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A B S T R A C T   

As a widely existing phenomenon of the surface of natural organisms, anisotropic wetting arouses much attention 
for their wide applications in fields as liquid transportation, fog collection, microfluidic devices and oil-water 
separation. Here, we presented unidirectional water spreading on the surface of oblique polyimide (PI) nano
wires (NWs) array and directional moving of water droplet on hydrophobically treated oblique PI NWs array. 
Directional water transportation and fog collection were realized using the oblique PI NWs array. As the NWs 
array could be easily fabricated on PI films with our method, it is beneficial for the applications.   

Introduction 

Wetting phenomena such as superhydrophobic phenomenon [1–4], 
superhydrophilic phenomenon [4,5] and anisotropic wetting phenom
enon [6–8] of some organism’s surfaces and engineered surfaces are 
very interesting and have attracted many research interests in recent 
years because of its tremendous application value. Among these, 
anisotropic wetting properties arouse much attention for their wide 
applications in fields of liquid transportation [9,10], fog collection [11, 
12], microfluidic devices [13] and oil-water separation [14]. 

In nature, anisotropic wetting phenomena were found on the surface 
of many organisms. Nepenthes forms a slippery liquid film on their 
peristome, by continuously transporting water via the structure on the 
surface of the peristome [13]. Butterflies eliminate the water droplets on 
their wings, with the structure on the surface of their wings, where water 
droplets could only roll out [15,16]. Cacti collect fog in the wind with 
their spines which possess complicated structure and can transport the 
collected water droplets to their stem [12]. Through studying these 
anisotropic wetting structure in natural organisms, researchers designed 
surfaces with anisotropic wetting properties, and achieved the applica
tions of liquid transportation [13,17], fog collection [18,19] and so on. 
For example, based on principles derived from desert beetles, cacti and 
pitcher plants, scientists designed a structure to obtain high vapor 
diffusion flux and fast droplet directional transport [19]. Asymmetric 
structures enable water droplets spread along one or several specified 

directions [6,7,20,21,22]. Besides using engineered 3D structures, sci
entists realized transportation of liquids along specific curves [23,24]. 
By applying these properties, many functional structures/devices such 
as liquid transportation structures [13,23,25,26], fog collection struc
tures [18,19] and microfluidic devices [27,28] were fabricated. Despite 
of the remarkable progress, the on-going results are still far from prac
tical applications, and one of the limitations is the complex process 
fabrication of the structures [13]. 

In this work, we show anisotropic wetting properties of the oblique 
polyimide (PI) nanowires (NWs) array, which could be easily fabricated 
on the entire surface of a PI film. Water droplets on the surface of the 
oblique PI NWs array spread against the NWs’ oblique direction, even 
when the film was set perpendicular to ground. When the oblique PI 
NWs array was treated hydrophobic, water droplets could move fast 
against the NWs’ oblique direction under vibration. Using the aniso
tropic wetting properties of the oblique PI NWs array, we realized water 
transportation on untreated oblique PI NWs array and fog collection on 
hydrophobically treated oblique PI NWs array. Though the oblique PI 
NWs array could not realize complex functions, it might be very useful in 
these large-scale applications which need simple manufacturing process 
and high production. 
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2. Methods 

Fabrication of the oblique PI NWs array [29]: 

A thin film of Au (average thickness 0.4 nm) was first sputtered on a 
cleaning PI film, and then the film was bombarded by Ar+ ion beam 
with the acceleration voltage of 4 kV. The beam current was set to 0.2 
mA and the incident angle was set to 20◦. After 2 hours of the bom
barding process, the 20◦ oblique PI NWs array was fabricated on the 
film. 

Measurement of water droplets spread on oblique PI NWs array 

The PI film with oblique PI NWs array was put on a horizontal plate. 
Then 5 μL deionized water or SDS aqueous solution (1 g/L) was dropped 
on the film. The spreading process of the droplet was recorded by an 
optical microscope with CCD camera. 

To test water spreading ability under a specific tilt angle, the film was 
stick onto a tilted glass slide. The tilt angle of the film was confirmed by 
the angle between the slide and a plumb line, and the expanding of the 
droplet was recorded with the same process as the horizontal condition. 

Measurement of water transport on the oblique PI NWs array 

The film with oblique PI NWs array was bound and fixed on a glass 
slide, and water was added on the film via an injection pump with a 
pumping speed of 1 μL/s. Moving of water on the film was recorded by 
an optical microscope with CCD camera. 

Hydrophobic treatment of oblique PI NWs array 

The diluted PDMS (1 wt% in n-octane) was spin-coated on the 
oblique PI NWs array at 3000 rpm for 30 s, and then heated for an hour 
at 80◦C. Hence, the oblique PI NWs array coated with a thin film of 
PDMS, is hydrophobic. 

