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environmentally friendly, and therefore fre-
quently used to tune surface wettability.[25–27] 
Additionally, the surface chemical composi-
tion and geometric morphology can also 
affect surface wettability.[28–36] By adjusting 
the surfaces with wettable gradients (such 
as structural gradients and chemical 
gradients),[37–39] asymmetric structures[40–44] 
or bioinspired structures,[45–51] a droplet 
spreading on these surfaces can be well 
manipulated. However, singly structural 
or chemical gradient surfaces can just 
carry out the conversion of surface wet-
ting properties between hydrophobic and 
hydrophilic (or between hydrophobic and 
super-hydrophilic) but not favor the droplet 
to spread or move over a long distance due 
to the influence of the intrinsic contact 

angle.[52,53] Therefore, a combination of structural and chemical 
gradients is usually applied to better modulate the conversion of 
surface wetting property from super-hydrophobic to hydrophilic. 
For instance, the Yang’s group infiltrated a silicon template with 
a morphology gradient into a trichlorosilane solution, forming a 
wettable gradient surface which could be converted from super-
hydrophobic to hydrophilic.[54] Han et al. placed a polystyrene 
sheet with a gradient array into a temperature gradient field 
and an acidic gradient environment in two orthogonal direc-
tions, obtaining a two-dimensional composite wetting gradient 
surface which could change from super-hydrophobic to hydro-
philic.[55] These researches indicate that a composite gradient 
can result in a bigger change in surface wettability than a single 
wettable gradient. Additionally, the Zheng’s group combined 
a chemical gradient and Laplace pressure gradient via a special 
wedge-pattern to form an asymmetric structure, achieving the 
spontaneous and pumpless directional motion of micro-sized 
droplet on a highly adhesive surface.[40] Wang et al. used direct 
laser writing to create tree-shaped hierarchical cones on a super-
hydrophobic TiO2 film with a surface energy gradient and Laplace 
pressure gradient,[42] thereby precisely and continually driving 
tiny water droplet spreading. According to the continuous and 
directional water transport on the peristome surface of Nepenthes 
alata,[47] the Chen’s group proposed a bionic structure design and 
realized a biologically inspired continuous unidirectional liquid 
spreading.[45] However, once the biomimetic structure was com-
pleted, it was difficult to precisely regulate the spreading length of 
the droplet via external stimuli.

Dynamical regulation to unidirectional wetting has received considerable 
attention in recent years due to its important role in flexible electronics, 
microfluidics, drug transportation, and so forth. It is of great significance 
to prepare a surface which allows the droplet to spread directionally on it 
with the length of droplet reversibly fluctuated within a broad range under 
external stimulation. In this paper, a double-gradient wrinkled structure is 
prepared by constructing the structure-gradient pillar arrays on a mechanics-
adjusted wrinkled surface and subsequently making chemical gradient by 
oxygen plasma treatment. Under the synergistic effect of the structural 
gradient, chemical gradient, and wrinkled structure, the droplet can undergo 
unidirectional spreading and realize dynamic regulation of the spreading 
length on the flexible structure. This will provide a propagable method for the 
regulation of surface wetting.
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1. Introduction

The effective controlling for the surface wettability has evoked 
significant interest due to its potential applications in micro-
fluidics,[1–3] self-cleaning,[4,5] filtration,[6] lab-on-a-chip devices,[7–9] 
and oil-water separation.[10] The wettability of a surface is usually 
regulated by applying external stimuli such as light,[11,12] heat,[13,14] 
photothermy,[15] electricity,[16–19] magnet,[20,21] mechanical 
strain,[22,23] and acoustic waves.[24] Among these stimuli, 
the mechanical strain introduction is relatively simple and 
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Anisotropic wetting involves the inhomogeneous distribu-
tion of liquid and accompanying wetting properties upon a 
surface.[56,57] Anisotropic wetting phenomena include both 
dynamic properties (e.g., different sliding angles in different 
directions[58–60]) and static properties (different static contact 
angles in different directions[61–63]). Among the structures used 
to study the wettability of anisotropic surface, wrinkled struc-
tures are the most common.[64–66] Previous works have studied 
the wettability of wrinkled surfaces from both theoretical[67,68] 
and experimental[69–72] perspectives. For the rigid wrinkled 
surface, once the surface is prepared, its wettability is difficult 
to change. The soft wrinkled structure with anisotropy and 
stretching reversibility is confirmed to be a good choice for the 
mechanical regulation of wettability.[73–78] Rhee et al. applied 
the stress to the surface of soft materials to switch the orienta-
tion of the wrinkle, thereby changing the direction of the liquid 
flow.[79] Inspired by this, Kwon et al. proposed a simply respon-
sive mechanical system on patterned soft surfaces to manipu-
late both the anisotropy and orientation of liquid wetting.[80] 
However, they did not study the spreading length of the drop-
lets on this soft material system and corresponding control 
method.

