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Abstract: Directional droplet transport on functional surfaces with anisotropic wettability has shown
great potential applications in various fields such as water harvesting, chemical micro-reaction, and
biomedical analysis. However, the in-plane manipulation of the anisotropic droplet motion in more
than two directions is still a challenge. Herein, through the fusion of inspirations from rice leaves,
butterfly wings and Pitcher plants, we report a tridirectionally anisotropic slippery surface (TASS)
with periodic step-like micro grooves for programmable droplet transport. TASS possesses a
tridirectional droplet sliding behavior, i.e., the ultra-slipperiness along the grooves with a sliding
angle of ~2°, and the bidirectionally anisotropic sliding perpendicular to the grooves with sliding

angle difference up to ~50°, which is caused by the pinning effect of the step edge. Under the
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assistance of periodic vertical vibration, groove-features and droplet-volume dependent
unidirectional droplets transports are realized on horizontally placed TASS, based on which two
micro-reactors are designed to control the sequence of droplets merging and subsequent chemical
reactions. Additionally, by utilizing the slipperiness (i.e., ultra-low sliding angle for liquid droplet)
along the grooves simultaneously, programmable droplet transport under vertical vibration is further
demonstrated on a tilted TASS. This work will provide a new avenue for the understanding of
anisotropic wettability on asymmetric slippery surface, and thus offer a great opportunity to develop
advanced interface for multidirectional droplet transport, chemical micro-reactor, etc.

Keywords: Droplet transport, bioinspired, tridirectional anisotropy, slippery surface, vibration

1. Introduction

Droplet transports on functional interfaces with anisotropic wettability have drawn keen yet
continuously increasing research interest from academic communities due to their great potential
applications in water purification/collection [1], [2], [3], [4], chemical micro-reactor [5], [6], [7],
biomedical analysis [8], [9], [10] and so on. A common method for droplet transport is to design non-
uniformly wettable surfaces with chemical and/or topographical gradients, such as superhydrophobic-
superhydrophilic patterns [11], [12], [13], wedge-shaped structures [14], [15], [16], [17], lubricant
meniscus [18], [19], efc. Although these passive strategies are always free of external energy input, it
is difficult to realize continuous and on-demand droplet transport. To address these problems, various
external fields, such as electric [20], [21], [22], [23], thermal [24], [25], [26], and magnetic [27], 28],
[29], [30] have been introduced to provide extra driving force for continuous and programmable
droplet transport. However, electric field induced wettability gradient always depends on non-
uniform charge accumulation on dielectric materials, which greatly limits its application scope;

thermal actuation creates contrast wettability via localized temperature gradient, which is unsuitable
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for those heat-sensitive substrates and liquids in some scenarios (e.g., biomedical detection and
analysis); magnetic stimulation is restricted to substrates and/or liquids with magnetic response, and
doping the substrates and/or droplets with magnetic particles is often-employed, but it requires the
substrates to be flexible and may introduce undesired contamination to the droplets. By contrast,
mechanical vibration shows considerable advantages for assisted droplet manipulation, such as broad
substrate applicability, no cross-contamination, and easy-to-operate. Generally, based on the cardinal
direction relations between the vibration and substrate surface, two kinds of mechanical vibration can
be used to drive droplet transport. One is horizontal vibration that imparts the substrate with periodic
horizontal movement, creating friction force on the droplet and thereby driving it to move [31], [32].
The other one is vertical vibration, by which inhomogeneous deformation of the droplet can be
formed and thereafter unidirectional motion is realized [33], [34]. For both of the mechanical
vibrations, anisotropic wettability of the underlying surface is the basic condition to trigger
unidirectional droplet movement.

Nature provides plentiful functional surfaces with anisotropic wettability. For example, the rice
leaves have bi-directionally anisotropic wettability, which enables water droplets to roll along the leaf
veins to the roots and significantly improves the survival of rice during drought [35], [36], [37]. The
butterfly can fly freely in the rain due to the unidirectional wetting properties of its wings, upon which
water droplets only roll down radially outward from the wings without wetting the body [38], [39].
The peristome of Nepenthes Pitcher plants can transport liquids directionally to form a slippery
surface, which helps Pitcher plants to capture insects [40], [41], [42], [43]. By mimicking these
natural surfaces, various artificial functional interfaces with anisotropic wetting properties have been
prepared, such as lotus leaf-inspired superhydrophobic surfaces [44], [45], [46], [47] and the

