,
which was performed on a magnetron ion sputter metal
coating device (MSP-2S, Japan). The sliding angles (SA)
and contact angles (CA) of the inner surfaces of PDMS
actuators were measured with a contact angle goniometer
(DSA100). Fourier transform infrared spectroscopy
(FTIR) was performed with a ThermoFisher Nicolet iS5.
The fluorescence of RhB left on the PDMS actuators was
measured with a laser scanning confocal microscopy
(LSM880 confocal microscopy, Carl Zeiss AG) equipped
with a FemtoSecond Laser (Coherent Inc.). The transport
process of water droplets in the PDMS tubular actuator
was recorded with a mobile telephone camera.

Fabrication of Al molds and tubular PDMS
Al molds were fabricated according to a previously

reported method44. Al rods were first immersed in NaOH
solution (0.5M) for 5 min to remove the oxide layer.

Fig. 1 Design of the magnetic superhydrophobic PDMS tubular
actuator (M-SPDMS-A). a Schematic illustration of the structure of M-
SPDMS-A and magnetic transport of a water droplet. The M-SPDMS-A
deforms in response to an applied magnetic field. As the inner surface
of the actuator is superhydrophobic, water droplets can be easily
transported along the moving direction of the magnet. b Magnetic
field-induced water droplet transport in the M-SPDMS-A. The left
panel shows a schematic of the magnetic field-induced deformation
of M-SPDMS-A and water droplet transport. The right panel shows the
corresponding experimental results for magnetic control of water
transport from left to right (Movie S1).
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Then, the Al rods were etched to produce microstructures
by immersing the rods in HCl solution (2.5 M) for 30min,
followed by washing with ultrapure water. Subsequently,
the structured Al rods were placed in a mixture of HNO3

and water (volume ratio 1:4) and treated by ultrasonica-
tion for 5 min to remove residual ions. The as-obtained Al
rods were then placed in boiling deionized water for
30min to obtain nanostructures. Finally, the Al molds
were completely washed with ultrapure water and dried
for the preparation of PDMS tubes.
A mixture of PDMS monomer and curing agent in a

10:1 wt. ratio was first degassed under vacuum for
20 min. Then, Al molds were vertically inserted into the
degassed PDMS prepolymer, followed by vacuum
pumping for 120 min to completely remove the air
between the structured surfaces of the molds and the
liquid PDMS. Al rods coated with PDMS prepolymer
were vertically positioned for a certain amount of time (5,
10, 20, 30, and 60 min) at room temperature to tune the
thickness of the PDMS coating, followed by curing in an
oven at 90 °C for 3 h. PDMS tubes with different thick-
nesses were finally obtained by sequentially removing the
Al templates with acid etching and washing completely
with ultrapure water. PDMS tubes without inner struc-
tures were also prepared as controls with procedures
similar to those described above, except that Al rods
without acid etching were used as templates. Unless
otherwise specified, all other experiments were com-
pleted at room temperature.

Preparation of magnetic PDMS tubular actuators
Iron oxide (Fe3O4) nanoparticles (60 wt%) were first

homogeneously mixed with PDMS prepolymer (mono-
mer to initiator weight ratio 10:1). Then, the mixture was
coated onto a clean plastic plate by the blade coating
process. The thickness was controlled by using a piece of
cover slide (~0.13 mm in thickness) as a spacer. The
plastic plate was fixed with the magnetic particle-doped
polymer film facing down. As-prepared PDMS tubes were
then fixed on a lab jack and brought into contact with the
magnetic PDMS prepolymer for coating. Subsequently,
the PDMS tubes coated with the magnetic layer were
placed in an oven for curing at 50 °C for 4 h to finally give
the magnetic PDMS tubular actuators (Fig. S1).

