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The functionality of tunable liquid droplet adhesion is crucial for many applications such as self-cleaning

surfaces and water collectors. However, it is still a challenge to achieve real-time and fast reversible

switching between isotropic and anisotropic liquid droplet rolling states. Inspired by the surface topogra-

phy on lotus leaves and rice leaves, herein we report a biomimetic hybrid surface with gradient magnet-

ism-responsive micropillar/microplate arrays (GMRMA), featuring dynamic fast switching toward different

droplet rolling states. The exceptional dynamic switching characteristics of GMRMA are visualized and

attributed to the fast asymmetric deformation between the two different biomimetic microstructures

under a magnetic field; they endow the rolling droplets with anisotropic interfacial resistance. Based on

the exceptional morphology switching surface, we demonstrate the function of classification and screen-

ing of liquid droplets, and thus propose a new strategy for liquid mixing and potential microchemical

reactions. It is expected that this intelligent GMRMA will be conducive to many engineering applications,

such as microfluidic devices and microchemical reactors.

1. Introduction

Many plant leaves in nature exhibit superhydrophobicity,1–7

such as lotus leaves2–4 and rice leaves,4–6 whose surfaces are
water-repellent due to the existence of numerous micro-nano
structures. However, the rolling behavior of water droplets is
usually distinct. For lotus leaves, the surface micro-nano struc-

tures are randomly and evenly distributed, so droplets have the
same rolling angle along all directions, termed the isotropic
rolling state.4 For rice leaves, the hybrid structures are
unevenly distributed perpendicular to the direction of the
veins, but evenly distributed parallel to the veins, so droplets
are more likely to roll down along the vein’s direction rather
than the vertical direction, termed the anisotropic rolling
state.4–6 This intriguing anisotropic property is fundamental to
many engineering applications such as self-cleaning
surfaces,5,6 water fog harvesting,11,12 and liquid
manipulation.13,14 Accordingly, diverse artificial biomimetic
surfaces with the anisotropic property are designed.7–15 For
instance, Lu et al. prepared superhydrophobic multilevel
microgrooves on polydimethylsiloxane (PDMS) films using a
femtosecond laser and achieved efficient water collection;11

Liu et al. reported a superhydrophobic surface with anisotropic
micro-patterns that realized guided self-propelled leaping of
water droplets.13 However, these artificial surfaces can be
classified into fixed structures with a non-adjustable aniso-
tropic rolling state,11–15 which greatly limits their application
scenarios.11–14

Recently, intelligent surfaces with switchable isotropic/an-
isotropic droplet rolling states have been extensively reported,
which are expected to overcome the limitation rooted in pre-
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vious fixed surfaces.16–31 For example, Wang et al. reported a
switchable surface with vertically and temporarily inclined
microarrays using a shape memory polymer (SMP) for droplet
transport and information storage;22 Li et al. prepared a SMP-
based microcone array doped with iron powder particles for
multifunctional droplet manipulation and could readily switch
between vertical and curved states.26 Despite the advances in
switching between isotropic and anisotropic rolling states
using these strategies, dynamic liquid droplet control with fast
response and no loss still remains a challenge. Most of the
reported switchable surfaces require specific SMP materials to
shift the surface morphology via their intrinsic shape memory
property, such as polyurethane,16–20 epoxy resin,21–30 azo-
benzene polymers,31 etc., which are usually assisted by
heating–applying external force–cooling16–30 or light radi-
ation31 and are unable to rapidly switch the surface state in
real time. As a result, the materials preparation and regulation
are rather complicated and high-cost.16–20,31 Moreover, most
SMP materials are in the rigid form without flexibility at room
temperature,21–30 which also severely limit their further utility
in smart wearable devices.

Herein, we present a flexible gradient-magnetic-responsive
surface composed of micropillar/microplate arrays. Inspired by
the characteristic microstructures on lotus leaves and rice
leaves, our dual-bioinspired platform was fabricated through
femtosecond laser ablation and soft transfer technology using
soft silicone materials,32–36 exhibiting the advantages of a low
cost, flexible and deformable frame with fast magnetic driving
modes. By adjusting the orientation of the surface micropillars
using an external magnetic field, we achieved reversible and
rapid switching between the lotus-leaf-like isotropic and rice-
leaf-like anisotropic rolling states. Based on this reconfigurable

droplet guiding platform, we demonstrated several typical
applications, including sorting and screening liquid droplets
and selective microchemical reactions at the interface. This
work shows great potential in microfluidics, microchemical
reactors, and other related fields.

