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ABSTRACT: Controllable wetting surfaces play a significant role in
numerous applications such as smart liquid manipulation, lab-on-a-chip,
drug delivery, liquid robot, and so on. A novel type of magnetically
controllable isotropic/anisotropic slippery surface was prepared by
femtosecond laser ablation. The slippery liquid-infused porous surface
(SLIPS) can be switched between an isotropic smooth state and an
anisotropic groove state by the magnetic field. The relationship
between the sliding property of the SLIPS and the magnetic flux
density, water droplet volume, microgroove width, and microgroove
height are systematically studied. Passively flexible movement on the
isotropic SLIPS and actively directional movement on the anisotropic
SLIPS of water droplets were realized. This work provides a fresh
understanding of the controllable isotropic/anisotropic SLIPS and
reveals great potential in versatile applications which are related to
magnetically controllable smart liquid manipulation.

■ INTRODUCTION
The Nepenthes-inspired slippery liquid-infused porous surface
(SLIPS) has attracted extensive attention in the past decade
because of the great range of applications, such as anti-icing
coating, antifouling surface, material protection, biomedical
devices, and so on.1−7 Compared to the lotus leaf-inspired
superhydrophobic surface, SLIPS has remarkable repellence to
a wider range of objects including various kinds of liquids with
different surface tensions, composite solution with different
components, biological liquids such as blood or tissue fluid,
and even cells or insects.8−12

All SLIPSs include a porous substrate and a smooth
lubricant layer. Usually, a special porous substrate with an
anisotropic microstructure can endow the SLIPS with
anisotropic properties.13−15 Limited by the fabrication
methods of the porous substrate, obviously, there are more
studies about the isotropic SLIPS than the anisotropic
SLIPS.8,15−21 In practical applications, an anisotropic SLIPS
is as important as an isotropic SLIPS because of the more
outstanding controllability to different kinds of liquids. In
addition, introducing external stimulus-responsive properties
into a SLIPS can immeasurably enhance the flexibility and
intelligence of the SLIPS in different applications.22−30

Benefited from elastic substrates, the tunable isotropic and
anisotropic SLIPS was realized by direction mechanical
stretching.31,32 Luo at al. prepared the tunable isotropic/
anisotropic SLIPS on the shape-memory polymer by the
replica-molding process.33 Through the groove template-
pressing process and heating recovery process, the SLIPS

was switched between an isotropic SLIPS and an anisotropic
SLIPS. However, these tunable isotropic/anisotropic SLIPSs
are all relied on the restorable substrate. It restricts the
realization of the tunable isotropic/anisotropic SLIPS on other
materials which are not elastic or do not have shape-memory
properties. This extremely limits the application of the tunable
isotropic/anisotropic SLIPS. Thus, a new strategy for realizing
the tunable isotropic/anisotropic SLIPS which does not rely on
the changing of the substrate is still challenging and
desperately in need. It can enable more flexible liquid
manipulation and dramatically expand the application fields
of the SLIPS.
Herein, a kind of magnetically controllable isotropic/

anisotropic SLIPS was prepared by femtosecond laser ablation.
A directionally porous microgroove array was constructed
directly by two-step femtosecond laser ablation. After chemical
modification and ferrofluid infusion, the magnetically respon-
sive SLIPS was prepared. Through the magnetic field-
controlled ferrofluid transfer and the ferrofluid self-backflow
process, the SLIPS can be switched between the isotropic state
and the anisotropic state. At the anisotropic state, the
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anisotropic sliding property can be tuned by different magnetic
flux densities. The wettability of the extremely anisotropic-state
SLIPS is strongly related to the water droplet volume,
microgroove width (L), and microgroove height, while the
isotropic-state SLIPS is hardly affected by these. At the
isotropic state, flexible liquid movement was realized on both
horizontal and tilted flat SLIPSs and even the curved SLIPS
surface. At the anisotropic state, directional water droplet
transportation and in situ water droplet coalescing were
achieved. Magnetically controllable on−off control of the
circuit was achieved by the movement and location of a
conductive liquid droplet on the SLIPS. This study will
improve the understanding of design and preparation of
isotropic and anisotropic SLIPSs. The prepared magnetically
controllable isotropic/anisotropic SLIPS can be applied in
smart droplet manipulation, lab-on-a-chip, drug delivery, liquid
robot, and so on.