Magnetic control of liquid transport in a magnetic PDMS
tubular actuator
The magnetic superhydrophobic PDMS tubular actua-

tor (M-SPDMS-A) was fixed with doubly adhesive tape on
a piece of black paper (~0.22 mm in thickness). The black
paper was relatively hard and supported the actuator. A
cylinder magnet (5 mm in diameter, 2 cm in length, and
with a surface magnetic intensity of approximately 306
mT) was placed at the bottom of the paper and moved

back and forth along the longitudinal direction of the
actuator with manually controlled moving velocities. A
liquid droplet (~10–25 µL, including water, PBS, artificial
urine, and artificial sweat) was added into the actuator
with a pipette. Then, the magnet was manipulated to
move horizontally from one side of the actuator to the
other side, propelling the liquid to transport directionally.
The magnetic water transport process was recorded with
a mobile telephone camera and analyzed later.
Magnetic control of water transport along a slope or

an arch-shaped substrate was performed similarly to
those described above except that the paper supporter
was placed to form a slope with a certain tilt angle or an
arch-shaped substrate. Coalescence of two water dro-
plets controlled by the magnetic field was completed by
first adding two water droplets (to distinguish the two
water droplets, RhB was selectively added to one of
them) sequentially into the actuator and then propelling
one of the droplets to move with the magnetic field and
coalesce with the other droplet. A solid resin sphere was
carried and conveyed by placing the millimeter sphere
inside the tubular actuator and then applying the mag-
netic field to drive the water droplet to move toward the
sphere.
Water transport driven by gravity was carried out by

placing the M-SPDMS-A on constructed slopes with
different tilted angles (5°, 8°, 15°, and 19°). Then, a water
droplet was added with a pipette into the actuator. The
water motion down the slopes was then recorded.

Liquid loss test of water transport in magnetic tubular
actuators
A liquid droplet (e.g., water, PBS, artificial urine, and

artificial sweat) (~10 µL) with a RhB concentration of
10−6 M was added into the M-SPDMS-A fixed on a piece
of paper (~0.22 mm in thickness). Then, the cylindrical
magnet was manipulated to move horizontally along the
longitudinal direction of the actuator at a speed of
~3mm/s. The water transport process was recorded by a
mobile telephone camera. The inner surface of the sample
was collected and characterized by LSM880 confocal
microscopy. To confirm whether the inner surface of the
M-SPDMS-A exhibited a fluorescence signal, a control
sample of the M-SPDMS-A that was not used for liquid
transport was prepared for confocal microscopy.
A magnetic hydrophobic PDMS tubular actuator (i.e.,

there was no microstructure on the inner surface) was
also prepared as a control for the liquid loss experiment.
The liquid transport procedure was similar to that of the
M-SPDMS-A. As the liquid droplet could not be pro-
pelled to move, the inner surface was used for confocal
microscopy after the liquid was removed by tissue paper.
The samples used for water transport were all char-

acterized by SEM to observe any microscale changes.
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Results and discussion
Superhydrophobic tubular PDMS was prepared with a

modified method44. Unless otherwise specified, the
properties of the superhydrophobic PDMS we demon-
strate in detail in the following section are for samples
with an inner diameter of 3 mm. An as-prepared tubular
PDMS sample with a length of approximately 7.5 cm is
shown in Fig. 2a. It was white in appearance (Fig. 2a) due
to the presence of the microstructure. In comparison, the
tubular PDMS obtained from the Al rod template without
treatment was relatively transparent (Fig. S2). SEM
characterization confirmed that the inner surfaces of the
PDMS had micro/nano hierarchical structures (Fig. 2b)
that were similar to that of the Al rod template (Fig. 2c),
indicating good replication of the structure from the Al
rod. Energy dispersive X-ray spectroscopy (EDS) and
Fourier transform infrared spectroscopy (FTIR) showed
that the inner surface of the obtained PDMS tube was
clean and without contamination (Figs. S3, S4). It is well
known that rough surfaces combined with low surface
tension chemicals are usually superhydrophobic45,46. For
instance, glass substrates coated with SiO2 nanoparticles
and modified with fluorinated molecules (e.g., 1H, 1H, 2H,
2H-perfluorooctyltrichlorosilane) present contact angles
>150°29. The surface tension of PDMS is approximately 20