In this work, we present a double-gradient wrinkled structure 
(structural gradient and chemical gradient) on a soft material. 
Specifically, we first select appropriate parameters of gradient 

pillar arrays and chemical gradients to achieve the transition 
of surface wettability from hydrophobic to super-hydrophilic 
and the droplets are able to undergo unidirectional spreading 
on this surface. Next, we select PDMS (polydimethylsiloxane) 
film and VHB (very high bonding) tapes as the upper and lower 
layers of the structure and study the effect of different strains 
on the spreading length of the droplets. Finally, in situ and 
ex situ control of anisotropic droplet spreading are achieved 
by mechanical regulation of the flexibly structured surface in 
a controlled fashion, which would have potential engineering 
applications in microfluidic valves, micro- and nanofabrication 
of complex structures, and cell transport manipulation.

2. Results and Discussion

2.1. Surface Characterization of Double-Gradient  
Wrinkled Structure

The double-gradient wrinkled structure was prepared by spin-
coating PDMS film on the commercial silicon template with 
gradient hole arrays, transferring it to the pre-stretched VHB 
tapes surface, releasing the pre-stretched VHB tapes and finally 
space-limited oxygen plasma treating to the surface (see details 
in Section 4 and Figure S1, Supporting information). Figure 1 
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Figure 1. A schematic diagram and scanning electron micrographs of the double-gradient wrinkled structure. p is the center distance between two 
adjacent pillars (p = 20, 35, 50, 65, and 80 µm). r is the radius of pillars (r = 5 µm). The different gradients are shown with different colors (indigo, azure, 
green, yellow, and red). The Δp/r is 3, and the amount of pre-strain is 200%. The scale bar is 100 µm. The surface wettability is gradient transitional 
after plasma treatment, as schematically shown from light gray, gray to dark gray toward more hydrophilic area. The height of the pillars is 40 ± 2 µm.
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shows a schematic diagram and several scanning electron 
microscope images of the double-gradient wrinkled structure. 
Here we define the center distance between two adjacent pil-
lars as p, and the radius of pillars as r (Figure 2a). Therefore, 
the ratio of p/r indicates the intensity of the pillars with dif-
ferent gradients, and Δp/r represents the variation amplitude in 
p/r of two adjacent arrays. It can be seen that when r = 5 µm, 
with the decrease of p from 80 to 20 µm (Δp/r = 3), the density 
of pillars is increasing, as schematically shown with different 
colors (indigo, azure, green, yellow, and red) for different gra-
dients (Figure 1). After the surface is treated by space-limited 
oxygen plasma to form a chemical gradient, the surface wetta-
bility is gradient transitional, as schematically shown from light 
gray, gray to dark gray toward more hydrophilic area (which is 
further confirmed in Section 2.2).

Additionally, we can deliberately design the variation ampli-
tude in p/r of two adjacent arrays. For example, when Δp/r = 1, 
the first pillar arrays are constructed with p/r = 4, followed by 
the ones with p/r = 5, 6 and so on. While when Δp/r = 2, the 
first pillar arrays are constructed with p/r = 4, followed by the 
ones with p/r = 6, p/r = 8 and so on. The surface topography of 
pillar arrays with different pitch gradients (Δp/r = 1, 2) are also 
observed by a laser microscope. A well periodic wrinkled struc-
ture is demonstrated in Figure 2b.