2. Experimental
2.1. Materials

GMRMA consists of silica gel (Dragon skin 10 slow, Smooth-
On, Inc., USA), two methyl silicone oil (PMX-200 1 cSt, Dow
Corning, Inc., USA), and carbonyl iron powder (particle dia-
meter ∼7 μm, >99.5% purity, Nangong Jianuo Metal Material
Co., Ltd, China). The 1 mm thick polytetrafluoroethylene
(PTFE) sheet used as the template material is commercially
available.

2.2. Preparation of GMRMA

The fabrication process of GMRMA is shown in Fig. 1. The
PTFE sheet was used as the mold, on which a regular array
with adjacent microholes and microgrooves was fabricated
through femtosecond laser one-step processing, and the fem-
tosecond laser processing system (Spectra-physics Solstice Ace,
MKS Instruments, Inc., USA) and optical path are shown in
Fig. S1 (ESI†). The exit laser power was set as 500 mW. The
sample was irradiated by vertically crossed line-by-line femto-
second laser scanning. The scanning spacing between two
adjacent lines was 25 μm in both the x and y coordinate direc-
tions. The scanning speed was set as 5 mm s−1. The depths of
the microholes and microgrooves are different and can be
tuned with different laser ablation times independently. Then,

Fig. 1 Schematic diagram of the preparation process for GMRMA.
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a mixture containing liquid silicone, silicone oil, and carbonyl
iron powder (10 : 1 : 11 by mass) was poured into the PTFE
mold in a certain proportion and then fully deaerated in a
vacuum chamber to ensure a complete infusion. To endow the
samples with magnetic response, a neodymium–iron–boron
(NdFeB) permanent magnet (100 × 50 × 10 mm3) was placed
beneath the mold within 20 s. The excessive mixture on the
mold was scraped off, on which a uniform mixture of liquid
silicone and silicone oil (10 : 1 by mass) was evenly dropped
and heated (60 °C, 0.5 h). The precursor of GMRMA was
obtained by carefully peeling off the materials from the mold,
whose surface wettability was influenced by the iron powder at
the interfaces. Laser fast-scanning was employed to enhance
the hydrophobicity on the samples in the last step, forming
GMRMAs (Fig. S2, ESI†). Here, the exit laser power was
300 mW. The scanning spacing was 50 μm and the scanning
speed was 50 mm s−1.

2.3. Characterization

The surface morphology was characterized by secondary scan-
ning electron microscopy (SEM, EVO18, Carl Zeiss AG,
Germany). Some photos were taken with industrial cameras
(YW500, Mindvision Technology Co., Ltd, China). The
dynamic contact angle was measured with an optical contact
angle meter (innuo CA100C, Shanghai Innuo Precision
Instrument Co., Ltd, China) based on a 10 μL droplet. Five
trials were performed in different locations for each experi-
ment. The magnetic flux density near the permanent magnet
was simulated using COMSOL software.

3. Results and discussion
3.1. Surface morphology and magnetic response of GMRMA

Fig. 2a–c show the surface morphology of GMRMA without a
magnetic field at different viewing angles. The micropillars
exhibited the isotropic state along two orthogonal directions of
A and B, while the microplates exhibited the anisotropic state
along the two directions. Fig. 2d and e display the sample
wetting states of a 10 μL water droplet observed along the two
directions, respectively. The droplets were solely supported by
the isotropic micropillars. When a magnetic field was applied,
the micropillars bent anisotropically in A and B directions,
while the microplates remained anisotropic (Fig. 2f–h). In this
case, the droplets contacted both the bent micropillars and
microplates (Fig. 2i and j). As sketched in Fig. 2k, the on/off
switching of a magnetic field could adjust the bending states
of the micropillars, realizing an isotropic/anisotropic pattern
shift. This switchable property showed a favorable reproduci-
bility during 30 cycles by alternating on/off states of a mag-
netic field (Fig. 2l).