mN/m; thus, the inner surface of the PDMS tube is
expected to be superhydrophobic. A piece of PDMS was
cut for testing. As shown in Fig. 2d, the contact angle
(CA) and slide angle (SA) of the inner surface of the
PDMS tube were measured to be ~154° and ~6°, respec-
tively. Without a micro/nanostructure, the PDMS was
hydrophobic with a CA ~110° (Fig. S2b, c). For the
superhydrophobic sample, adhesion of the water droplet
on the inner surface was low, and the water droplet
moved easily along the tilted tube (~5.3°) under gravity
(Fig. 2e). The method is applicable for preparing super-
hydrophobic PDMS tubes with different diameters.
Superhydrophobic PDMS samples with inner diameters of
1 mm and 2mm are shown in Fig. S5.
The superhydrophobic tubular PDMS was further

coated with magnetic nanoparticles on its outer surface by
using a contact coating method, as briefly shown in Fig.
S1. Typically, a film of PDMS prepolymer containing iron
oxide nanoparticles (60 wt.%) (Fig. S7) was prepared on a
piece of plastic plate and placed with the magnetic film
side facing down. Then, the PDMS tube fixed on a lab jack
was brought into contact with the magnetic film for
coating, followed by heat curing. As shown in Fig. 3a,
magnetic PDMS was obtained. A black thin magnetic
layer was clearly observed to coat one side of the PDMS

Fig. 2 Structure and superhydrophobicity for Al rod template-assisted preparation of PDMS tube. a Lateral photograph of a PDMS tube with
a diameter of 3 mm. The inset is a cross-sectional view of the tube. b SEM image of the inner surface of (a). c SEM image of the Al rod template.
d Contact angle and slide angle of the inner surface of the PDMS tube. e Water droplet is removed easily from the PDMS tube when the tube is tilted
with an angle of approximately 5.3°, since the inner surface of the PDMS tube is superhydrophobic.
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outer surface from the lateral and cross-section views (Fig.
3a, b). SEM showed that the thickness of the PDMS tube
(denoted as x) and the magnetic layer (denoted as y) were
~80 and ~23 µm, respectively (Fig. 3c). The thicknesses of
the PDMS and the magnetic layers could be tailored on
demand. After coating with PDMS prepolymer, the Al rod
templates were aligned vertically. By tuning the time (t),
PDMS tubes with different thicknesses (x) were obtained
(Fig. S7). The thickness was ~141 µm when t was ~5min.
The thickness decreased to ~71 µm when t was extended
up to 20 min, and a small change in x occurred with

increasing time. The thickness of the magnetic layer (y)
could be controlled by changing the thickness of the
magnetic prepolymer film on the plastic plate.
Magnetic deformation of the PDMS is a prerequisite to

realizing directional water transport, which involves
controlling the proper thickness of the PDMS tube and
the magnetic layer. The magnetic properties of Fe3O4

nanoparticle-coated PDMS tubes were studied. We fixed
the magnetic tubular PDMS on a piece of paper (thickness
approximately 0.22 mm) with the magnetic layer facing
up. The paper was relatively stiff and supported the PDMS
actuator. Then, we used a cylindrical magnet (5 mm in
diameter, 2 cm in length, and with a surface magnetic
intensity of approximately 306 mT) to induce magnetic
deformation of the tube (inset of Fig. 3d). We found that
when the thickness x of the PDMS tube was larger than
110 µm, it was difficult to deform the actuator. When the
thickness x of the PDMS tube was smaller than 110 µm, it
was relatively easy to deform the actuator even though the
width of the magnetic layer y was only several micro-
meters (Fig. 3d). The magnetic response process was
reversible. When the magnetic field was removed, the
actuator immediately recovered its original shape. In
addition, the magnetic polymer layer was stable and did
not detach from the PDMS tube substrate. The magnetic
layer exhibited no obvious change even after 2 years of
storage at ambient temperature and after 800 cycles of
alternating deformation and recovery processes (Fig. S8).
Magnetic superhydrophobic tubular PDMS that could