According to previous studies, the wrinkle wavelength (λ) 
and amplitude (A) are given by[67,81–83]
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where /(1 )2E E v= − , E, h, ν, and ε are the elastic modulus, film 
thickness, Poisson’s ratio, and applied strain, and subscripts f 
and s refer to the film and the substrate, respectively. Here the 
effect of surface microstructure on the thickness of the film 
is omitted. The critical strain (εc) must be applied for wrinkle 
formation and is given by[84,85]
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The relationship between the relative height (A/λ) of the 
wrinkle structure and the pre-strain (εpre) can therefore be 
obtained with the following equation
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Figure 2. a) Schematic diagram of pillar arrays; the blue pattern represents the pillar, r is the radius of the pillar, which is constantly equal to 
5 µm, and p is the distance between the center of the pillars, which changes with the gradient. b) Numerical results from laser microscope of 
the pillar arrays with different Δp/r, the height of the pillars is 40 ± 2 µm. c) The relationship between relative height (A/λ) and pre-strain (εpre), 
the red line represents theoretical result and the blue dots represent the experimental results under different εpre values. d) Numerical results 
from laser microscope of the wrinkle structure. Four different colored lines represent the wrinkle dimensions formed under four different εpre  
values.
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It is known that the elastic modulus of PDMS is 4 MPa, 
and that of VHB tape is 0.02 MPa, which can be substi-
tuted into Equation (4) to obtain a theoretical diagram, as 
shown in Figure 2c. We can see that the relative height (A/λ) 
increases when εpre increases. In order to verify the effect of 
εpre on the size of wrinkle structure, four wrinkle surfaces 
with pre-stretching of 50%, 100%, 150%, and 200% were 
prepared. From the profile results obtained from laser micro-
scope (shown in Figure 2d), we can clearly see that as εpre 
increases, the λ of the wrinkle decreases and the A increases. 
The relative heights of the wrinkle structures at εpre of 
50%, 100%, 150%, and 200% are 0.25 ± 0.03, 0.33 ± 0.02, 
0.38 ± 0.02, and 0.41 ± 0.03, respectively. The experimental 
data are in good agreement with the theoretical ones  
(Figure 2c).

2.2. Wetting Behavior of Droplets on the Flat Surface  
with Chemical Gradient and Structural Gradient

Prior to investigating the wetting behavior of droplets on the 
surface with double-gradient structures, we first consider wet-
ting behavior of droplets on the surface with either chemical 
gradient or pillar array gradient. Short movement of the drop-
lets on the pillar arrays gradient and weak directional spreading 
of the droplets on the chemical gradient surface can be obtained 
(detailed analysis in Parts S2 and S3, Supporting information). 
Therefore, we combine pillar arrays gradient with chemical  
gradients in an attempt to achieve longer directional spreading. 
For a droplet in the wetting gradient surface, the driving force 
(Fd) can be described as[86–88]
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where γLV is the interfacial tension of the solid–liquid interface, 
and R is the radius of the base of the droplet and θ is the 
position-dependent contact angle of the liquid droplet. The 
hysteresis force (Fh), due to CA hysteresis, is always opposite to 
the moving direction and can be expressed as[87,88]

2 cos cosh LV r aF Rγ θ θ( )= −  (6)

where θr and θa are the receding and advancing contact angles, 
respectively, when the contact angle is θ. The spreading of the 
droplets is determined by the Fd and the Fh. When Fd < Fh, 
the droplets do not move; otherwise the droplets begin to 
move along the wetting gradient direction. Here, we select 
the most sparse pillar array area as the starting position of 
the droplet spreading (Figure 3a). Figure 3b shows the change 
in the contact angle θ at different positions of the composite 
wetting gradient surface treated by oxygen plasma at an incli-
nation angle of the shield θT and same pillar arrays (Δp/r = 3). 

The wetting gradient surface exhibits a transition from hydro-
phobic to hydrophilic. It can be seen from Equation (5) and 
Figure 3b that under the same θ, Fd increases as d

dx

θ  increases, 
while d

dx

θ  at Δp/r = 3 and θT = 60° is the largest among the 
three composite gradients. So theoretically the droplets can 
spread longer on the surface of composite gradient at Δp/r = 3 
and θT = 60°. This is confirmed by experimental measure-
ment. It can be clearly seen that the droplets can carry out 
a longer directional spreading on the composite wetting 
gradient surface (Δp/r = 3, θT = 60°, Figure 3c) when com-
pared with the ones on either pillar arrays gradient sur-
face or chemical gradient surface (Figures S2b and S3b–d, 
Supporting information). The spreading of droplets on the 
surface is improved as the parameters of Δp/r and θT increase 
(Figure 3d). The maximum length that the droplet spreads on 
the surface of Δp/r = 3 and θT = 60° is 4.91 mm. A detailed 
droplet spreading diagram is shown in Figure S4, Supporting  
information.