Measurement of water droplet moving on hydrophobically treated oblique 
PI NWs array 

Two pieces of the above-mentioned treated films were pasted on a 
horizontal plate with the NWs’ oblique directions inversed to each other 
(in order to eliminate the possible influence of gravity). Two water 
droplets were respectively dropped on the surface of each film, then the 
films were vibrated by a loudspeaker with a voice of 400 Hz and 87 dB. 

Fig. 1. Fabrication and unidirectional water spreading on oblique PI NWs array. (a) Schematic diagram of the fabrication process of oblique PI NWs array. (b) 
and (c) show the top view and section view SEM images of the oblique PI NWs array. (d) to (f) show the optical images of water droplet placed on oblique PI NWs 
array after 0 s, 10 s and 20 s, respectively. 
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Moving of water droplets on the film was recorded by an optical mi
croscope with CCD camera. 

Fog collection on the hydrophobically treated oblique PI NWs array 

Two pieces of the above-mentioned treated films were pasted on a 
horizontal plate, and the NWs’ oblique direction was inverse to each 
other. The films were vibrated by a loudspeaker with a voice of 400 Hz 
and 87 dB, and fog was generated with an air humidifier and transported 
to the film through a rubber tube. The surface state of the film was 
recorded by an optical microscope with CCD camera. 

Results and discussion 

Fabrication of the oblique PI NWs array 

As shown in Fig. 1a, the oblique PI NWs array was fabricated via an 
ion milling method reported in our previous work (details of the fabri
cation process are depicted in the methods) [29]. As shown in Fig. 1b 
and 1c, the obtained NWs are quite uniform possessing 20◦ oblique angle 
with the surface of the film, whose averaged length and diameter are 
about 1 μm and 200 nm, respectively. Moreover, in the whole area of the 

film, the NWs show a nearly uniform morphology and wire density. 

Anisotropic Spreading of water on oblique PI NWs array 

This asymmetric structure has been proved to prossess anisotropic 
property on many aspects [29,30], and we focused on its anisotropic 
wetting property in this work. As shown in Fig. 1d to 1f and Movie S1, 
when a water droplet is dropped on the film, the water droplet’s edge 
spreads slowly against the NWs’ oblique direction (the NWs’ oblique 
direction is indicated by the arrow in Fig. 1c) but keeps still along other 
directions. In contrast, on a PI film with vertical NWs array, water 
droplet spreads slightly outside along all directions after dropped on the 
film (shown in Fig. S1). Fig. S2 shows the contact angles of water on the 
film, as we can see, contact angles at the side against NWs’ oblique di
rection (79.4◦) is higher than the other side (66.6◦), which may be 
related to the reason of water spreading anisotropically on the film and 
the contact angles decreasing with the spreading of water droplets. This 
phenomenon proves that the oblique PI NWs array have the ability to 
control the moving behavior of the water droplets. Surface tension co
efficient is one of the important parameters of liquids, which is related to 
behaviors of liquids. Thus, we tried to reduce the surface tension of 
water through adding surfactant to it. As a result, when we replace water 

Fig. 2. Unidirectional spreading of 1 g/L SDS aqueous solution on oblique PI NWs array and of water on tilt placed oblique PI NWs array. (a) and (b) show 
optical images of the droplet placed on oblique PI NWs array after 0 s and 2.5 s. (c) shows the statistic result of spreading distance changing with time. (d) Schematic 
diagram of water placed on tilt placed oblique PI NWs array. (e) Average spreading speeds of the top edge (green squares) and bottom edge (red squares) of water in 
20 s. 
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with 1 g/L sodium dodecyl sulfate (SDS) aqueous solution in the 
experiment, the droplet spreads faster along that direction due to the 
reduced surface tension, but it is still immovable along other directions. 
Movie S2 shows a video of an SDS solution droplet dropping on oblique 
PI NWs array, and Fig. 2a and 2b show the optical images of the droplet 
after being placed on the oblique PI NWs array for 0 s and 2.5 s. From the 
video and the images we can see that the right edge of the droplet 
spreads gradually against the NWs’ oblique direction after dropping it 
on the film, and the other edges of the droplet shows no observable 
movement. In a period of 2.5 s, the distance between the left and right 
side of the water droplet changes from 2.9 mm to 4.7 mm at an average 
speed of 0.72 mm/s. And the statistical result in Fig. 2c shows that 
spreading speed of the droplet decrease with time, which might be 
caused by the decrease of the pressure due to gravity and the increase of 
the horizontal component of surface tension. 