be deformed under a magnetic field was defined as the
actuator (M-SPDMS-A) and was utilized for investiga-
tions of directional water transport. The M-SPDMS-A
with the magnetic coating side facing up was fixed on a
piece of relatively hard paper (ca. 0.22 mm in thickness),
and then a water droplet (ca. 10 µL) was added to the
actuator. As shown on the left side of Fig. 4a, an external
magnetic field was applied to control transport of the
water droplet. With a predefined motion of the magnet
from left to right, the M-SPDMS-A deformed corre-
spondingly and interacted with the water droplet. As the
inner surface of the actuator was superhydrophobic, the
adhesive interaction between the water droplet and the
inner surface of the actuator was weak and resulted in
water droplet transport along the moving direction of the
magnet. When the moving direction of the magnet was
reversed from right to left, the water droplet was also
propelled to move in the reverse direction. The experi-
mental results are shown to the right of Fig. 4a (Movie
S2). No obvious water residue was left on the inner sur-
face during the transport process. The transport velocity
of the water droplet could be tailored by changing the
moving speed of the cylinder magnet. As shown in Fig.
4b–e, we demonstrated that the transport velocity of the
water droplet was well controlled. The highest speed was

Fig. 3 Characterization and properties of the M-SPDMS-A.
a Lateral image of the M-SPDMS-A. The black coating is the magnetic
layer. b Cross-sectional image of the M-SPDMS-A. The inset cartoon
shows the orientation of the magnetic coating. c SEM image of the
cross section of the sample in (b). The width of the magnetic layer is
ca. 23 µm, and that of the inner PDMS layer is ca. 80 µm. d Magnetic
deformation of the M-SPDMS-A versus the thickness of the magnetic
coating (y) and the inner PDMS layer (x), as indicated in (c). It is difficult
to deform the M-SPDMS-A magnetically when y is larger than 110 μm
(the right part), while it can be deformed when y is less than 110 μm
(the left part). The inset shows photographs of M-SPDMS-A
responding to a magnetic field in different cases.
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~6.05 cm/s (Movie S3). The driving force (Fd) was mainly
attributed to the Laplace pressure gradient arising from
the ends of the droplets when the magnetic field was
applied to mechanically deform the actuator and the
droplet (Fig. S9)47. The resistance forces included viscous
resistance (Fv) and an adhesive force (Fa) resulting from
contact angle hysteresis. Both Fv and Fa were small, and
the water droplet was easily propelled by the Laplace
pressure gradient. However, when the magnet was moved
too fast, the actuator and water droplet were not able to
deform quickly enough, and the water droplet failed to

move. For a more detailed analysis, refer to S-1 in the
Supporting Information. When we utilized a magnet with
a stronger magnetic field intensity (~474 mT), the
actuator could be deformed quickly, and the water
transport velocity was increased up to ~16.1 cm/s (Fig.
S10), which is the highest velocity measured for water
transport in a closed actuator system (Table S1). We also
successfully achieved magnetic transport of liquids widely
used in biomedical engineering with the S-PDMS-A, such
as phosphate buffer solution (PBS, 0.1M, pH 7.4), artifi-
cial urine (pH 4.5) and sweat (pH 5.5) (Fig. S11).