Nepenthes-inspired slippery liquid-infused surfaces (SLISs) [48], [49], [50]. Generally, the excellent
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water mobility of superhydrophobic surface makes it difficult for water droplets to stay on the surface,
thus the dynamic behavior of water droplet is sometimes difficult to be controlled. In addition, the
unstable air cushions locked in the micro/nano structures are prone to collapse under rough situations
(e.g., high-pressure or high-humidity), resulting in an irreversible conversion of the droplet from
Cassie state to Wenzel state [49], [51], which is undesired for flexible droplet manipulation. Different
from the superhydrophobic surface, SLIS provides a flexible and versatile platform for transport of
various liquid droplets due to the lubricant injection. On one hand, the lubricant layer guarantees the
excellent repellence towards various liquids with low contact angle hysteresis. On the other hand, the
large adhesion force between the droplets and SLIS prevents the droplets from detaching from the
surface, which enhances the controllability of the droplet behavior. Thus, the SLIS with anisotropic
wettability has been widely used in the fields of droplet transport. For example, inspired by the
wetting properties of Pitcher plants and rice leaves, Dai et al. prepared a SLIS that consisted of liquid-
infused nanotextures on regular microgrooves, the topographical anisotropy endowed the SLIS with
capacities of directional droplet transport and enhanced water harvesting [52]. Under similar
inspiration, Li ef al. fabricated an integrated mesh with orthogonal anisotropic slippery tracks and
realized unidirectional permeation of droplets [53]. Additionally, by integrating the wedge-shaped
structures of shore bird beak with SLIS, Yang et al. realized directional and self-driven transport of
droplets [54]. These works have well addressed the preparation of SLISs with bidirectionally
anisotropic wettability, and several potential applications based on liquid manipulation have also been
demonstrated on lab-scale. However, the bidirectional SLISs could only control the motion of
droplets in two directions, thereby limiting their versatility and functionality. Therefore, it is urgently
needed to develop an advanced SLIS with multidirectionally anisotropic wettability that can

manipulate droplet transport in more than two directions.
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Herein, we report a multi-bioinspired tridirectionally anisotropic slippery surface (TASS) via
rationally integrating the bidirectional anisotropy of rice leaves, the unidirectional wettability of
butterfly wings, and the slippery property of Pitcher plants. The designed periodic step-like micro
grooves are demonstrated to be crucial for the tridirectional anisotropy owning to the pinning effect
caused by the boundaries of the steps. Under the assistance of periodic vertical vibration,
unidirectional droplet transports along the two directions that are perpendicular to the grooves are
realized on a horizontally placed TASS, and two micro-reactors are further designed by changing the
heights of steps and the volume of droplets. In addition, multidirectional droplet transports on a tilted
TASS are also demonstrated by using gravity and vertical vibration as driving sources. In comparison
with the previous publications, this work describes a multi-bioinspired strategy to construct SLIS
with multidirectionally anisotropic wettability, and thereby opens a new avenue for programmable
droplet transport in more than two directions.

2. Materials and Methods

2.1 Materials

Copper sheets (10 x 10 x 0.5 mm?®) were purchased from Lingbang Hardware Technology Co., Ltd.
(Jiangsu, China). Sodium hydroxide (NaOH), copper chloride (CuClz), and ammonium persulfate
[(NH4)2S204] were purchased from Kemate Chemical Technology Co., Ltd. (Tianjin, China), and
hydrochloric acid (HCl) was purchased from Jiangtian Chemical Technology Co., Ltd. (Tianjin,
China). Silicone oil (viscosity ~100 cSt at 25 °C) was supplied by Tianying Industry and Trade Co.,
Ltd. (Guangdong, China), and 1H,1H,2H,2H-Perfluorododecyltrichlorosilane  [FAS,
CF3(CF2)9CH2CH2SiCl3] was obtained from TITAN Technology Co., Ltd. (Shanghai, China).
Simulated body fluid (SBF) was obtained from Phygene Life Sciences Company (Fujian, China). All

chemicals are analytically pure and were used as provided without extra purification.
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2.2 Fabrication of TASS

TASS was designed from the bio-inspiration of the bidirectional anisotropy of rice leaves, the
unidirectional wettability of butterfly wings, and the slippery surface of Pitcher plants (Figure 1a).
The specific preparation process of TASS is shown in Figure 1b. Periodical step-like micro grooves
on the polished copper substrate were fabricated by two-round femtosecond laser line-by-line ablation
(FemtoYL-40, China, 1034 nm, 340 fs). The ablation parameters were set to be: line interval = 10 um,
scanning speed = 800 mm/s, frequency = 100 kHz, average power = 4.85 W. L (140-320 pm) and W
(80-170 pm) indicated the width and interval of each complete microgroove, respectively. The height
of micro grooves was adjusted by the scanning number (SN) of the laser beam, which varied from 10
to 50 but kept the same for the first and second round laser ablation to fabricate the step-like micro
grooves.

Laser ablated samples were then ultrasonically washed with hydrochloric acid (1 mol/L) and
deionized water in sequence for 5 min to remove the oxide layer formed during laser ablation. The
cleaned samples were then immersed into an aqueous solution of 2.5 mol/L NaOH and 0.15 mol/L
(NH4)2S20s for 5 min at room temperature to generate nano structures on their surfaces. After rinsing
with deionized water and drying, the samples with step-like micro/nano hierarchical structures were
immersed into fluorosilane ethanol solution for 1 h to lower surface energy. Subsequently, the samples
were immersed in silicone oil for 1 h to realize complete lubricant infusion. After taking out, the extra
lubricant on the samples was removed by high-speed spin coating with a spin coater (KW-4A, China)
to obtain a conformal lubricant film. In addition, as illustrated in Figure Ic, the sliding angles (SAs)
of droplets moving along the surface in three directions (i.e., “up” the steps, “down” the steps, and
parallel to the grooves) were defined as SAyp, SAdown and SAy, respectively.