The anisotropic spreading property of water on the film is further 
investigated by tilting the film to different angles with the horizontal 
plane (shown in the schematic image of Fig. 2d). Fig. 2e shows the 
average moving speed of top edge and bottom edge of the droplet in the 
first 20 s, the NWs’ oblique direction was set downward in this experi
ment. The results show that the average speed of droplet’s top edge 
decreases correspondingly with the increasing of tilt angle. However, 
the droplet could still move upward along the film even when the film 
was set perpendicular to the ground. On the other hand, when the tilt 
angle of the film is smaller than 26◦, the bottom edge of the droplet 
keeps still. Once it is larger than 42◦, the bottom edge starts expanding 
downward with a much slower speed than the top edge moving upward. 
This phenomenon indicates the effect of gravity in the spreading of 
water droplet, and in the meantime, there exists an asymmetric force 

acting on the droplet along the droplet’s spreading direction. Thus, 
along the droplets’ spreading direction, this force enhanced the move
ment of the droplet; while along the NWs’ oblique direction, this force 
hindered the movement of droplet. This asymmetric force might come 
from the capillary force generated by the oblique PI NWs array. 

To further explain the above phenomenon, we give an interpretation 
based on the relationship between unbalanced Young’s force which is a 
capillary force and three terms of dissipations (wedge dissipation, pre
cursor film dissipation and an unknown dissipation) proposed by P. G. 
de Gennes. [31], 

FU = T
(
Σw + Σf + Σl

)

Here, F is the unbalanced Young’s force, U is the velocity of the 
contact line and TΣw represents the wedge dissipation which is one kind 
of viscous friction caused by the rolling motion of the liquid in this re
gion. This wedge locates at a position which is about 100 μm from the 
nominal contact line. Ahead of this wedge exists a precursor film 
extending over a finite distance (Fig. 3a). TΣf represents the viscous 
dissipation in this region. The analytical form with parameters of the 
above two terms has been obtained. TΣl represents an unknown dissi
pation term which may come from the local structure. 

To describe the effect of the film on the droplet’s behavior, we add 
two other force terms to the right side of the equation. One term is the 
capillary force exerted by the oblique PI NWs array, which is concluded 
from the experimental phenomena. And another term is the gravity 
which is introduced to describe the droplet’s behavior on a tilted sub
strate. As for the unknown dissipation term TΣl, we represent it with the 
oblique PI NWs array’s hysteresis effect. More detailed derivation pro
cess about each term can be found in the Supplementary Information. 

Fig. 3. (a) Schematic diagram to explain the directional spreading of water on the obliquePI NWsarray, (b) simulation result of the average spreading of water 
against NWs’ oblique direction in case of this direction tilted upward, and the corresponding experimental result. 

L. Cheng et al.                                                                                                                                                                                                                                   



Surfaces and Interfaces 22 (2021) 100784

5

Combing with the revised equation, we can give a brief quantitative 
description about the peculiar experimental phenomena. 

According to our model, the hysteresis generated by oblique PI NWs 
array hinders the spread of the droplet to a certain extent, and capillary 
force plays an important role along the direction parallel to oblique PI 
NWs arrays. As a result, along the direction perpendicular to NW arrays, 
the velocity of the droplet on oblique PI NWs array should be much 
lower than that on bare substrate. This is in accordance with the 
experimental result where the movement of these two edges of the 
droplet is invisible. And along the NWs’ oblique direction, capillary 
force is negative, which further hinders the spreading of water droplet. 
While along NWs’ oblique direction, capillary force is positive and 
promotes spreading of the droplet. Therefore, the droplet shows a 
preferred unidirectional spreading direction. 

When the PI film is tilted, the effect of gravity should also be taken 
into account. Against NWs’ oblique direction, the gravity term is nega
tive, so there is a competition between capillary force and gravity. Their 
resultant force determines the spreading behavior of water droplet. With 
the gradual increase of the tilt angle, this resultant force decreases 
accordingly, which leads to a gradual lowing down of the spreading 
velocity of the water droplet’s top edge. While along NWs’ oblique di
rection, the gravity term is positive, so the resultant force of the capillary 
term and gravity term increases gradually with the increasing of tilt 
angle. When the tilt angle is larger than a certain value, droplet starts 
spreading along this direction. 

To quantitatively study the spreading behavior of water droplet on 
oblique PI NWs array, a simulation is conducted based on the above 
proposed model. As shown in Fig. 3b, the calculated curve of the average 

spreading speed of droplet’s top edge with tilt angle fits well with the 
experiment results, which further proves that the model is reasonable. 
By now, all experiments and theoretical analysis prove that the capillary 
force drives water droplet to spread unidirectionally against NWs’ 
oblique direction and even conquers the gravity to make droplet climb 
up along upright PI film. 

3.3.Directional. water transportation on oblique PI NWs array 

Then, we try to transport water directionally with the oblique PI NWs 
array. As shown in Fig. 4a, a piece of film is bent into an arc-shape with 
curvature radius of 2.7 cm, and deionized water was added onto the left 
side of the film continuously by a needle with the injecting speed of 1 
μL/s. Fig. 4b and Movie S3 show the water droplet moving from left side 
to the right side in about 40 s, and Fig. 4c shows the relationship be
tween the moving direction and the time after adding water, the moving 
speed of the droplet was almost constant with little reduction when 
passing the arch. This result shows that using the oblique PI NWs array, 
we can transport water directionally against the NWs’ oblique direction. 