Fig. 4 Magnetic control of water transport in the M-SPDMS-A. a A water droplet is directionally propelled by an applied magnetic field from left
to right and in the reverse direction. The left panel is a schematic illustration of the magnetic water transport, and the right is the experimental
demonstration (Movie S2). Magnetic control of water transport with different velocities: b 0.16 cm/s, c 1.11 cm/s, d 2.68 cm/s and e 6.05 cm/s (Movie
S3).
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The water droplet inside the actuator could be pro-
pelled to move along a slope. Without an externally
applied magnetic field, the water droplet inside the
actuator moved downward due to gravity when the tilt
angle β was larger than 6° (Fig. S12). A larger tilt angle
led to a larger driving force and higher water transport
speed in a relatively shorter time (Fig. S12b–e). With
manipulation of the applied magnetic field, the water
droplet was propelled uphill on a slope with a 13° incline
(Fig. 5a) and move on an arch-shaped substrate (Fig. 5b).
In addition, water droplets could also be driven to
coalesce with another droplet inside the actuator or
capture and convey small solid guests. As shown Fig. 5c,
a rhodamine B (RhB)-loaded water droplet was located
inside the left part of the actuator, and another water
droplet was manipulated by the magnetic field to move
toward the dyed droplet and finally coalesced. Similarly,
capture and conveyance of a millimeter resin sphere by a
water droplet was achieved, as shown in Fig. 5d. These
experiments showed the potential of the magnetic
actuator for applications involving controlled reactions
and guest delivery.

Superhydrophobic surfaces are known to have weak
interactions with water droplets because of the smaller
contact area between the droplet and the structured
surface. This unique property has been utilized to trans-
port water solutions and biological samples with negli-
gible loss of liquid weight44,48,49. Here, water loss in the
transport process was also investigated. To conveniently
observe liquid loss, water droplets containing RhB
(10−6 M) were used for the study. As shown in Fig. 6a,
after addition into the M-SPDMS-A, the water droplet
was propelled by the magnetic field and transported
toward the left open side and easily moved out. In con-
trast, a magnetic PDMS tube without microstructures on
the inner surface was prepared and used to actuate the
water droplet (Fig. 6b). The droplet adhered to the inner
surface due to the strong contact adhesion and could not
be driven out. These results further indicated the
importance of the micro/nanostructures in the M-
SPDMS-A. Then, both inner surfaces the droplet con-
tacted were investigated with laser fluorescence confocal
microscopy. Some microscale areas of the M-SPDMS-A
exhibited red fluorescence (Fig. 6c); this was due to the

Fig. 5 Magnetic manipulation of water droplets with different functions. a Water droplet transport along a slope under the control of a
magnetic field. b Water droplet moves on an arch-shaped substrate in the M-SPDMS-A under the control of a magnetic field. c Water droplet moves
from the right to the left and coalesces with another droplet in the M-SPDMS-A under the control of a magnetic field. d Water droplet carries and
conveys a solid polymer sphere, which is indicated by an arrow in the image.
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presence of RhB, as pure PDMS has no fluorescence (Fig.
6e). For the sample from Fig. 6b, the whole area was found
to exhibit red fluorescence, which resulted from the large
contact area between the water droplet and the PDMS
surface (Fig. 6d). SEM indicated that there was no obvious
change for any sample. The comparison clearly showed
that the M-SPDMS-A allowed only negligible water loss
during the transport process, which is important in some
practical applications, e.g., in transporting valuable sam-
ples. We further investigated magnetic transport of PBS
(0.1 M, pH 7.4), artificial urine (pH 4.5), and artificial
sweat (pH 5.5) by the M-SPDMS-A and determined the
liquid loss. RhB was also added to the liquids for residue
detection. All experiments indicated negligible liquid loss
by M-SPDMS-A compared with the control (Fig. S13).

Conclusion
To summarize, we demonstrated a new magnetic PDMS

tubular actuator. Its inner surface was superhydrophobic
and had weak interactions with water droplets. Under an
applied magnetic field, the water droplet could be effi-
ciently controlled to move with different velocities. The
highest velocity was 16.1 cm/s. In addition, due to the
superhydrophobic properties of the inner surface, the
contact area between the water droplet and the PDMS

inner surface was small, and the liquid loss was negligible.
This work provides a new strategy for manipulating
liquids rapidly and with minimal loss, which indicates
promise for use in drug delivery, droplet-based analyses,
and water collection.
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