2.3 Sample Characterization
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The 3D profile of the sample was observed through a laser confocal microscope (LSM 700, ZEISS,
German). The surface morphologies of the samples were characterized by using a scanning electron
microscope (SEM, Quanta FEG 250, FEI, America). The crystal structure and elements of the surface
were characterized by X-ray diffraction (XRD, D8 Advance, Bruker, German) and energy-dispersive
spectroscopy (EDS, X-Max, Oxford, England), respectively. Static contact angles (CAs) and dynamic
sliding angles (SAs) were measured by an optical contact angle meter (SZ-CAMC33, Sunzern, China)
at room temperature with a 7 uL droplet. In order to ensure the accuracy of the results, five positions

were randomly selected for each sample to measure, and their average values were reported herein.
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Figure 1. Schematic illustration of the fabrication of multi-bioinspired TASS. a) Bio-inspiration of the unidirectional
wettability of butterfly wings, the bidirectional anisotropy of rice leaf, and the slippery surface of Pitcher plant. b)
Fabrication of TASS by femtosecond laser ablation, chemical oxidation, and subsequent lubricant infusion. c)

[llustration of the tridirectional anisotropy (i.e., the “//”, “down” and “up” directions) of the TASS.

2.4 Mechanical Vibration Driven Droplet Transport on TASS

TASS was fixed on an electrodynamic vibration generator (VT-150, Sushi, China) and the testing
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liquid droplet was pre-deposited on TASS by a syringe. Then the sample was vibrated vertically under
a sinusoidal signal applied by a signal generator. The vibration amplitude could be adjusted among
0~10 Vpp, and the frequency varied from 30 to 50 Hz. The motion of the droplet was captured by a
digital camera, and the critical amplitude (Uca) of the mechanical vibration to initiate the movement
of the droplet was recorded. Each Uca was measured 5 times and the average value was reported

herein.

3. Result and Discussion

3.1 Fabrication and Characterization of the TASS

Figure 2a shows the surface morphologies of the two-round femtosecond laser ablated copper sheet
(SN =20). It could be seen that periodically directional step-like grooves covered with rough crater
structures were created on the copper sheet, and the inserted SEM cross-sectional view verified that
the height of each step structure was relatively uniform. 3D confocal microscopy image (Figure 2d)
and its cross-section profile (Figure 2c) show that the heights of the middle (/1) and bottom (42) steps
were 17.7 = 1.8 pm and 33.8 = 1.2 pm, respectively. The heights of the steps could be well adjusted
by changing the SN. The changes in the heights were almost linear with increased SN, as shown in
Figure 2d, when the SN increased from 10 to 50, /1 changed from 7.5 + 1.1 um to 44.2 + 2.5 pm, and
hy increased from 16.2 = 0.9 um to 85.4 + 2.3 um. Moreover, it could be seen that 4, = 2h1, which
indicated that the groove with similar height was constructed during each round of femtosecond laser
ablation. The majority of the reported samples in this paper were ablated with the SN of 20 unless
specified otherwise. After NaOH-assisted chemical oxidation, the surface of the sample was
uniformly covered with a large number of micro-scale particles and needle-like nano-spikes (Figure

2e). The comparison of the XRD spectra shows that several diffraction peaks of Cu(OH), planes



178  (JCPDS card No. 80-0656) appeared on the oxidized sample (Figure S1, Supporting Information),
179  indicating that the compositions of the formed particles and spikes were Cu(OH)> [55]. After
180  subsequent fluorination, F-containing groups were anchored on the surface (Figure S2, Supporting
181  Information), enabling the surface to be super water repellent, but remarkably, the anisotropy of the
182  superhydrophobicity was almost negligible (Figure S3, Supporting Information). As the SN increased
183  from 10 to 50, the max differences of CAs and SAs in the three directions (i.e., the “//”, “down’ and
184  “up” directions) of each sample were only ~2.7° and ~2.0°, respectively. Additionally, the CAs and
185  SAs in the “up” and “down” directions were almost the same, showing negligible wettability
186  anisotropy of the superhydrophobic surfaces. Therefore, the resultant superhydrophobic surfaces with

187  step-like micro grooves were not suitable for multidirectional manipulation of water droplets.
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Figure 2. a) SEM images of the laser ablated step-like structures. The inset shows the cross-sectional morphology
of the steps. b) 3D topography and c) cross-section profile of the laser ablated surface. d) Relationship between the
height of laser ablated steps and SN. ¢) SEM images of the laser ablated steps after chemical oxidation and
fluorination. The inset shows the corresponding cross-sectional view of the steps. f) Lubricant distribution of the
slippery surface prepared under different spinning speeds. The insets illustrate the cross-sectional diagram of water

droplets on the slippery surfaces from the “//” directions of the engineered steps.