2.3. Effect of Wrinkled Structure to the Wettability of Composite 
Gradient Surface

In order to further increase the spreading length of a droplet, 
we introduced a wrinkle structure to add anisotropic proper-
ties to the surface. As is well known,[47–52] on the surface of 
an anisotropic structure, a droplet is more easily spreading 
along the axial of the anisotropic structure and is constrained 
in the direction perpendicular to the axial of the anisotropic 
structure. Same to the composite wetting gradient surface, we 
select the most sparse pillar array area as the starting position 
of the droplet spreading. As shown in Figure 4a, the droplet 
on the surface with chemical gradient spreads a little bit due 
to the existence of gradient force. With the combination of 
chemical gradient and pillar arrays gradient, the droplet 
spreads unidirectionally as designed, and the spreading 
length has been greatly improved (shown in Figure 4b). 
The introduction of wrinkle structure can further adjust the  
wettability of the composite gradient surface (Figure 4c), since 
droplet spreading is constrained in the direction perpendic-
ular to the axial of the wrinkle structure, and the spreading 
length along the axial of the wrinkle structure is therefore  
further promoted.

Figure 5 shows the experimental spreading length of the 
droplets on double-gradient wrinkled surface under different 
εpre values. It can be seen that the wrinkle structure results 
in different degrees of increase in the spreading length of 
the droplet on the surface. In other words, the size of the 
wrinkle structure greatly affects the spreading length of 
a droplet. On a flat surface with pillar arrays gradients 
and chemical gradients, a droplet of 5 µL can spread up to 
4.91 mm (Δp/r = 3, θT = 60°, Figure 3d). When the wrinkle 
structure is introduced into the surface with composite wet-
ting gradient, the spreading length of the droplet is signifi-
cantly increased to 10.7 mm when Δp/r = 3, θT = 60°, and 
εpre = 200% (Figure 5). A detailed droplet spreading diagram 
and statistical data of spreading length of the droplet are 
shown in Figures S5–S7 and Figure S8, Supporting informa-
tion, respectively.

Adv. Mater. Interfaces 2020, 1901980
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2.4. Ex Situ Regulation of External Strain and Its Effect  
to the Spreading Length of Droplets

Since the PDMS upper layer and VHB lower layer are both 
flexible, the structural size of the flexible wrinkle structure can 
be intelligently adjusted by applying external strain. Figure 5 
shows the effect of the pre-strain on the droplet spreading 
length. Therefore, we can apply external strain to the already 
formed wrinkle structure to adjust the size of the wrinkle struc-
ture, thereby changing the directional spreading length of the 
droplet. As schematically shown in Figure 6a, we selected the 
double-gradient wrinkled surface (θT = 60°) with εpre = 200% as 
the experimental object, and stretched it to 100% for the ini-
tial position of the experiment, and then the 5 µL droplet was 
placed onto the surfaces. As shown in Figure S9, Supporting 
information, the application of compressive strain causes the 
A/λ of the wrinkle structure to become larger. In other words, 
the wrinkle structure becomes steep and the spreading length 
of the droplet increases. As the wrinkle structure gradually 
becomes gentler after the application of the tensile strain, the 
influence of the wrinkle structure on the spreading length is 

reduced and so the spreading length of the droplet reduces. 
Detailed numerical results of the spreading length are shown 
in Figure 6b. When a compressive strain of 100% is applied, 
the droplet spreads to a length of 10.7 mm on the surface, 
and the spreading length decreases as the compressive strain 
decreases. When the tensile strain is applied, the spreading 
length decreases as the tensile strain increases. To further 
characterize the directional spreading of a droplet, the droplet 
anisotropy can be defined by using the normalized length ratio 
as follow:

Anisotropy
l

l

�( )
( )

=
⊥

 (7)

The changing trend in anisotropy is similar to the one 
observed for the spreading length. When the tensile strain is 
applied, the wrinkle structure becomes more subtle, and the 
anisotropic effect gradually disappears, and conversely, the 
anisotropic effect increases. When a tensile strain of 100% 
is applied, the anisotropy index approaches 1 (Figure 6c), 
indicating that the droplet becomes more circular.