■ EXPERIMENTAL SECTION
Materials. Diglycidyl ether of bisphenol A (DGEBA) was obtained

from Nantong Xingchen Synthetic Material Co., Ltd. n-Octylamine
(OA) was purchased from J&K Scientific Ltd. m-Xylylenediamine
(MXDA) was obtained from J&K Scientific Ltd. The ferrofluid MF02
was purchased from Beijing Shenjan Ferrofluid Technological Co.,
Ltd. More information of the ferrofluid MF02 is given in Figure S1.
All reagents were directly used without any further treatment. OA,
MXDA, and DGEBA are mixed in a molar ratio of 1:2:5. A
subsequent bubble removing process was carried out in a vacuum
oven for about 20 min with a temperature of 30 °C. After that, the
mixture was cured at 60 °C for 2 h and 100 °C for 1 h. So far, the
substrate of the SLIPS, a kind of epoxy polymer (EP), was
synthesized.
Fabrication of the SLIPS. The femtosecond laser is produced by

a regenerative amplified Ti:sapphire laser system (Coherent Libra-
USP-HE). The center wavelength is 800 nm. The frequency is 1 kHz,
while the pulse width is 50 fs. The substrate was fixed on a precision
stage in advance. The femtosecond laser beam was focused on the
substrate surface by an objective lens (5×, NA = 0.15). A
predetermined computer program was used to control the movement
of the stage to control the laser ablation process. The whole
fabrication process of the SLIPS includes four steps, as shown in
Figure 1a. First, the whole substrate surface was ablated by the
femtosecond laser (laser power = 20 mW) with a typical line-by-line
scanning process. The scanning speed was set at 8 mm/s, while the
line interval was 8 μm. Second, the microgroove array was built on the
laser-ablated substrate by selective femtosecond laser ablation. The
microgroove width (L) was set ranging from 500 to 800 μm. The
interval of each microgroove was set at 60 μm all the time. The
microgroove height can be tuned by adjusting the laser power. Third,
the sample with the microgroove array was cleaned with deionized
water in an ultrasonic washer for about 10 min. After drying naturally,
the sample was immersed in 0.5 vol % fluoroalkylsilane (FAS,
1H,1H,2H,2H-perfluorodecyltrimethoxysilane, Aladdin) ethanol sol-
ution for 12 h. A subsequent curing process of the self-assembly FAS
layer was carried out in an oven at 40 °C for 4 h. Finally, the ferrofluid
was dripped on the sample. The magnetic field was used to assist to
infuse the ferrofluid into the porous microgroove array.
Characterization. The magnetic field was produced by a

cylindrical neodymium magnet whose diameter and height are both
10 mm. The magnetic flux density was measured using an HT20
teslameter (Shanghai Hengtong Magnetoelectric Technological Co.,
Ltd, China). The contacting angle (CA) and sliding angle (SA) were
tested using a JC2000D CA system (Powereach, China). Each average
value was obtained from five test values. Scanning electron
microscopy (SEM) photographs were obtained using a Flex 1000
scanning electron microscope (Hitachi, Japan). A LEXT-OLS4000
laser confocal microscope (Olympus, Japan) was used to get the
three-dimensional topography and the corresponding profile curves.

The height of the slippery groove array was also measured by the
LEXT-OLS4000.

■ RESULTS AND DISCUSSION
The porous structure is indispensable to prepare the SLIPS.
The periodically directional microscale structure can induce
anisotropic wettability. As shown in Figure S2a, the peristome
of Nepenthes is covered by a kind of microgroove structure with
the width of several hundreds of micrometers and the height of
several tens of micrometers. The Nepenthes peristome is
naturally wet and slippery. Because of the anisotropic slippery
peristome, insects tend to slip along the microgroove into the
pitcher. After wetting by water, the water was transported to
the outside of the peristome and evaporated. The water layer
decreased during the transportation and evaporation process,
as shown in Figure S2b, which induced different heights of the
wetting microgroove array. Imitating the tunable height of the
wetting microgroove may be effective to achieve tunable
anisotropic slippery properties without changing the substrate.
After two steps of femtosecond laser ablation, the porously

directional microgroove array was built on the EP surface, as
shown in Figure 1b−e. The ridges between each microgroove
have steep side walls. Both the bottom surface of the
microgrooves (Figure 1d) and the top surface of the ridges