Subsequently, the fluorinated samples were infused with silicone oil to prepare slippery surfaces.
It was demonstrated that spinning speed has an obvious influence on the lubricant distribution of the
resultant slippery surface [56], [57], so slippery surfaces were prepared under different spinning
speeds and then tested. As shown in Figure 2f, as the spinning speed was increased from 1000 rpm to
3000 rpm, more silicone oil was removed during the spin-coating process, which enhanced the
visibility of the underlying micro/nano structures. However, a conformal oil film was always retained
on the surface even under the spinning speed of 5000 rpm (Figure S4, Supporting Information), which
could be attributed to the nanostructures generated capillary forces that enhanced the retention of
lubricant. Owing to the difference in lubricant distribution, the resulting slippery surfaces exhibited
different contact states with droplets (insets in Figure 2f) and thereby dissimilar wettability (Figure
S5, Supporting Information). When the spinning speed was 1000 rpm, only the top surface of the
steps was exposed while the grooves were filled with oil, the water sliding angles (SAs) were
SAuwp =2.3£0.3°, SAdown=2.2£1.0°, and SA,=1.1+0.2°, demonstrating excellent adhesion
resistance to water droplet along the surface [58] and negligible anisotropy between the parallel and
vertical directions. For the sample treated at the spinning speed of 2000 rpm, the oil in the grooves

was partially removed while the bottom surfaces were still fully covered with a lubricant layer,
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making part of the droplet stuck in the grooves, and much bigger SAs in the vertical directions
(SAup =16.9 + 1.3°, SAdown = 13.3 £ 0.5°) than that in the parallel direction (SA;, = 2.0 £ 0.6°) were
observed. When the spinning speed was further increased to 3000 rpm, most oils in the micro grooves
were removed except those locked in the nanostructures, endowing the slippery surface with
remarkable tridirectional anisotropy (SAup =27.04+2.1°, SAdown=16.3 £ 0.6°, SA;,=1.8 £0.6°).
Furthermore, when the speed reached 5000 rpm, the SAup, SAdown and SAj, were respectively
measured to be 64.4 +2.7°, 25.0 + 1.8°, and 6.9 + 0.7°. Therefore, the similar SAs in the parallel
direction (i.e., SA/) of these samples further demonstrated that the nano structures on the surfaces
could effectively prevent the loss of lubricant during the spin-coating process. Additionally, the
difference between SAy, and SAqown verified the feasibility to obtain directional anisotropy in the
vertical directions via the micro grooves and lubricant distribution. Although higher spinning speed
resulted in more significant tridirectional anisotropy (Figure S5, Supporting Information), by
considering the retention of the oil layer and durability of the slippery surface, a spinning speed of
3000 rpm was selected to prepare the TASS in the following parts of this paper.
3.2 Static CA of Droplet on TASS
The height (i.e., SN) and period (including L and W) of the step-like grooves affected the static CA
of water droplet on the TASS (Figure S6, Supporting Information). The testing droplet could
completely fill the rough step-like grooves of TASS and fully contact with the lubricant. In the “//”
direction, the lubricant film could be regarded as a smooth and flat substrate, indicating a free
spreading of the droplet along this direction. Consequently, the CA in the *“// direction (CA//) could
be described by Young’s equation [59]:

YLACOSH)/ = yoa — YoL (D

where 6/, Yoa, YoL, and yLa represented the Young’s CA in the “//”” direction (i.e., CAy), the interfacial
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tensions of oil-air (~20 mN/m), oil-water (~38 mN/m), and water-air (~72 mN/m), respectively. The
calculated 6, (104.5°) was close to the experimentally measured CA;, (105.4 +0.9°) that was
independent of the SN and period of the TASS. By contrast, the spreading of droplet along with the
“up” and “down” directions were significantly impeded by the step-like grooves due to the pinning
effect of the edge [60], [61], making the measured CAyp and CAgown much larger than CA/. According
to the drop shape analysis by the /2 method [62], CA can be calculated by using the following
equation:

6 = 2arctan (2H / [) (2)
where 6, H, and / denoted CA, height and length of the contact line of the deposited droplet,
respectively. It could be seen from Figure S6b (Supporting Information) that as the SN increased from
10 to 50, the CAs of droplets in the “up” direction (CAyp) changed from 110.7 = 1.9° to 135.9 £ 0.7°,
and that in the “down” direction (CAdown) increased from 110.4 + 1.2° to 134.7 + 0.5°, indicating that
the hydrophobicity in the vertical directions of the TASS was enhanced via the micro grooves. When
the heights of steps increased (the SN increased from 10 to 50), the number of grooves (Ny) covered
by the droplet decreased from 7 to 4 (Table S1, Supporting Information), which resulted in a
significant decrease of / in the vertical direction ([, ) (from 2.48 mm to 1.83 mm) and a slight increase
of H (from 1.60 mm to 1.71 mm) (Figure S6c¢, Supporting Information). Therefore, the SN (i.e., the
height of the steps) ultimately changed the ratio of H to / (Figure S6d, Supporting Information), and
thereby influenced the CA values of the TASS according to Equation (2).

