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Section 1. Calculation of the kinetic energy of the main droplets. 32 
  33 

 34 

Supplementary Fig. 1. Variation of the rebounding height H and lateral displacements L of the droplets 35 

from three surfaces. (a) The droplet height H. (b) The lateral displacement L. (c) The kinetic energy of the main 36 

droplet and the satellite drops. Each data is the average of 5 impacts. 37 

The evolution of the droplet rebounding height H and the lateral displacement L is shown in Supplementary 38 

Fig. 1a and 1b. In the vertical direction, the vertex of the droplet rebounding curve from the LPW surface is 39 

similar to that from the SHB surface, and is higher than that from the APW surface. Meanwhile, all these curves 40 

can be well-fitted by the freely upcast motion that is governed only by gravity (Supplementary Fig. 2). Meanwhile, 41 

when the main droplets reach the vertex of the rebounding curves, the surface area (surface energy) of the droplets 42 

from the three surfaces are almost the same, indicating that the excess surface energy of the elongated droplets is 43 

dissipated and will not be converted into the kinetic energy of the droplet during the rebounding process.  44 

In the lateral direction, the droplets only deviate on the APW and the LPW surfaces, with deviating more 45 

prominent on the APW surface (Supplementary Fig. 1b). The kinetic energy of the satellite drops generated from 46 

the Plateau-Rayleigh instability is shown in Supplementary Fig. 1c. The kinetic energy of satellite drops from the 47 

SHB surface is the largest, followed by that from the LPW and the APW surface. 48 

  49 

Supplementary Fig. 2. Comparison of the droplet trajectories in the vertical direction with the free upcast 50 

motion that is governed only by gravity. (a-c) Droplet trajectories of the APW, the LPW, and the SHB surface, 51 

respectively.  52 
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Calculation of Ek 58 

First, we measure the velocity of the droplet at the moment of departure from the surface. Using a high-speed 59 

camera, the morphology of the droplet is precisely captured with a time-interval of 0.1 ms for adjacent frames. In 60 

the vertical (y axis) direction, the position of the droplet is obtained by averaging the positions of the top and 61 

bottom ends of the droplet. The trajectory of the droplet in the vertical direction is shown in Supplementary Fig. 62 

2. The trajectory can be well fitted by the upcast motion curve that governed only by gravity, indicating that 63 

measuring the position of the droplet using this approach is reasonable. Accordingly, the velocity of the droplet 64 

in the vertical direction can be determined through the gravity fitting curve. Similar approach is used to calculate 65 

the droplet velocity in the lateral direction. Hence, we can get the total velocity of the droplet at the moment of 66 

departure from the surface. 67 

Next, we measure the mass of the droplet. The shape of the droplet is elongated and irregular when departing 68 

from the surface. According to the conservation of mass, we measured the volume of the droplet at the peak of 69 

its upward motion, considering that it is spherical. The mass of the droplet can be obtained by multiplying volume 70 

with density. 71 

The rebounding kinetic energy of the main droplet can be obtained by �� =
�

�
���.72 



Section 2. The droplet spreading and retraction processes. 73 

 74 
  75 

 76 

Supplementary Fig. 3. Snapshots of the droplet spreading process on the LPW and the SHB surfaces. 77 

The droplets show indistinguishable spreading behaviors on the LPW and SHB surfaces, so we mainly focus 78 

on the droplet retraction stage.  79 

 80 

Supplementary Fig. 4. The variation of d�/d� with time on different surfaces. 81 

Supplementary Fig. 4 is roughly divided into 3 areas. d�/d� of the SHB surface is close to 0 in the whole 82 

retraction process, as denoted by the blue area with 3 satellite drops (SD). The other two areas are the yellow area 83 

with 1 SD and the green area with 0 SD.  84 
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Section 3. Numerical methods and boundary conditions. 86 

The numerical calculations are conducted in software ANSYS Fluent. The dynamics of the water droplet 87 

impacting on the SHB and LPW surfaces are both simulated by using the coupled Level-set and Volume of Fluid 88 