Figure 1. (a) Schematic diagram of the preparation process of the
controllable isotropic/anisotropic SLIPS. (b−g) Morphology of the
laser-ablated porous microgroove structure (L = 200 μm and height =
27.5 ± 0.8 μm). (h) Controllable isotropic/anisotropic SLIPS by
controlling the magnetic field. Water droplet sliding in parallel and
perpendicular directions on both the smooth-state SLIPS and the
groove-state SLIPS.
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(Figure 1e) are covered with sufficient rough structures. Lots
of holes with the size ranging from a few hundreds of
nanometers to several micrometers were also constructed on
the ablated surface, simultaneously. Whether from the SEM
images (Figure 1b,c) or the 3D confocal microscopy image
(Figure 1f) or the corresponding profile image, the width and
height of microgrooves are uniform. The height of each
microgroove shows a linear relationship with the femtosecond
laser power, as shown in Figure S3. When the laser power was
set at 40 mW during the second laser ablation step, the built
microgroove showed a height of 27.5 ± 0.8 μm.
The wettability of a water droplet and a ferrofluid droplet on

the FAS-modified porous microgroove array (L = 700 μm and
height = 61.3 ± 1.9 μm) is shown in Figure S4. After infusing
the ferrofluid, the magnetically controllable SLIPS was
prepared, as shown in Figure 1h. The SA in the parallel
direction of microgrooves is defined as SA∥, while the SA in
perpendicular direction is defined as SA⊥. Before applying the
magnetic field (defined as the smooth state), the SLIPS shows
isotropic slippery properties. SAs show a negligible difference
in the parallel and perpendicular directions. On the smooth-
state SLIPS, the SA∥ of a 3 μL water droplet is 2.0 ± 0.1°,
while the SA⊥ is 2.6 ± 0.4°. Interestingly, because of the
magnetic field (≥86 mT)-induced transfer of the ferrofluid in
the microgrooves, the microgroove structure appears (defined
as the groove state) and shows anisotropic slippery properties.
The transferred ferrofluid was locked by the magnetic field at
the edge of the sample. On the groove-state SLIPS, a water
droplet (3 μL) shows a much bigger SA⊥ of 36.3 ± 3.0° than
an SA∥ of 4.0 ± 0.3°. Because a part of the water droplet is
inserted into the slippery microgrooves, it results in a bigger
resistance in the perpendicular direction. After removing the
magnetic field, the ferrofluid can flow back to the original
microgrooves, which induces the anisotropic SLIPS to recover

the isotropic SLIPS. Thus, a kind of controllable isotropic/
anisotropic SLIPS is realized by controlling the magnetic field
without changing the substrate.
The anisotropic sliding property of the SLIPS (substrate L =

700 μm and height = 61.3 ± 1.9 μm) can be tuned by different
magnetic flux densities. The magnetic flux density can be
changed by adjusting the distance above the magnet top
surface, as shown in Figure S5. The height of slippery
microgrooves increases with increasing magnetic flux density,
as shown in Figure 2a. When the magnetic flux density is 28
mT, the SLIPS barely shows a groove structure which only has
a height of 4.8 ± 1.5 μm. The SLIPS shows almost the original
groove structure with a height of 56.4 ± 2.0 μm after applying
a magnetic flux density of 86 mT. A bigger magnetic flux
density can induce more ferrofluid to be transferred, which
caused a higher height of the slippery microgrooves. Figure 2b
shows the profile image of the SLIPS under different magnetic
flux densities. More importantly, the SLIPS can be changed
from almost isotropic to anisotropic by controlling the
magnetic flux density, as shown in Figure 2c. The difference
value between SA⊥ and SA∥ increases from 2.7 to 28.1° with
increasing magnetic flux density. Interestingly, the changing
trend of the SA⊥ (Figure 2c) is very similar to that of the
height of the slippery microgrooves (Figure 2a), which
indicates the linear relationship between the SA⊥ and the
height. As shown in Figure 2d, the height of the inserted parts
of a water droplet (h1) is determined by the height of slippery
microgrooves. A bigger inserted height causes a bigger
resistance to the water droplet, which produces a bigger SA
along the perpendicular direction. Thus, a kind of magnetically
tunable anisotropic SLIPS is realized by adjusting the height of
the slippery microgroove.
The limit value of the tunable range of the SA on the SLIPS