The period of the step-like grooves is another critical structure parameter of the TASS, which,
however, had little effect on the hydrophobicity of TASS (Figure S6e, Supporting Information). When
the period was small (220-310 um), N, decreased by 1 for every 30 pm incensement in the period

(Table S2, Supporting Information), A and [, retained nearly constant (Figure S6f, Supporting
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Information), corresponding to the almost unchanged CAs. For the TASS with a period larger than
340 um, fluctuation of CA resulting from the difference in droplet pinning state was observed. As
illustrated in Figure S6h (Supporting Information), when the period increased initially, [, gradually
increased while N; retained constant, indicating that H reduced and thereby the CA decreased. Once
CA decreased to a critical value with certain periods (e.g., 370 um and 430 um here), the droplet
would be pinned to the grooves with N, decreased by 1, and the corresponding [, decreased abruptly
while H increased, the CA would thereby increase again. Therefore, for a droplet with a given volume,
its CA on the TASS would fluctuate with the change of groove period.
3.3 SA of Droplet on TASS
As shown in Figure 3a-c and Video S1 (Supporting Information), the TASS (SN =20,
period = 340 um, spinning speed = 3000 rpm) showed remarkable tridirectional anisotropy (i.e., the
“/”, “down”, and “up” directions) in terms of water droplet (7 pL) sliding. The SAs of water droplets
on the TASS were measured to be SA;=1.8£0.6°, SAdown = 17.0 £0.7°, and SAy, =274+ 1.9°,
respectively, and it was also demonstrated that the sliding resistance along the ““//”” direction was the
lowest while that along the “up” direction was the highest. During the sliding process, the resistance
to the droplet (Fresistance) could be calculated by the simplified Furmidge equation [63], [64], [65]:
Fresistance = yl(cosOr — cosba) 3)
where y was the surface energy of water, 6; and 6. respectively represented the receding and advancing
CAs of the water droplet. In the “//” direction, the droplet motion was affected by the frictional
resistance from lubricant film, so the Fresistance Was mainly determined by the contact area between the
droplet and TASS. By contrast, in the “down” and “up” directions, the droplet sliding was
significantly inhibited by the step-like micro grooves, and the Firesistance Was composed of the pinning

force at the step edge, the adhesion force at the step and back wall, and the resistance from the



281  underlying steps. Therefore, the Fiesistance along the “down” and “up” directions were much larger than
282  that along the *//” direction, which was also verified by the measurement of &; and 6, along the three

283  directions (Figure S7, Supporting Information) according to Equation (3).
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285  Figure 3. Sliding of 7 uL water droplet on the TASS along the a) “//”, b) “down” and c¢) “up” directions. The
286  influence of d) SN and e) period on SA of the TASS. SA of f) water droplet with different volume and g) different
287  kinds of liquids, including NaOH (pH = 14), HCI (pH = 1), CuCl, (1 mol/L) and SBF.

288

289 The driving force of the droplet (Fariving) during sliding was provided by the component of gravity,
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which could be expressed as:

Fariving = pgVsina )]
where p, V, g, a represented water density, volume, gravitational acceleration and tilt angle of the
surface (i.e., SA), respectively. When the TASS was gradually tilted to meet Fariving > Fresistance, the
droplet started to slide on the surface, and the corresponding SAs of droplets on TASSs could be
measured. As shown in Figure 3d, the TASS prepared under the SN of 10 exhibited tridirectional
anisotropy with SA,=1.3 £0.4°, SAdown =9.0 £0.6° and SAy =13.9 £ 0.3°. When the SN was
increased to 50, SA/ retained stable at ~2°, while SAq4own and SAyp respectively increased to 40.5 + 4.0°
and 90° (i.e., the droplet was pinned), demonstrating enhanced tridirectional anisotropy of the TASS.
As depicted in Figure 3e, as the period increased from 220 um to 490 um, the SAs in the three
directions did not show obvious change but fluctuated around a relatively stable value (~2°, ~15° and
~25° in the *“//”, “down” and “up” directions, respectively). The critical points of the SAs fluctuation
were almost the same as those of the CAs (Figure S6e-h, Supporting Information), which indicated
that the initial pinning state of the deposited droplet also influenced the subsequent sliding. In addition,
the volume of the droplet also had an obvious effect on its tridirectionally anisotropic sliding. As can
be seen from Figure 3f, the SAs in the three directions all decreased as the volume of the droplet
increased from 3 pL to 9 pL, especially the SAdown changed from 32.9 +3.6° to 12.1 + 1.4°, and the
SAyp decreased from 47.4 +4.4° to 19.8 £2.6°. This could be attributed to the fact that the droplet
with a larger volume generated a greater driving force (Fuariving) during sliding (Equation (4)) [66].
Meanwhile, the excellent liquid repellency of TASS was durable towards various complex aqueous
solutions (Figure 3g). Owing to the higher density of HCI, NaOH and CuCl, than water, their
corresponding droplets exhibited slightly lower SAs (especially the SAgown and SAup) on the TASS.

By contrast, SBF droplet showed a little higher SAs since its higher viscosity contributed to the
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increase of frictional resistance (Fresistance) during sliding. These results demonstrated that the TASS
could be used for the manipulation of various complex liquids.