The surface morphology of GMRMA was investigated by
scanning electron microscopy (SEM, Fig. 3a–f ). Fig. 3a–c show
the top and side views of the microplates, while Fig. 3d–f are
the top and side views of the micropillars. SEM images show a
complex micro-nano structure on the micropillars and micro-
plates, facilitating the rolling and transport of microdroplets
on GMRMA. Besides, the iron powder was randomly distribu-
ted inside the micropillars without a magnetic field (Fig. 3g).
In contrast, the introduction of neodymium–iron–boron
magnets could effectively orient and arrange the iron powder
particles into chains along the magnetic field lines,31 as evi-

Fig. 2 (a) Top view; (b) and (c) side views along directions A and B of the GMRMA sample without a magnetic field. (d) and (e) Observation of the
static contact of a 10 μL water droplet on GMRMA along directions A and B. (f ) Top view, (g) and (h) side views along directions A and B of GMRMA
under a magnetic field. (i) and ( j) A 10 μL water droplet on GMRMA along directions A and B under a magnetic field. (k) Schematic diagram of the
structural switch on GMRMA between the lotus leaf-like and rice leaf-like structures. (l) Variation of the micropillar height on GMRMA during 30
cycles when applying/removing the magnetic field.
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denced in Fig. 3h. To better visualize the iron particles inside
the samples, here the mass ratio of iron powder was reduced
to 1%. In the magnetization process, two permanent magnets
(20 × 20 × 10 mm3) were combined to generate an enhanced
magnetic field (Fig. S3, ESI†), and the actual magnetic flux
density was measured as ∼400 mT in the vicinity of the bent
micropillars. The magnetic field distribution around a
GMRMA was simulated and is shown in Fig. 3i. It is observed
that the micropillars above the center of the magnet cluster
bent along the magnetic lines of force, while the microplates
showed no significant response.

When the GMRMA transformed from the isotropic state to
the anisotropic state, the equivalent magnetic force and con-
version time were quantified (Fig. S4, ESI†). A typical seven-
micropillar array completely bent at t ≈ 91.3 ms, showing a
relatively fast response at 400 mT magnetic flux density. To
estimate the equivalent magnetic force that deforms the micro-
pillars, an increasing pressure was loaded on the upper
surface of a 15 × 8 micropillar array. The total bending force
was measured as ∼0.43 N, indicating a transition force of
approximately 3.58 mN on a single micropillar.

3.2. Influence of diverse geometric parameters on droplet
rolling performance

To endow the hybrid microstructures with isotropic/aniso-
tropic switching toward the rolling states of droplets, the
height of the magnetism-responsive micropillars should be
greater than that of the irresponsive microplates when no mag-
netic field is applied. The height difference between the micro-
pillars and microplates is crucial in the sample preparation,
i.e., a smaller or larger height difference would destroy the iso-

tropic/anisotropic switching capability along A and B direc-
tions. To quantify its influence on the droplet rolling perform-
ance, the micropillar height was fixed at 1 mm. We defined
the samples 1 to 5 by an increasing microplate height (Fig. 4a
and b). The micropillar diameter and the microplate thickness
were fixed at 300 μm and the distance between the micropillars
and microplates was fixed at 500 μm. The rolling experiments
are shown in Fig. 4c, where A and B represent the observing
directions of the droplets on the sample without a magnetic
field, Am and Bm are the observing directions in a magnetic
field, and the observing direction is perpendicular to the
droplet rolling direction. It is observed that sample 2 exhibited
the best isotropic/anisotropic switching performance of
droplet rolling states in an on/off alternating magnetic field,
while samples 3 and 4 showed favorable dynamic switching
performance as the magnetic field was on. No significant
rolling state transition was found in sample 1 because the
height of the bent micropillars was very close to the micro-
plates in a magnetic field. In this case, the bent micropillars
filled the gaps between adjacent microplates and reduced the
gap size, followed by the decrease of energy barrier at the
droplet–structure interface,11,37 leading to the decreased
rolling angles of water droplets along direction B of sample 1
(Fig. 4d and e). In addition, sample 5 exhibited poor isotropic
performance when the magnetic field was not applied. It is
because the height difference between the micropillars and
microplates was small, and the droplets contacted both the
tops of the microplates and micropillars, destroying the isotro-
pic wettability along the two directions (Fig. 4f and g). The
detailed interfacial contact configurations are found in Fig. S5,
ESI.†