is closely related to the water droplet volume, substrate

Figure 2. (a) Relationship between the height of the slippery groove and the magnetic flux density. (b) Profile image of the SLIPS under different
magnetic flux densities. (c) Tunable SA of a water droplet (3 μL) on the SLIPS in the parallel and perpendicular directions under different
magnetic flux densities. (d) Schematic cross-sectional diagram of a water droplet on the groove-state SLIPS in the perpendicular direction.
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microgroove width, and height. Figure 3a−d shows the
anisotropic property of the extreme groove-state SLIPS
(magnetic field ≥ 86 mT), while Figure 3e−h shows the
isotropic property of the smooth-state SLIPS (magnetic field ≤
28 mT). For different water droplet volume tests, the width
and height of the SLIPS substrate microgrooves are 700 and
61.3 ± 1.9 μm, respectively. Figure 3b is divided into four parts
according to the number (N) of the microgrooves that the
water droplet inserts. As shown in Figure S6, when the water

droplet volume is no more than 2 μL, the N is 2, which
increases to 3 (3−5 μL) and 3.5 (6 μL) and then to 4 (7−9
μL). When the N is the same, the SA⊥ decreases with
increasing water droplet volume, which is caused by increasing
CA (Figure S6) and increasing gravity. A bigger CA means a
smaller sliding resistance, while the increasing gravity means a
bigger diving force. At the critical value (2−3 and 5−7 μL), the
CA decreases with increasing water droplet volume (Figure
S6). Thus, there is a slight increase in SA⊥ when the volume

Figure 3. (a) Schematic cross-sectional diagram of a water droplet on the groove-state SLIPS in the perpendicular direction. (b−d) Relationship
between the SA value and water droplet volume (b), groove width L (c), and groove height (d) on the groove-state SLIPS, when the magnetic field
is no less than 86 mT. (e) Schematic cross-sectional diagram of a water droplet on the smooth-state SLIPS in the perpendicular direction. (f−h)
Relationship between the SA value and water droplet volume (f), groove width L (g), and groove height (h) on the smooth-state SLIPS, when the
magnetic field is no more than 28 mT.
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increases at the critical value. For different N values, an obvious
decrease in SA⊥ is caused by the multiplied water droplet
gravity. In the parallel direction, SA∥ is always smaller than 5°
except 1 μL (SA∥ = 7 ± 0.2°).
As shown in Figure 3c,d, the SA⊥ of the extreme groove-

state SLIPS is closely related to the morphological features of
the substrate microgroove array. The volume of the water
droplet used in the test, in Figure 3c,d, is 3 μL. As shown in
Figure 3c, when the L increases from 500 to 800 μm, the SA⊥
shows a fluctuation rule, while the SA∥ shows little change. The
water droplet inserts into four microgrooves (N = 4) when the
L ranges from 500 to 550 μm, while the N changes to three (L
= 600−700 μm) and two (L = 750−800 μm). When the N is
the same, the SA⊥ increases with increasing L. A larger L
means that a larger proportion of the water droplet inserts into
these microgrooves, which induces a smaller CA. Thus, a
bigger resistance effect of microgrooves is generated with
increasing L, which causes an increasing SA⊥. At the critical
value (550−600 and 700−750 μm), there is an obvious decline
of SA⊥ because of decreasing N and CA. In the parallel
direction, the microgroove width L shows a negligible effect on
the SA∥.
The SA⊥ shows a quasi-linear relationship with the