3.4 Mechanism of Tridirectionally Anisotropic Sliding

To further investigate the mechanism of tridirectional anisotropy of TASS, slippery surfaces with
special step-like structures were fabricated with the same technological process. Compared with the
SAup of TASSs with step-like grooves (e.g., Figure 3d), the single step structure without a back wall
showed much smaller SA (Figure S8b, Supporting Information), indicating that the adhesion force
from the steps was not the leading source of the tridirectional anisotropy. In addition, it was observed
that the step-like grooves (NVg: 1-4) underlying the droplet had little influence on the SAs (Figure S8a,
Supporting Information). Therefore, the single step structure with a back wall was employed to study
the influence of adhesion force and pinning on sliding resistance. As depicted in Figure 4a, four
sliding configurations could be defined in the “up” and “down” directions according to the main
resistance source (i.e., adhesion force from the step and/or back wall, pinning by the step edge), and
the corresponding SAs (i.e., SAup-A, SAup-P, SAdown-a and SAdown-p, the new subscript “A” and “P”
here referred to the droplet adhered to the step and pinned to the step edge, respectively) were
measured and shown in Figure 4b. It could be seen that the SAs of all the motion configurations
increased with the SN (i.e., the height of the step). When the step height was small (SN = 10), SAup-
A= SAup-p, SAdown-a = SAdown-p, indicating that the adhesion force was almost equal to the pinning
force in both “up” and “down” directions. However, as the step height increased, the SAyp-p and
SAdown-p grew rapidly while SAup-a and SAdown-a increased slowly, which demonstrated that the
pinning effect by the step edge contributed more to the sliding resistance than the adhesion force.
When SN = 50, the droplet was even completely pinned at the edge during sliding towards the “up”

direction (i.e., SAup-p = 90°). Therefore, it could be inferred that the Fiesistance of droplet sliding on the
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TASS was mainly determined by the pinning force at the step edge. Meanwhile, the difference
between SAup-a and SAdown-a Was negligible, indicating that the introduction of the step structure had
little influence on the adhesion force between the slippery surface and droplet. Nevertheless, the SAp-
p was much larger than SAdown-p, Which suggested that the pinning force on the droplet sliding in the
“up” direction was larger than that in the “down” direction. These results were consistent with the
measured SAs on the TASS (e.g., Figure 3d), and revealed that the pinning effect at the step edge was

critical to the tridirectionally anisotropic sliding of the droplet on the TASS.

a “Up” direction b
90 4
M . X (ii) 1 [0 SAw- /o |
[ .Y £ . ~s50] |~ SAua )
Plnﬁ!ng «_Adhesion ——SA,,.p
~ D404 |-9-sA
- §A_u‘£ L - - §A_upi\ L - é 'down-A
230+
“Down” direction 5 =
(1i1) g 2 204
: ). Adhesion 10+
'« Pinning 5 0
z _ Y Shoumr £2) SAdouna 10 20 30 40 50

C “Down” direction

Figure 4. a) Schematic illustration of four configurations of water droplet sliding on slippery surface with a single
step structure with back wall and b) their corresponding SAs. The pinned states of water droplet at different tilting

angles in the c¢) “down” direction and d) “up” direction.

To demonstrate the pinning effect of the step edge visually, digital images showing droplet sliding
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in “up” and “down” directions around the step edge (SN = 50) were captured and presented in Figure
4c and d. In the “down” direction (Figure 4c), when the tilting angle of the surface was gradually
increased from 0° to 10°, the droplet was firstly pinned at the step edge (Figure 4c (i1)), which resulted
in the increase of advancing CA as the tilting angle was increased to 20° (Figure 4c (iii)). When the
tilting angle was further increased to 30° (Figure 4c (iv)), the wetting ridge around the base of the
droplet made contact with the wetting ridge at the corner of the step, which was similar to the
phenomenon of the Cheerios effect [67], [68]. Finally, the droplet moved downward and then slid
across the top edge of the step with the assistance of gravity. By contrast, in the “up” direction (Figure
4d), the droplet slowly moved forward on the top surface of the step as the tilting angle was increased,
but it was tightly pinned at the step edge even when the tilting angle was 60° (Figure 4d (iii)).
Although the advancing CA continuously increased and the wetting ridge slightly moved down along
the back wall when the tilting angle was 90° (Figure 4d (iv)), the droplet could not contact with the
bottom of the surface along the back wall, which finally stopped the sliding of the droplet.
Consequently, the movement of the droplet was significantly influenced by the pinning effect of the
step edge and the height of the step walls (i.e., 41 and A2 in Figure 2d). Owing to the fact that 4> = 24,
sliding in the “up” direction required a larger tilting angle than that in the “down” direction, resulting
in the anisotropic sliding between the “up” and “down” directions on the TASS.