Adv. Mater. Interfaces 2020, 1901980

Figure 3. Wetting behavior of droplets on the surface with composite gradients (chemical gradients and pillar arrays gradients). a) The schematic 
diagram of a droplet dropped on a composite gradient surfaces. b) Apparent contact angles at different positions of the composite wetting gradient 
structure. The pillar arrays selected are Δp/r = 3, and three different colored lines represent three different chemical gradients. c) The movement of 
the droplet on the composite wetting gradient structure with Δp/r = 3 and θT = 60°. Scale bar is 2 mm. d) Experimental data of the spreading length 
under different parameters.
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2.5. In Situ Regulation of External Strain and Its Effect to the 
Spreading Length of Droplets

We also studied in situ regulation of external strain and its 
effect to the spreading length of droplets on the double-
gradient wrinkled surface. The in situ regulation process is 
schematically shown in Figure 7a. A 200% external tensile 
strain was applied to a wrinkled surface with εpre = 200%; 

then, a 5 µL droplet was placed onto the surface. After the 
applied external tensile strain was completely released 
(residual strain εres = 0%), the droplet spreads a length of 
10.5 mm along the axial direction of the wrinkled structure. 
This state was defined as the original state. Next, we slowly 
stretched the double-gradient wrinkled surface and found 
that the droplet spreading length along the axial direction 
of the wrinkled structure decreased, and meanwhile, the 
droplet spread shorter distance along the direction perpen-
dicular to the wrinkled structure. The reason is that when the 
strain is applied, the wrinkle structure size (A/λ) decreases, 
the droplets more easily overcome the energy barrier in the 
direction perpendicular to the axial direction of the wrinkle 
structure. This first cycle process is shown in Figure 7b, and 
the spreading length of the droplet changes from 10.5 to 
6.8 mm with the anisotropy index changing from 6.25 to 2.  
Optical images of the droplet spreading and the physical 
stretching device are shown in Figure S10, Supporting Infor-
mation. By repeating this process, we find that the spreading 
length of the droplet fluctuates between 10.5 ± 0.5 mm and 
6.8 ± 0.6 mm during 50 cycles, showing good repeatability 
and mechanical stability (Figure 7c).

Figure 8a shows the difference in the spreading/trans-
port length of a droplet under different external stimuli. 
Compared to other external stimuli which in situ regulate 
the spreading or moving length of the droplets, the double-
gradient wrinkled surface adjusted under mechanical strain 
allows the droplet to be spread to a moderate distance direc-
tionally and can reversibly fluctuate the spreading length and 
anisotropy within a wide range under external strain stimula-
tion (Figure 8). Our work may provide a new method for the 
in situ regulation of the directional spreading of droplets on 
a flexible substrate.

Adv. Mater. Interfaces 2020, 1901980

Figure 5. Experimental data for the spreading length of the droplets on 
double-gradient wrinkled surface under different pre-strain εpre values. 
The pillar arrays shown here are the pillar arrays with Δp/r = 1, Δp/r = 2, 
and Δp/r = 3. The chemical gradient shown here is θT = 60°. εpre = 0%, 
50%, 100%, 150%, and 200%.

Figure 4. Droplet movement behavior on the surfaces with a) chemical gradient, b) chemical gradient and pillar arrays gradient, c) double-gradient 
wrinkled structure. The scale bar is 2 mm.
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Figure 6. Ex situ external strain regulation to the spreading length of a droplet. a) Schematic diagram of ex situ external strain regulation. b) Experimental 
data show the spreading length under external strain. The droplet can spread further during the releasing process, but spreads a shorter distance during 
the stretching process. c) Experimental data of the anisotropy under external strain.

Figure 7. In situ external strain regulation and its effect to the spreading length of the droplet. a) Schematic diagram of in situ external strain regulation. 
The structure is first pre-stretched to 200%, then a 5 µL droplet is placed onto the surface. After that, the structure is slowly released, stretched, and 
rereleased. b) Changes in droplet length and anisotropy during the first cycle of stretching and relaxation. c) Repeated stretching and relaxation shows 
good repeatability and mechanical stability.
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3. Conclusion