Fig. 3 (a–f ) Scanning electron microscopy (SEM) images of the surface morphology on GMRMA. SEM images of the microplate at (a) tilted angle =
45°, (b) top view and (c) further magnified top view. SEM images of the micropillar at (d) tilted angle = 45°, (e) top view and (f ) further magnified top
view. Red scale bar = 100 μm, white scale bar = 50 μm. The distribution of iron powder inside the sample during the preparation process (g) without
and (h) with a magnetic field. The magnetic field could significantly force the iron powder inside the sample into chains. (i) Simulation of the mag-
netic field and the bending status of the hybrid structures on GMRMA.
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Going further, the influence of the micropillar diameter on
the wettability switching was subsequently investigated. Based
on the sample performance above, we chose samples 2, 3, and
4 with a variable micropillar diameter of 100, 200, 300, 400, and
500 μm. However, it is hard to keep a uniform and vertical con-
figuration of the micropillars due to the flexibility of silicone gel
with larger aspect ratios for the samples with 100 μm and
200 μm diameters. Hence, nine samples (samples 2a–4c) were
quantified with the micropillar diameters of 300 μm, 400 μm,
and 500 μm, respectively (Fig. 4h). The samples with diameters
of 400 μm and 500 μm bent inconsistently under the magnetic
field, leading to an irregular switching of the droplet rolling
state (Fig. 4i). Moreover, with an increasing micropillar diameter
of up to 500 μm, the contact state of a 10 μL droplet on the
samples changed (Fig. 4j). The number of supporting micropil-
lars decreased, resulting in a smaller contact area and rolling
angle (Fig. 4h). As a result, the samples with a micropillar dia-
meter of 300 μm manifested the best performance in dynamic
switching toward droplet rolling states.

As another important metric, the spacing between micropil-
lars and microplates was also investigated. Here, we chose
samples 2 (height difference ∼690 μm, Fig. 5a), 3 (∼525 μm,
Fig. 5c) and 4 (∼330 μm, Fig. 5e) with a fixed micropillar dia-
meter and microplate thickness of 300 μm. Fig. 5b, d, and f
show several typical contact interfaces between water droplets
and GMRMAs in direction A, where the red and green boxes
correspond to a magnetic field off/on, respectively. The spa-

cings were set as 400, 500, 600, 700, and 800 μm, respectively.
It is shown that sample 2 with a spacing of 500 μm performed
the best in the isotropic/anisotropic switching of droplet rolling
states. For an increased spacing of 800 μm, all the samples
exhibited significant anisotropic rolling behaviors no matter
whether a magnetic field was applied or not. Besides, when the
magnetic field was off, the isotropic rolling property weakened
as the spacing increased. This is because the droplet gradually
“embedded” into the structures, coming into contact with the
underlying microplates with the destruction of isotropy
(Fig. 5b). However, in Fig. 5d and f, due to the smaller height
difference, the droplets always came into contact with the micro-
plates, forming an anisotropic wetting state on the hybrid struc-
tures. When the magnetic field was on, the droplets gradually
came into contact with the bent micropillars, triggering the
rolling anisotropy between the A and B directions.

We also briefly investigated the impact of droplet size
(volume) and magnetic flux density on GMRMA anisotropy
(Fig. S6, ESI†). According to our previous optimized geometric
parameters, here the mean height difference and the distance
between micropillars and microplates were chosen as 690 and
500 μm, respectively. The micropillar diameter and the micro-
plate thickness were set as 300 μm. It is shown that GMRMA
exhibited a favorable tolerance toward the isotropic/anisotropic
droplet rolling shift in the range from 6 to 14 μL. In addition,
a minimum flux density of ∼100 mT was observed during the
micropillar bending process. At this stage, GMRMA started to

Fig. 4 (a) Height and height difference of the micropillars and microplates on samples 1–5. (b) Photographs of samples 1–5 observed along the
direction A. (c) Rolling angles of water droplets on samples 1–5 without/with a magnetic field along directions A and B. Static contact situations of
water droplets on sample 1 along directions A and B: (d) and (e) with a magnetic field, (f ) and (g) without a magnetic field. (h) Rolling angles on
samples 2a–4c along directions A and B without/with a magnetic field. (i) Micro-pillar bending behaviors of samples 2a, 2b, and 2c under a magnetic
field. ( j) Contact situations on samples 2b–4c along direction A without a magnetic field. Droplet volume = 10 μL, scale bar = 1 mm.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 11945–11954 | 11949