3.5 Horizontal Unidirectional Transport of Droplet

The as-prepared TASS possessed rice-leaf-like unidirectional sliding capacity in the *“//” direction, as
well as butterfly-wing-like property of anisotropic droplet manipulation in the “up” and “down”
directions, enabling the TASS to be capable of transporting droplet unidirectionally. As shown in
Figure S9a and Video S2 (Supporting Information), when water was continuously injected onto the

TASS via a syringe, unidirectional spreading occurred in the ““_L ” direction and the droplet could only
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advance towards the “down” direction, but it spread uniformly in the “// direction, which
corresponded well with the anisotropic wettability of the TASS. Taking advantage of such a
unidirectional spreading of a droplet on TASS, two TASSs with the same step direction were placed
face-to-face to squeeze a water droplet that was pre-deposited in between them to realize continuous
unidirectional transport. As shown in Figure S9b and Video S3 (Supporting Information), when the
upper TASS moved downward, the droplet was squeezed and then deformed, owing to the pinning
effect in the “up” direction originating from both upper and lower TASSs, the droplet deformation
only propagated towards the “down” direction. When the upper TASS was withdrawn, the droplet
tended to recover its original shape, during which the droplet movement was obstructed by the
adhesion forces from both “up” and “down” directions of the two TASSs. However, the adhesion
forces were roughly equal and rather small, enabling the contact lines in the two directions to move
towards the middle position of the deformed droplet uniformly. Finally, unidirectional movement of
the droplet towards the “down” direction of the TASS was thereby observed. By repeating the
squeezing process, continuous transport of the droplet could be realized. By contrast, when the step
direction of the upper TASS was opposite to the lower TASS, the squeezed droplet tended to spread
uniformly towards the “up” and “down” directions (Figure S9c and Video S3, Supporting
Information), which could be attributed to the equal but direction-opposite pinning forces applied on
the droplet. Therefore, the droplet would not be transported in this case.

As mentioned above, the deformation of the droplet and unbalanced force acting on the contact
lines could favor a unidirectional movement of the droplet on the TASS. Therefore, mechanical
vertical vibration was applied on the TASS so as to trigger the deformation of the droplet and then
promote its rapid and unidirectional transport by utilizing the pinning effect from the step edge

(Figure 5a). As an example, Figure 5b and Video S4 (Supporting Information) show the unidirectional
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transport of a water droplet (7 pL) under the assistance of vertical vibration with a frequency of 50 Hz
and vibration amplitude of 3 Vpp. It can be seen that the water droplet is transporting unidirectionally
with a speed of =2.7 mm/s under this vertical vibration. In addition, the unidirectional transport of
glycol droplet was also demonstrated (Video S5, Supporting Information), but the speed was
relatively low (=0.5 mm/s) due to its high viscosity that seriously delayed the deformation and
spreading of the droplet during vibration excitation. By contrast, on a slippery surface with rice-leaf-
like micro grooves (i.e., no steps existed in the grooves), the droplet deformed but could not be
transported under vertical vibration driving (Video S6, Supporting Information), which also
highlighted the indispensable role of the step-like structures in terms of unidirectional droplet
transport in our design. Moreover, integrated TASSs with step-to-step structures (Figure 5c) and back-
to-back structures (Figure 5d) were designed to regulate the transport direction of two droplets on the
same TASS. By using such layouts of the step-like micro structures, rapid merging (Figure 5c and
Video S7 (Supporting Information)) and separation (Figure 5d and Video S8 (Supporting
Information)) of two droplets were realized under the assistance of vertical vibration.

Next, several factors which potential influence the Uca were investigated. As shown in Figure S10
and S11 (Supporting Information), the Uca could be roughly controlled by adjusting the height (i.e.,
SN) and period of the step-like micro grooves, and it was also found that the Uca always decreased
when the excitation frequency increased from 30 Hz to 50 Hz. This was due to high-frequency
vibration accelerating the deforming of the droplet and increasing the radial length of the deformed
droplet, which thereby triggered the movement of the droplet towards the “down” direction on TASS
under a relatively low vibration amplitude. By using the SN-dependent Uca, a groove-features
controlled chemical micro reactor was designed and illustrated in Figure Se. TASS with two areas

composed of different step-like micro grooves (the corresponding SNs were respectively 20 and 30)
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were arranged with a step-to-step layout. As shown in Figure 5g and video S10 (Supporting
Information), based on the different Uca for droplets on the TASS with various SNs, when the
vibration frequency was 50 Hz and the vibration amplitude was set to be 3.0 Vpp, the CuCl, droplet
(7 uL) pre-deposited at the left part of the TASS (SN =20) was transported along the “down”
direction and pinned at the middle section, while the NaOH droplet (7 puL) at the right part stayed at
the original position. After increasing the vibration amplitude to 3.6 Vpp, the NaOH droplet started
to move and then merged with the CuCl, droplet, which finally led to the formation Cu(OH):
precipitate.

