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Table S1. Fabrication techniques and hydrophobicity parameters of various superhydrophobic 

surfaces. 

Surfaces Main fabrication 
technique 

Surface 
modification 

technique 
CAa CAH / 

ROAb H*c 

CNT (this study) PVD + CVD Vacuum 
annealing 171 3 7.5x107 

Si nanoparticles1-3 Sol-gel Sol gel 165–173 3 1.4x105–1.6x106 

Si nanopillars4-6 
PVD + 

photolithography 
+ RIE 

CVD 154–165 1 1.1x105–9x105 
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CNT7-10 PVD + CVD CVD 173–180 1 4.5x104–3.3x105 

Polybutadiene11 Sol-gel CVD 174 1 4.5x104 

Polymer fibers12-

13 
Electrospinning 

or sol-gel  Sol-gel 165–180 0 2.5x102–3.2x104 

Si micropillars13-

15 

PVD + 
photolithography 

+ RIE 
CVD 157–176 0–5 1x103–1.5x103 

Lotus leaf16 N/A N/A 155  1.8x102 

a. Contact angle 

b. Contact angle hysteresis / roll-off angle 

c. Dimensionless robustness parameter16 

 

DROPLET IMPACT PARAMETER SPACE  

There are several important parameters governing the nature of impinging droplet that have to 

be taken into account. Those parameters are the droplet diameter (di), density (ρ), dynamic 

viscosity (µ) and surface tension (σ) of the liquid, impact velocity (vi) of the droplet and the 

external air pressure. To make the analysis simpler, these parameters are represented by several 

important dimensionless numbers: Weber number (We), Reynolds number (Re), Ohnesorge 

number (Oh), Froude number (Fr), Bond number (Bo), and Capillary number (Ca). Weber 

number is defined as We = ρvi2di σ⁄ . Reynolds number is defined as Re = ρvidi µ⁄  . Ohnesorge 

number is defined as Oh = µ �ρσ di⁄ = √We 𝑅𝑒⁄ . Froude number is defined as Fr =  vi2 gdi⁄ . 

Bond number is defined as Bo = ρgdi2 σ⁄ . Capillary number is defined as Ca = µvi σ⁄ . In this 

work, Weber number was varied from We=1.79 to We=335.32, which proportional to Reynolds 

number from Re = 529.64 to Re = 10,701.23. This broad range of Weber number was achieved 

by varying the initial droplet size from di = 2.2 mm to di = 3.8 mm and impact velocity from vi = 
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0.24 m/s to vi = 2.51 m/s, using DI water with a density of ρ ≈ 997 kg/m3 and a surface tension of 

σ ≈ 0.072 N/m.  

The effect of viscosity to the droplet can be considered to be minimal since the Ohnesorge 

number of experiment was found to be 1.71x10-3 ≤ Oh ≤ 2.52x10-3. In addition, the Froude, 

Bond, and Capillary number were set to be 2.24 ≤ Fr ≤ 229.22, 0.65 ≤ Bo ≤ 2.02, and 3.37x10-3 ≤ 

Ca ≤ 3.13x10-2, respectively. This condition implies the following: the effect of inertia is 

stronger than that of gravity, the effect of gravity is comparable to that of surface tension, and the 

effect viscosity is much less than that of surface tension. Further, the ratio between Bond and 

capillary numbers was found to be much larger than unity in each experiment. This ratio, which 

is defined as Bo Ca⁄ = ρgdi2 µvi⁄ , compares the effect of gravity and viscosity to the water 

droplet. Consequently, the effect of viscosity is also insignificant compared to the effect of 

gravity. Therefore, the impact behavior can be conveniently expressed just by Weber number. 

Weber number is considered as the most important parameter mainly because of its appearance 

in the energy balance of the droplet, which has been discussed in detail elsewhere,17-23 and to 

avoid competition between two main components of kinetic energy, i.e. vi and di. All of these 

dimensionless parameters are summarized in Table S2. 

Table S2. Dimensionless parameters of the experiment. 