(CLSVOF) method. The governing equations of the simulation method can be referred to the previous work 1,2.  89 

The water and air are simulated within a cylindrical domain with radius 6 mm and height 6 mm, which contains 90 

more than 4.6 million hexahedral cells generated by sweeping method after the grid independence test. To 91 

improve the accuracy of calculation, the near-wall grid is densified self-adaptively. The corresponding time step, 92 

1.0e–6 s, is of good efficiency and convergence. In the computational domain, the bottom surface is regarded as 93 

a non-slipping wall with different contact angles applied in different regions, and the other surfaces of the 94 

cylindrical domain are set as pressure outlet boundaries. The coupling equations of pressure and velocities were 95 

solved via the PISO (Pressure Implicit Split Operator) method. As for the two phases, the primary one is set as 96 

air, while the secondary one set as water. At the initial stage, the water droplet was modeled as a sphere with a 97 

downward impact velocity. All the parameters used in the simulations are list in the Supplementary Table 1. 98 

 99 

Supplementary Table 1. List of simulation parameters. 100 

Parameters Values Units 

Water drop diameter 2.1 mm 

Drop impact velocity 1.5 m s−1 

Density of the water, air 998.0, 1.225 kg m−3 

Viscosity of the water, air 1.003e−3, 1.789e−5 Pa s 

Gravitational acceleration 9.8 m s−2 

Surface tension of the water 72 mN m−1 

Width of the SHP pattern  200 μm 

Contact angle of the SHB, SHP surface  160, 10 ̊ 
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Section 4. Droplets impact on different patterned-wettability surfaces. 103 

During the analysis of the droplet receding dynamics, we propose the net liquid flow rate, dS/dt, and dS/dtmax, 104 

to evaluate the asymmetry of the liquid receding. Increasing the dS/dtmax can suppress the liquid instability and 105 

enlarge the main droplet rebounding kinetic energy. However, this principle should consider the adhesion force 106 

between the droplet and the superhydrophilic pattern, and is applicable to the patterned wettability substrates. 107 

Therefore, although the superhydrophobic surface has the lowest value of dS/dtmax, it has a relatively large value 108 

of Ek. For clarification, we designed a patterned wettability substrate consisting of a superhydrophilic line in the 109 

center of the pattern, as shown in Fig. 3b and 3c. When a water droplet impacts on the surface, it also has the 110 

lowest value of dS/dtmax, as well as a very small rebounding kinetic energy Ek (Fig. 3d). 111 

112 



Section 5. Droplets impacting under different We numbers. 113 

 114 
   115 

 116 

Supplementary Fig. 5. Droplets impacting under different We numbers. (a) Satellite drop number, (b) 117 

elongation length of the main droplets and (c) the kinetic energy of main droplets Ek of the two surfaces. Each 118 

data is the average of 5 impacts. 119 

The generality of suppressing Plateau-Rayleigh instability by breaking the symmetry of surface wettability is 120 

then elucidated at different droplet We numbers. The results clearly illustrate that, for the droplets with We ranging 121 

from 21 to 63, the APW surfaces show a prominent effect on suppressing the instability of the rebounding droplet, 122 

with less satellite drops and shorter droplet elongation, compared with those from the SHB surface.  123 

For small We such as We = 7.8, the droplet rebounds without satellite droplets on SHB surface, which is consist 124 

with the previous reports 3. While the droplet is captured by the superhydrophilic patterns on the APW surface, 125 

due to the large solid-liquid adhesion force. For large We (e.g. We = 63), the droplets splash after impacting on 126 

both the SHB and the APW surfaces. However, in that case, the APW surface can still reduce the number of the 127 

satellite drops, compared with the SHB surface. The droplet instability suppression using APW surfaces can also 128 

be demonstrated by the enhanced rebounding kinetic energy of the main drops (Supplementary Fig. 5c). 129 

 130 
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Section 6. Droplets impacting on the cantilever beams. 132 

 133 

 134 

Supplementary Fig. 6. Power improvements under different resistances. The maximum power improvement 135 