Anisotropic movement of water on hydrophobically treated oblique PI NWs 
array 

When the oblique PI NWs array was treated hydrophobic, water 
droplet could no longer spread on its surface, but other interesting 
anisotropic wetting property emerged. Using a very simple method 
(shown in the methods), we treated the oblique PI NWs film hydro
phobic. As Fig. 5a and 5b show, after the treatment, the morphology of 

Fig. 4. Water transportonthe oblique PI NWs array. (a) Optical image of the bent PI film with oblique NWs array. (b) Optical images of the water droplet added on 
the film with 1 μL/s speed after 10 s, 20 s and 30 s. (c) Statistic result of the transport distance changing with water adding time. 
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Fig. 5. Movement of water droplet on hydrophobically treated oblique PI NWs array under vibration. (a) Top view SEM image of the hydrophobically treated 
oblique PI NWs array, the insert shows the structure after treatment. (b) Optical image of 5 μL water droplet on the film, the contact angle is 109◦. (c) Schematic 
diagram of the equipment to test water droplet on the hydrophobically treated oblique PI NWs array moving under vibration (d) to (f) show the optical images of the 
films with water droplets after 0 s, 1 s and 2 s vibration by sound wave. (g) Contact state of the NWs and the water droplet, and the force applied on the water droplet. 
(h) Resultant force applied on water droplet. 

Fig. 6. Fog collection using hydrophobically treated oblique PI NWs array. (a) Schematic diagram of the equipment to collect fog with hydrophobically treated 
oblique PI NWs array. (b) and (c) show the optical images of the films after 0 min and 10 min, respectively. (d) to (g) show the movement of a water droplet on 
the film. 

L. Cheng et al.                                                                                                                                                                                                                                   



Surfaces and Interfaces 22 (2021) 100784

7

the NWs array exhibits no obvious change, but the contact angle of the 
array to water changes to 109◦. In this condition, a water droplet will not 
spread anisotropically on the film, but will move against the NWs’ 
oblique direction under vibration (schematic diagram of the equipment 
shown in Fig. 5c) with about the average moving speed of 4 mm/s 
(shown in Fig. 5d-5f and Movie S4). The directional movement of water 
droplets on hydrophobically treated oblique PI NWs array could be 
explained by the following reason (shown in Fig. 5g and 5h): as the NWs 
array was treated hydrophobic, water contact only with the top side of 
the NWs (as that shown in Fig. 5g), and thus when the film with oblique 
PI NWs array vibrates, NWs applied a force perpendicular to the NWs 
(shown with the yellow arrows in Fig. 5g). Since the gravity balanced 
the component force perpendicular to the ground, the resultant force 
applied on the water droplet was horizontal against the oblique direc
tion of NWs (shown in Fig. 5h). Consequently, the water droplet moves 
directionally against NWs’ obliquity under vibration. 

Directional fog collection on hydrophobically treated oblique PI NWs array 

As small water droplets could move fast on the surface of hydro
phobically treated oblique PI NWs array, fog drops coagulating on the 
film could be accumulated together based on this phenomenon and 
transported directionally to a collector, which may be useful in fog 
collection. Based on the theory shown in Fig. 6a, we tried to collect fog 
with the hydrophobically treated oblique PI NWs array, and transport 
the collected water directionally under vibration. Fig. 6b-6g and Movie 
S5 show the process of fog coagulating on the film and the movement of 
the droplets on the film under vibration. As we can see, with the coag
ulating of fog drops, water droplets grew on the film and merged with 
neighboring droplets. When the water droplets grow large enough, they 
start moving, joining the other droplets in their path, and finally taking 
the collected water out of the film against the NWs’ oblique direction. In 
this case, the droplets could be collected easily by a collector. 

4. Conclusion 

In summary, we fabricated oblique PI NWs array and studied its 
anisotropic wetting properties. Water droplets dropped on the oblique PI 
NWs array spread anisotropically on the surface, with their edge 
spreading against the NWs’ oblique direction. Water droplets could 
spread up even when the film was set perpendicular to the ground. 
Theoretical research shows that unidirectional spreading of water 
droplets was mainly caused by the capillary force generated by the 
oblique PI NWs array. The oblique PI NWs array could be easily treated 
hydrophobic on which water droplets moving directionally against 
NWs’ obliquity under vibration. Furthermore, we exhibited the potential 
to apply the oblique PI NWs array on water transport and fog collection. 
As the NWs array could be easily fabricated on PI films, this material 
might be very useful in these large-scale applications which need simple 
manufacturing process and high production. 
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