Pu
bl

is
he

d 
on

 1
2 

Q
as

a 
D

ir
ri

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
2/

07
/2

02
5 

11
:2

7:
29

 P
M

. 
View Article Online

https://doi.org/10.1039/d3nr02082g


show droplet rolling anisotropy. When the magnetic flux
density exceeded ∼240 mT, the bent micropillars became lower
than the microplates. The droplet rolling anisotropy tended to
be stable and finally reached extrema after 300 mT.

3.3. Mechanism of the wettability-switchable surface

The underlying mechanism of the wettability-switchable
surface is briefly discussed by looking into the interfacial con-
figurations between the droplets and GMRMAs. A typical inter-
facial configuration with the isotropic rolling state is shown in
Fig. 6a, others with the anisotropic rolling state are shown in
Fig. 6e and i. The blue circles represent the outline of a
droplet on each sample. Specifically, when no magnetic field
was applied, the droplet was solely supported by the micropil-
lars. In this case, the interface is equivalent to a micropillar
array distributed uniformly along the A and B directions
(Fig. 6b). As a result, the contact configuration of droplet–
micropillar is identical along the two directions. So, the rolling
droplets along the two directions possess the same three-
phase contact lines and energy barriers.37,38 When the mag-
netic field was applied and the micropillars bent, the inter-
facial configurations could be divided into two phases. In the
phase of Fig. 6e, the microplates were higher than the bent
micropillars, and the droplet was solely supported by the
microplates. Thus, the interface is equivalent to a microplate
array with distinct morphology along the A and B directions

(Fig. 6f). The section of the solid–liquid interface remains
unchanged along direction A but varies periodically along
direction B, resulting in an elevated energy barrier for a rolling
droplet across the microplate gaps (Fig. 6g and h).11,37 Hence,
the rolling angle in direction B is greater than that in direction
A,38,39 and thus the sample exhibits anisotropic wetting charac-
teristics. In another phase in Fig. 6i, the water droplet was sup-
ported by both the microplates and the bent micropillars
because the microplates were slightly lower than those in
Fig. 6e. Thus, the continuous bent micropillars could be sim-
plified into low-height microplates, which together with the
original microplates formed a new hybrid microplate array
(Fig. 6j). The deformed hybrid structures, similar to those on a
rice leaf (Fig. 6k and l), still exhibited anisotropic rolling states
along the two directions but possessed different three-phase
contact lines and energy barriers compared with the cases in
Fig. 6g and h. In addition to the rolling angle difference, the
static contact angle variation on two typical samples (samples
2 and 3) was also investigated (Fig. S7, ESI†). It is observed
that the difference of static contact angles along A and B direc-
tions enlarged for both samples as the magnetic field was
applied, which in turn validated the enlarged anisotropic
energy barriers along the two orthogonal directions.

To clarify whether the structure of pure micropillars has
droplet directional rolling selectivity, we have conducted a con-
trast experiment by preparing a new platform consisting of a

Fig. 5 (a) Rolling behaviors of water droplets on GMRMAs with height difference = 690 μm and spacings from 400–800 μm. (b) Typical static
contact situations of droplets on the samples from (a). (c) Rolling behaviors of water droplets on GMRMAs with height difference = 525 μm and spa-
cings from 400–800 μm. (d) Typical static contact situations of droplets on the samples from (c). (e) Rolling behavior of water droplets on GMRMAs
with height difference = 330 μm and spacings from of 400–800 μm. (f ) Typical static contact situations of droplets on the samples from (e). Samples
shown in (b), (d) and (f) were observed along direction A. The red/green boxes indicate no magnetic field and a magnetic field applied, respectively.
Droplet volume = 10 μL, scale bar = 1 mm.
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single micropillar array with a fixed height and spacing of
1 mm. The micropillar diameter was 300 μm. According to
Fig. 6m–p, the micropillar array transformed into a lower
“microplates” array as the magnetic force was applied.
Meanwhile, the rolling droplets also exhibited different
contact patterns/energy barriers in A and B directions (also evi-
denced in Fig. S8, ESI†), indicating that the droplet rolling an-
isotropy mainly stemmed from the magnetism-induced
bending micropillars on GMRMA.