 We Re Oh Fr Bo Ca Ba/Ca 

Min 1.79 529.64 1.71x10-3 2.24 0.65 3.37x10-3 21.14 

Max 335.32 10,701.23 2.52x10-3 229.22 2.02 3.13x10-2 287.99 
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DROPLET PINNING  

Although no droplet pinning on the surface of the SH-CNT array is ever observed during the 

experiments, it does not necessarily mean that the droplet will never get pinned on the SH-CNT 

array. This actually suggests that the critical Weber number where droplet pinning takes place 

may be much smaller than We=1.79. In the very low We regime, the pinning Weber number 

(We0),24 can be roughly approximated as following: 

We0 = 12 | cos 𝜃𝐴  −  cos 𝜃𝑅 |         1 

with θA and θR indicate the advancing and receding contact angles respectively. For SH-CNT 

array with θA = 173° and θR = 166°,25 the pinning Weber number may be found around We0 = 

0.27, which is about an order of magnitude lower than the lowest We performed in this current 

study. This We0 approximation is in fact similar to that observed on a CNT-coated 

micropatterned silicon surface where it was found that We0 = 0.1.15 

It has been hypothesised that partial pinning phenomenon in the high We regime occurs when 

the Laplace pressure (PL) of the deformed liquid-vapor interface is higher than the dynamic 

pressure (PD) of the impinging water droplet, but at the same time smaller than the effective 

water hammer pressure (PWH) of the impinging water droplet PWH > PL > PD.26-27\15, 28 The 

Laplace pressure of the liquid-air interface can be written as:28 

PL = −2√2σcosθA
L

           2 

with L is the intertube spacing of the SH-CNT array. The dynamic pressure of the droplet (PD), is 

given by: 
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PD = 1
2
ρvi2            3 

with vi is the impact velocity of the droplet. The effective water hammer pressure of the droplet 

(PWH) is given by: 

PWH = 0.2ρCvi2           4 

with C is the sound velocity in water, which in this case C ≈ 1497 m/s.  

Using Eq. 2, the Laplace pressure of the liquid-air interface on the SH-CNT array with L ≈ 40 

nm is calculated to be PL ≈ 5 MPa. Using Eq.3, the maximum dynamic pressure of the impinging 

water droplet is calculated to be PD ≈ 3.1 kPa. Using Eq.4, the maximum water hammer pressure 

of the impinging water droplet is calculated to be PWH ≈ 0.75 MPa. Since in this case PL > PWH 

>> PD, the SH-CNT array is always in the total non-wetting state.28 This prediction is in a good 

agreement with the experimental result where no droplet pinning has ever been observed on the 

SH-CNT array, even at a very high impact velocity of vi = 2.51 m/s (equivalent to We = 335.32). 

Since droplet partial pinning occurs when PWH = PL, the pinning velocity can be predicted by 

combining Eq.2 and Eq.4. On the other hand, since total wetting occurs when PD = PL, the total 

wetting velocity can be predicted by combining Eq.2 and Eq.4. Based on the actual dimensions 

of SH-CNT arrays, with L = 40 nm, the water droplet partial pinning and total wetting are 

predicted to occur at an impact velocity of vi =4.1 m/s and vi = 100.7 m/s respectively. 

 

SPREADING FACTOR  

Based on the energy conservation approach, the droplet's energy balance during the free fall, 

impingement, and rebound phases is given by: 
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KE1 + SE1 = KE2 + SE2 + W12         5 

KE2 + SE2 − W23 = KE3 + SE3        6 

Eq.5 represents the droplet's energy balance during the free fall and spreading phases, while 

Eq.6 represents the droplet's energy balance during the retraction and rebound phases. KE1 and 

SE1 are the droplet's kinetic energy and surface energy respectively during the free fall phase 

right before the impact. KE2 and SE2 are the droplet's kinetic energy and surface energy 

respectively when it reaches its maximum spreading diameter during the impingement. KE3 and 

SE3 are the droplet's kinetic energy and surface energy respectively during the rebound phase 

right after the impact. The loss of energy due to viscous dissipation when the droplet spreads and 

retracts on the surface during the impact are denoted by W12 and W23, respectively. When the 

impinging droplet reaches its maximum diameter, the droplet's kinetic energy can be assumed to 

be negligible KE2 = 0, because the velocity of the droplet is basically zero at that instant.  