In addition, Figure S12 (Supporting Information) depicted the relationship between Uca and the
volume of droplets. It could be seen that micro water droplet with the smallest volume of 1.4 pL could
be transported on the TASS under the assistance of vibration with a frequency of 50 Hz and amplitude
of 7.2 Vpp. At the frequency of 30 Hz, the Uca decreased continuously when the volume of the
droplet increased from 2.5 pL to 50 pL. By contrast, when the frequency was increased to 40 Hz or
50 Hz, the Uca initially decreased sharply and then increased slightly as the volume increased, and
the lowest Uca at the frequency of 40 Hz and 50 Hz were respectively 1.6 Vpp and 2.3 Vpp, and the
corresponding volumes of droplet were 20 pL and 15 pL, respectively. Moreover, when the volume
of droplet was too large, it could not be effectively transported on the TASS because obvious droplet
splashing occurred under vibration excitation, as shown in Figure S13 and Video S9 (Supporting
Information). According to the volume-dependent Uca of the TASS, a chemical micro-reactor based
on two droplets with different volumes was demonstrated. As illustrated in Figure 5f, two areas of
micro grooves with the same SN of 20 were arranged to be step-to-step to construct the demanded
TASS, and CuCl droplet with a volume of 10 uL and NaOH droplet with a volume of 7 pLL were

respectively deposited on the left and right areas of the TASS. As shown in Figure 7h and Video S11



441  (Supporting Information), the CuCl> droplet (10 uL) and NaOH droplet (7 uL) started to move
442  towards the middle position of the TASS when the amplitude of the vibration (frequency of 50 Hz)
443  was respectively set to 2.4 Vpp and 3.0 Vpp, which finally triggered the droplet-based micro reaction

444  between CuCl; and NaOH.
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446  Figure 5. Vibration-driven programmable transport of droplets on TASS. a) Schematic diagram of the deformation
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and movement of a droplet under vertical vibration excitation. The black arrows represented the vibration direction,
and the blue arrows indicated the contact line movement direction. b) Unidirectional transport of a 7 uL water
droplet under vertical vibration with a frequency of 50 Hz and vibration amplitude of 3 Vpp. ¢) Merging and d)
separation of droplets on step-to-step and back-to-back TASSs, respectively. Schematic diagram of ¢) SN- and f)
volume-based unidirectional transport of droplets. Digital images showing vibration-driven sequential and
unidirectional transport of g) droplets on TASS with different SNs and h) droplets with different volumes. 1)
Schematic diagram of programmable droplet transport on tilted TASS under vertical vibration driving. j) Time-lapse

photographs of programmable transport of droplets with different volumes on tilted TASS.

Furthermore, a tilted TASS was used to realize programmable droplet transport under vibration
assistance by using the tridirectionally anisotropic wettability. For a certainly applied vibration
amplitude (Uapplied) that was higher than the Uca of a large droplet but lower than that of a small
droplet (Figure S12, Supporting Information), it could drive the movement of the large droplet along
the “down” direction of the horizontal TASS but pinned the small droplet. Meanwhile, the droplet on
a tilted TASS tended to slide along the ““//” direction of the micro grooves under the assistance of
gravity. Therefore, as illustrated in Figure 51, by combining the Uapplied-controlled selective transport
along the “down” direction and gravity-driven sliding along the *“//”” direction, a TASS-based platform
for programmable droplet transport could be designed. As shown in Figure 55 and Video S12
(Supporting Information), a TASS was tilted at 1° along the ““//” direction, and vibration with a
frequency of 50 Hz and amplitude of 2.4 Vpp was continuously applied. When a droplet with a
volume of 10 uL (Uca = 2.4 Vpp) was deposited on the TASS, transport along both “//” and “down”
directions occurred, which synthesized a sliding along the diagonal direction of the substrate, and the

droplet was then pinned at the corner. However, when two droplets with a volume of 5 pL
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(Uca =3.7 Vpp) were dropped on the TASS, they could not move along the “down” direction but
only slid along the *“//” direction. After they were pinned and merged at the margin of the substrate, a
new droplet with a volume of 10 uL was formed, which met the requirement of vibration-assisted
unidirectional transport along the “down” direction (i.e., Uapplied > Uca) on the TASS. Due to the
confinement of the margin, the formed droplet was transported along the “down” direction and finally
merged with the droplet that was pre-located at the corner. Therefore, the TASS could be used as a
versatile and multifunctional platform for programmable droplet transport.

4. Conclusion

In conclusion, inspired by the wettability of rice leaf, butterfly wing, and Pitcher plant, a multi-bionic
TASS with step-like grooves was prepared to manipulate liquid droplet in three directions. The
Pitcher plant-like slipperiness enabled ultra-easy sliding for droplet along the direction that was
parallel to grooves (i.e., the “//” direction), while the pinning effect at the corner boundaries of the
steps resulted in anisotropic sliding in the two opposite directions that were perpendicular to the
grooves (termed as the “up” and “down” directions). It was also demonstrated that the height and
period of the steps had an obvious influence on the magnitude of the anisotropy between the “up” and
“down” directions. The tridirectional anisotropy allowed unidirectional droplet motion on
horizontally placed TASS under the assistance of vertical vibration, and the motion could be
manipulated via controlling the features of the grooves, the volume of the droplet, and the frequency
of the vibration. Based on the excellent tridirectional anisotropy, programmable droplet transports,
such as merging and separation of droplets, sequential droplet-based chemical micro-reactions, and
synthetic motion of droplets, were demonstrated on specially designed TASSs. The multi-bioinspired
TASS thereby provides new insights into the development of functional surfaces with special

wettability for droplet manipulation, as well as a new platform for lab-on-chip systems, chemical
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