3.4. Applications based on the rolling state switching ability
of GMRMA

Finally, relying on the switchable dual-bioinspired surface with
fast magnetic response, we demonstrated typical microfluidic

applications, including sorting and screening different dro-
plets and selective microchemical reactions at the interface. A
1 × 1 cm2 tailor-made sample with hybrid microstructures was
prepared in a tilted 45° orientation (Fig. 7a) and then placed
on a tilted platform at 40°. By applying and removing the
magnet cluster on the back, the selection and guidance of the
droplets could be achieved (Fig. 7b and Fig. S9, ESI†). When
the magnetic field was off, the micropillars were upright,
forming an isotropic rolling surface. The Rhodamine B droplet
rolled down the sample vertically without changing its motion
direction (Fig. 7c and Video S1†). When the magnetic field was
on, the micropillars bent along the direction of the micro-
plates, forming an anisotropic rolling surface. The hybrid
structure consisting of the microplates and the bent micropil-

Fig. 6 (a) Pure contact between a water droplet and the micropillars on GMRMA and (b) its equivalent model. (c) and (d) Droplets exhibited similar
contact patterns in both A and B directions, indicating identical rolling energy barriers along the two directions. (e) Pure contact between a water
droplet and the microplates on GMRMA and (f ) its equivalent model. (g) and (h) Droplets exhibited different contact patterns in A and B directions,
indicating a larger rolling energy barrier along direction B. (i) Hybrid contact between a water droplet and bent micropillar–microplate combination,
and ( j) its equivalent model. (k) and (l) Droplets exhibit different contact patterns in A and B directions on this composite structure, with a larger
rolling energy barrier along direction B. (m) Pure contact between a water droplet and a contrast sample consisting of a single micropillar array and
(n) its equivalent model: a lower “microplates” array. (o) and (p) Droplets also exhibited different contact patterns in A and B directions, indicating a
larger rolling energy barrier along the direction B. (a), (e), (i) and (m) are samples observed along the direction A. The red/green boxes indicate no
magnetic field and a magnetic field applied, respectively. Droplet volume = 10 μL, scale bar = 500 μm.
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lars created an impassable energy barrier perpendicular to the
droplet motion direction. The methylene blue droplet from the
upper right rolled off along the 45° inclined microgroove and
finally fell to the lower left of the sample (Fig. 7d and Video
S1†). The selective microchemical reactions are shown in
Fig. 7e and f. The NaOH solution droplet rolled down vertically
without reacting with the phenolphthalein solution as the
magnetic field was off. When the magnetic field was on, the
alkaline droplet rolled down to the lower left corner and
reacted with the phenolphthalein, and the color immediately
turned purple-red (Video S2†). This demonstration highlights
the promise of our intriguing bioinspired functional surfaces
for droplet management and controllable microchemical
reactions.

4. Conclusions

In summary, we designed a dual-biomimetic hybrid surface
with fast magnetic response inspired by the unique micro-
structures on the lotus leaves and the rice leaves through fem-
tosecond laser direct writing and transfer printing methods.
The surface morphology of GMRMA could be dynamically
switched between isotropic and anisotropic rolling states
toward liquid droplets under a magnetic field. The key para-

meters that influence the droplet rolling behaviors on this plat-
form were further quantified along two orthogonal directions
with an alternating magnetic field, including the micropillar
diameter, the height difference, and the spacing between
micropillars and microplates. It is revealed that the fast real-
time switching of wettability stems from the fast asymmetric
deformation of two distinct biomimetic microstructures as the
magnetic field is applied, which in turn creates the anisotropic
energy barriers at the droplet–GMRMA interface along two
orthogonal directions. Based on the reversible, lossless and
fast switching capability of rolling states for droplets on
GMRMA, we elaborately constructed a reconfigurable micro-
droplet guiding system and demonstrated the typical function
of classification and screening of liquid droplets toward visual-
ized liquid mixing and microchemical reactions. This dual-bio-
mimetic versatile platform should find use in applications that
call for fast liquid screening and mixing, for example in micro-
fluidic devices or in microchemical reactors.
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