If it is assumed that the loss of energy due to viscous dissipation during the spreading and 

retraction phase is equal, W12 = W23 = W, Eq.5 and Eq.6 can be written in a single equation as: 

KE1 + SE1 = KE3 + SE3 + 2W         7 

where the kinetic energy of the droplet during the free fall and rebound phases is given by  

KE1 = 1
6
πρdi3vi2          8 

KE3 = 1
6
πρdr3vr2          9 

and the surface energy of the droplet during the free fall and rebound phases is given by  

SE1 = πdi2σ           10 
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SE3 = πdr2σ           11 

After substituting Eq.8, Eq.9, Eq.10, Eq.11, into Eq.7, the loss of energy can be written as: 

W = 1
12
πρ(di3vi2 − dr3vr2) + 1

2
πσ(di2 − dr2)      12 

Since vr = εvi and it can be assumed that dr ~ di, Eq.12 can be rewritten as: 

W = 1
12
πρdi3vi2(1 − ε2)         13 

where ε is the coefficient of restitution of the impinging droplet. 

The droplet's surface energy when it reaches its maximum spreading diameter can be expressed 

as:20  

SE2 = πσdsls + π
4
σ(ds − ls)2(1− cos θs)       14 

where ls and θs are the thickness and the equilibrium contact angle of the droplet when it reaches 

its maximum spreading diameter (ds). Experimental data show that the thickness of the droplet 

when it reaches its maximum diameter decreases rapidly as the increase of Weber number. At 

small Weber number, We < We1, the droplet's thickness is still comparable to the maximum 

diameter of the droplet. However, at a moderate Weber number, We1 ≤ We < We2, the droplet's 

thickness becomes an order of magnitude smaller than its maximum diameter. At even larger 

Weber number, We ≥ We2, the droplet's thickness is found to be l << ds and can no longer be 

observed. Since the first term of Eq.14 is smaller than the second term, it is reasonable to drop 

the first term from Eq.14.21, 23. In addition, for superhydrophobic surfaces with θs ≥ 150°, the 

value of cos θs is close to unity. Consequently, Eq.14 can be approximated as:  

SE2 = πdsσ           15 
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By substituting Eq.8, Eq.10, Eq.13, and Eq.15 into Eq.5, the energy balance before the 

impinging droplet reaches its maximum spreading diameter can be written as: 

1
6
πρdi3 vi2 + πdi2σ = πds2  + 1

12
 πρdi3vi2 ( 1 − ε2 )     16 

Since β = ds / di and We = ρdivi / σ$, Eq.16 can be simplified as: 

𝛽 =  � 1
12
𝑊𝑒 (1 + 𝜀2)  +  1�

1 2⁄
         17 

where β is the spreading factor of the impinging droplet. Compared to other published models of 

β,21, 23, 29, the model given by Eq.17 gives the best agreement to the experimental data (Figure 

S4). 
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 FIGURES 

 

Figure S1. Schematic of the experimental setup. 
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Figure S2. (a) High magnification scanning electron microscopy image of SH-CNT array after 

the droplet impact experiment at We ≈ 335. (b) Top view of AG-CNT array (bottom left) and 

SH-CNT arrays submerged in a deep pool of DI water. The AG-CNT array appears black while 

the SH-CNT arrays look reflective. (c) Top view of the same AG-CNT array and SH-CNT arrays 

two weeks later, showing the silvery appearance of the SH-CNT arrays. This confirms the 

capability of SH-CNT arrays to retain their Cassie state superhydrophobicity even after being 

continuously submerged in water for two weeks. 
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Figure S3. (a) Survey-scan XPS spectra of C1s and O1s peaks of AG-CNT and SH-CNT arrays 
used for calculating O/C ratio. (b) High-resolution XPS spectra of O1s peak of AG-CNT and 
SH-CNT arrays.  
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Figure S4. Correlation plot of β obtained from experimental observation and model prediction. 

The model for β is given by (a) Clanet et al.,29 (b) Vadillo et al.,21 (c) Lee and Lee,23 (d) Eq. 17. 
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Figure S5. (a) Probability of a water droplet to create a Worthington jet or a prompt splash upon 

impact. Log-log plots of (b) ε, (c) β, and (d) τC as a function of We of the droplet. Markers 

indicate the mean data observed in the experiment and error bars indicate the standard deviation 

from the mean.  

 