A double-gradient wrinkled surface that enables droplets to 
spread over a larger distance and the spreading length of 
droplets to be regulated in situ by applying external strain has 
been proposed. Specifically, we studied the wetting behavior of 
surfaces with pillar arrays gradients, chemical gradients and 
composite gradients. We find that droplets can spread over a 
larger distance on a surface with Δp/r = 3 and θT = 60°. Next, 
we explored the effect of the wrinkle structure on the wetting 
behavior of surfaces with composite gradient. Experimentally, 
we find that the wrinkle structure that is formed by 200% 
pre-stretching provides the most obvious optimization for the 
spreading length of a 5 µL droplet, which can reach 10.7 mm 
on the double-gradient wrinkled surface (Δp/r = 3, θT = 60°, 
εpre = 200%). Finally, in situ and ex situ regulation of the droplet 
spreading length was realized by applying external strain. The 
spreading length of a 5 µL droplet fluctuates between 10.5 ± 0.5 
and 6.8 ± 0.6 mm under the effect of external strain. Our work 
may provide a new method for the regulation of the directional 
spreading of droplets on a soft surface. This dynamically tun-
able wettability has great promise for use in flexible electronics, 
microfluidics, and drug delivery.

4. Experimental Section
Fabrication of the Double-Gradient Wrinkled Structure: The route for the 

fabrication of the double-gradient wrinkled structure was schematically 
shown in Figure S1, Supporting Information. The polydimethylsiloxane 
(PDMS, Sylgard 184, Dow Corning) pre-polymer and the cross-linker 
were mixed at a mass ratio of 10:1, and then the mixture was placed 
in a vacuum atmosphere for 20 min to remove bubbles after stirring. 
Subsequently, a PDMS layer (elastic modulus of 2 Mpa, thickness of 
150 µm) was obtained by spin-coating treated PDMS mixture (with a 
rotate speed of 8000 rpm) on a hydrophobic-treated silicon template 
by using N-heptane, ethyl acetate, and trimethoxyoctadecylsilane 
(corresponding volume ratio of 1000:50:20, Figure S1a, Supporting 
Information). The commercial silicon template with gradient hole arrays 
was fabricated by a micromachining technology. Then the sample was 
placed on a baking table and cured at 80 °C for 5 min to form partially 
cross-linked PDMS. After that, the very high bonding tapes (VHB tapes, 

elastic modulus of 0.04 Mpa, thickness of 1 mm) was stretched to a 
certain length (Figure S1b, Supporting Information) and the PDMS 
layer was transferred to the pre-stretched VHB tapes surface. The 
assembly was baked at 80 °C for 3 h to cure the PDMS layer (Figure S1c, 
Supporting Information). After the silicon template was peeled off, and 
the pre-stretched VHB tapes was released (Figure S1d,e, Supporting 
Information), a wrinkled structure with gradient micro-pillar arrays was 
eventually obtained. The pillar arrays had the given radius (r = 5 µm) 
and adjustable center distance between two adjacent pillars (p = 20, 35, 
50, 65 and 80 µm).

To create a chemical gradient on the wrinkled structure with gradient 
micro-pillar arrays, the sample was placed on a slide glass with a thin 
metal shield at a “wedge” angle (Figure S1f, Supporting Information) 
and treated in a plasma generator for 20 s (Figure S1g, Supporting 
Information). In order to maintain the plasma-treated chemical gradient 
in the air atmosphere for a prolonged time, the sample was soaked in 
Poly dimethyl diallyl ammonium chloride (PDDA) solution for 20 min for 
maintaining the wettability of PDMS surface after plasma treatment and 
then washed excess PDDA solution with deionized water and placed in 
a blast oven at 70 °C for 30 min for drying. Finally, the double-gradient 
wrinkled structure was obtained.

Surface Topography and Droplet Spreading Measurements: The 
morphology of the surface was analysed by scanning electron 
microscopy (SEM, Hitachi S4800) and the laser microscope (Keyence, 
VK-X110). The droplet contact angle (CA, θ) was measured using 4 µL 
droplets of deionized water with a contact angle instrument (Thermo, 
DCA-322). The water drops were dispensed using a syringe pump 
through a needle with 100 µm inner diameter. Images of the spreading 
of the droplet on the samples were captured by a CCD camera equipped 
with a magnifying lens at the ambient temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 8. In situ adjustment of surface wettability under different stimulation methods. a) Spreading/transport length of a droplet under different 
external stimuli. b) Anisotropy of droplets with different external stimuli on an anisotropic surface. The two-way arrows represent reversible transitions.
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