microgroove height. A higher height of microgrooves induces
a higher height of the inserted water droplet parts (h2, Figure
3a). Thus, a bigger resistance is produced when a water droplet
slides in the perpendicular direction. However, in the parallel
direction, there is no influence of the h2 to the SA∥. Thus, the
difference between SA⊥ and SA∥ increases with increasing
height of the slippery microgrooves. On the isotropic smooth-
state SLIPS, water droplets can only insert a negligible height
(h3) into the microgrooves, as shown in Figure 3e. Therefore,
only a slight difference between SA⊥ and SA∥ is produced, as
shown in Figure 3f−h. The sliding property on the isotropic
smooth-state SLIPS is almost unrelated to the water droplet
volume, microgroove width, and microgroove height.
Passively flexible movement of water droplets can be easily

realized on the isotropic smooth-state SLIPS by controlling the
magnetic field. As shown in Figure S7a, a water droplet slipped
down freely on the tilted (10°) isotropic smooth-state SLIPS.
When the magnetic field was applied at the target place in the
slipping path of the water droplet, the slipping water droplet
stopped at that place immediately. Once the magnetic field was
turned off, the water droplet recovered the slippery state, as
shown in Figure S7b. The water droplet even slipped upward
on the tilted SLIPS, which was controlled by the movement of
the magnetic field (Figure 4a-1). Flexible movement of a water
droplet on the flat isotropic smooth SLIPS was realized by
controlling the movement of the magnetic field, as shown in
Figure 4a-2 (“S”) and Figure S7c (“Z”, “C”). Benefiting from
the shape-memory property of the substrate, the SLIPS can be
changed to different shapes. As shown in Figure 4a-3, the
SLIPS was curved and a flexible movement of a water droplet
was achieved on the curved SLIPS. The magnetically
controllable movement of a water droplet was benefited from
the isotropic slippery property and ferrofluid coating layer.
Actively directional water droplet movement was achieved

on the anisotropic groove-state SLIPS. As shown in Figure 4b-
1, a glass slide was tilted at 10° (θ1) in advance. The
anisotropic SLIPS was fixed on it along the direction that the
angle (θ2) between the groove direction and the direction of
the gravity component along the slope was 15°. Driven by the
gravity, the water droplet slipped along the groove direction

rather than the direction of the gravity component because of
the anisotropic property of the SLIPS. On this basis, water
droplet in situ coalescing was realized. The θ1 is smaller than
SA⊥ but larger than SA∥. Thus, the water droplet directionally
slid to contact and coalesced with the pinned water droplet, as
shown in Figure 4b-2.
Using a conductive droplet (saturated NaCl solution), a

magnetically controlled liquid on−off control of the electrical
circuit was achieved on the SLIPS. As shown in Figure 4c, a
simple parallel circuit was designed. Each branch circuit was
broken at the original state. When the conductive droplet was
moved and located at the broken position of each branch
circuit, the yellow, green, and red lights were lighted in order.
More potential applications can be developed because of the
magnetically controllable movement of the liquid droplet.

Figure 4. (a) Passively flexible movement of water droplets on the
smooth-state SLIPS: (1) slipping upward on the tilted SLIPS and
(2,3) flexible movement on the flat (2) and curved (3) SLIPS. (b)
Actively directional water droplet movement: (1) directional sliding
and (2) droplet in situ coalescing. (c) On−off control of the circuit by
manipulating a conductive liquid droplet to locate at different
positions on the SLIPS surface.
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■ CONCLUSIONS
A kind of magnetically controllable isotropic/anisotropic
slippery surface was prepared by femtosecond laser ablation.
The SLIPS can be switched between the anisotropic groove
state and isotropic smooth state by magnetic field without
changing the substrate. The anisotropic property can be tuned
by magnetic flux density, water droplet volume, microgroove
width, and microgroove height. Passively flexible movement of
the water droplet on tilted, flat, and curved isotropic SLIPSs
was controlled by the movement of the magnetic field. Actively
directional water droplet movement and droplet in situ
coalescing were achieved on the anisotropic SLIPS. On−off
control of the electrical circuit was carried out by controlling
the movement and location of a conductive droplet on the
SLIPS. The magnetically controllable isotropic/anisotropic
SLIPS will give a fresh understanding of isotropic and
anisotropic SLIPSs and can be applied in smart droplet
manipulation, drug delivery, liquid robot, lab-on-a-chip, and
other related fields.
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