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Abstract — A nanostructured surface is proposed for potential application of anti-icing. This surface integrates microcavities with doubly
reentrant nanostructures which can simultaneously enhance static repellency and dynamic pressure resistance. This surface is inspired by
the skin structure of a spring tail which can survive even in oil and ethenal. We fabricated nanostructures with overhanging edge which
exhibited great wetting resistance ability. It is found that when a droplet impacting on different surfaces, the newly fabricated
nanostructured doubly reentrant surface shows a shortest contact duration in comparison with other surfaces. Therefore, the nucleation
for icing on a cold doubly reentrant nanostructures is depressed and the surface shows icephobic property. Our new structure showed
great wetting resistance ability in both static and dynamic conditions, under low temperature and the theoretical analysis accorded with
the existing simulation work. The decrease of contact time for the new surface also gave the potential in applications like anti-icing in
the future.
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1. Introduction

Superomniphobic surfaces are commonly observed in nature and have wide applications. Inspired by the skin structure
of a spring tail which can survive even in oil and ethenal?, structures with overhanging edge were provided recently and
exhibited great wetting resistance ability?3. Among these new surfaces, doubly re-entrant structure showed highest
hydrophobicity cause it, for the first time, successfully repelled FC-72*. However, dynamic studies and studies in freezing
temperature still lack. In our work, visualization techniques of high-speed camera, droplet generating system and cooling
chamber were applied to capture the details of the transient droplet impacting process on the new surface. Based on which
the impacting performance was studied, and the impacting time was also measured and compared. The new structure showed
great wetting resistance ability in both static and dynamic conditions, and the theoretical analysis accorded with the existing
simulation work®,

2. Experimental Methods

The experiment setup for contact angle measurement and droplet impact was established as shown in Figure 1(a). The
LED lamp provided cold light and the high-speed camera caught the images of droplet dynamic process. Sample plate was
set in center, above which was the adjustable-height needle connecting to the threaded syringe, which can precisely control
the droplet volume within 0.1uL, to ensure smoothly change of the droplet volume during experiments. Since the impacting
process was so fast, both time interval and exposure time should be small enough. Detailed parameters of the high-speed
camera setting in the experiment are listed in Table 1.

Table 1: Setting information of high-speed camera.
FPS Resolution l:'.\posurc(us‘)

CA Measurement S0 1280%960 1995
l)mplct Im[}ucl 5000 640*480 I6
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The cooling chamber was removable and set at the same place as the sample plate with its structure illustrated in Figure
1(b). The wall of the cooling chamber was made by aluminum with the front and back being transparent, around which were
the thermoelectric coolers connected by the water-cooling modules. The outer layer of the chamber was made from
Styrofoam to reduce heat loss. Another thermoelectric cooler module was mounted under the test chamber to change the
temperature of the substrate. Two pipes were connected to the test chamber to control humidity. Two temperature sensors
were used to measure the substrate and air temperature respectively. One humidity sensor was also applied inside. A droplet
generator was mounted at the top of the chamber.
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Fig. 1: (a) The schematic of experiment setup; (b) The structure of the cooling chamber.

3. Results and Discussion

For static contact angle measurement, the microstructure of the surface is shown in Figure 2(a). Without any surface
treatment methods, both water and FC-40 achieved high contact angle as illustrated in Figure 2(b). However, the structure
of this surface was relatively large, for the pitch distance was over 100um. Since the small droplets can be smaller than 30um
in real applications, we then fabricated a new surface as illustrated as surface A in Figure 2(c). Also, a sample without
overhanging edge was fabricated to be compared as the traditional closed-cell structure surface, which was regarded as the
best deign® for droplet rebounding as shown in Figure 2(c) named surface B. Detailed parameters are listed in Table 2. Before
doing experiments, both surface A and B were coated with FAS (1H,1H,2H,2H-Perfluorodecyltriethoxysilane).

Figure 2(d) illustrated the details of droplet impacting. The droplet firstly impacted on the substrate and a thin layer
water formed at the bottom. Later, the edge of this layer expanded to the largest and then went back to center. Some small
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droplets splashed at the edge when the impacting velocity reached a critical value. And the main part of the droplet was then
rebounded from the surface if it was not wetted, otherwise the droplet would stick on it. Since the time interval of the images
was constant, the contact time can also be measured and compared.
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Fig. 2: (a) The micro structure of the static test sample; (b) Contact angle of water (surface tension: 72mN/m) and FC-40

(surface tension: 16mN/m) on the static test sample; (c) Micro structure of surface A and B; (d) The moments during the droplet
impacting (surface A, We=1000).

Table 2: Parameters of the micro structure for surface A and B.

D(pum) P(um) H(pm)  d(pm) (nm) h(um) Solid Fraction
Surface A 2.5 30 35 0.5 100 0.8 0.16
Surface B 2.5 30 35 / / 0.16

In dynamic studies, both surface A and B successfully rebounded droplets under high Webber number conditions as
illustrated in Figure 3(a), while surface A showed better rebound ability in both small and large Webber number conditions.
With the assistance of high-speed camera, the contact time during the droplet impacting process was measured for it strongly
affected the heat transfer between the droplet and substrate as shown in Figure 3(b), and it is clear that our new surface had
shorter contact time compared with the traditional surface. Theoretical analysis of Laplace breakthrough and Canthotaxis
effect was conducted to analyze the micro wetting behavior at the top, and the values are 100.4hPa and 20hPa for surface A
and B, respectively; adiabatic compression model was used, noted as ‘air-spring effect’, to describe the pressure change
inside the cavities, which is around 496hPa when compressed to be 3/4 as the initial volume. Based on the existing simulation
work, the peak value as illustrated in figure 3(c) of the pressure distribution is estimated to be around 400hPa when We
equals to 1100, which accorded with the value of adiabatic compression.
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4. Conclusion

Air-spring effect plays the main role in high-pressure region, while in low-pressure region the level of breakthrough
pressure at top differ the wetting resistance of our new surface to the traditional ones. The two mechanisms work together to
render our new surface with higher wetting resistance ability and reduce the contact time. Under freezing temperature, ice
nucleation usually happens when the contact time exceed a critical value. Thus, reduced contact time also gives enhanced
icephobicity of the new surface. We believe this work will be helpful in designing novel robust superomniphobic surfaces in

applications like aircraft anti-icing and prolonged biofluid resistance.
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Fig. 3: (a) Droplet rebound conditions under different Webber numbers; (b) Contact time comparison for surface A and B; (c)
Pressure distribution on the substrate at the moment of droplet impacting.
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