((P-APW-P-SHB)/P-SHB) is 36.5%, where the external resistance is 100 KΩ. Each data of output power is the average 136 

of ten impacts. 137 

 138 

The cantilever beam used in our work has the eigen vibration frequency f� of 104.3 Hz. f� is calculated as f� =139 

�.��

��
�

��

���(����)
 4, where �, �, �, �, and � are the beam mass, length, area moment of inertia (� = ��� 12⁄ , where 140 

b is the width and c is the thickness of the beam.), Young’s modulus (E-PET = 3700 MPa), and the Poisson’s ratio 141 

(n-PET= 0.3), respectively. 142 

 143 

 144 

Supplementary Fig. 7. Droplet impact physics of the droplets and the cantilever beams. (a) Droplets 145 

contacting with the beams. (b) Maximum spreading of droplets. (c) Comparison of force arm in the process of 146 

droplet retraction. 147 

After impacting on the cantilevers, the droplets exhibit similar spreading behaviors on SHB and APW surfaces 148 

(Supplementary Fig. 7a, 7b, and Supplementary Movie 2), meaning that the wettability pattern on the APW 149 

surface shows negligible influence to the droplet spreading. At the droplet retraction stage, the droplet recedes 150 

symmetrically on the SHB surface, while the center of gravity remains fixed in the whole retraction stage. 151 

However, on the APW surface, the droplet recedes asymmetrically due to the lateral adhesion force from the 152 

superhydrophilic pattern, making the gravity center the droplet shifting to the left (Supplementary Fig. 7c and 153 

Supplementary Movie 2). As a result, the force arm of the cantilever beam is extended, and the torque applied to 154 

the cantilever beam is increased.  155 



 156 

Supplementary Fig. 8. The amplitude of two kinds of cantilever beam in one period after one droplet impact, 157 

respectively. 158 

For a piezoelectric device, the generated voltage is decided by the amplitude of the deformation 5,6. In a 159 

capacitive element, the current is proportional to the change rate of the voltage. Increasing the vibration frequency 160 

of the device (or shortening the vibration period) will enlarge the change rate of the voltage, which enlarges the 161 

current. Therefore, compared with the SHB surface, the vibration frequency of the cantilever beam is obviously 162 

promoted, as shown in Supplementary Fig. 8, which corresponds to the larger current peaks on APW surface (Fig. 163 

4b). Consequently, the output power of the droplet is increased compared with SHB surface. 164 

 165 

 166 

Supplementary Fig. 9. Rebounding of droplets after impacting on the beams at We = 4. (a) Beams equipped 167 

with SHB surface. (b) Beams equipped with APW surface. 168 

 169 

 170 

Supplementary Fig. 10. Rebounding of droplets after impacting on the beams at We = 72. (a) Beams 171 

equipped with SHB surface. (b) Beams equipped with APW surface. 172 

The effect of the Weber number (We = ρV2R/γ, where ρ is the liquid density, V is the liquid density, R is the 173 

droplet radius, and γ is the liquid surface tension) on the power output of the device, is investigated to provide 174 

more application scenarios for applications such as harvesting renewable sources like raindrops. As summarized 175 

in Fig. 4d, for a large Weber number range (We ≥ 15), the power output of the beams equipped with an APW 176 

surface are larger than that with a SHB surface. 177 

For small We numbers, i.e. We = 4, the droplet will be pinned by the superhydrophilic pattern on the APW 178 

surface due to the small kinetic energy (Supplementary Fig. 9). In that case, the power output is smaller than that 179 



using a superhydrophobic surface. For large We numbers, i.e. We = 72, the droplets splash after impacting on both 180 

the superhydrophobic and the APW surfaces, as shown in Supplementary Fig. 10. The droplet splashing behaviors 181 

are the same for these surfaces, therefore generating similar power output.  182 

  183 
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Captions for Supplementary Movies 1-2 199 

Supplementary Movie 1: Symmetrical and asymmetrical droplet impact dynamics. 200 

Supplementary Movie 2: Droplets impacting on piezoelectric devices at We = 47. 201 
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