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INTRODUCTION
Phase-change heat transfer has attracted great attention in engineering disciplines in recent years due to the tremendous latent heat and significant efficiency for energy transfer involved in its process (Liu et al., 2013; Cho et al., 2016). As a typical process, vapor-liquid phase-change heat transfer has great potential in applications such as heat exchangers and electronic cooling (Zhang et al., 2011; Wen et al., 2018). When water vapor encounters solid surfaces at low temperature, a vapor to liquid phase-change process, i.e., condensation occurs, accompanied by the release of a large quantity of latent heat (Edalatpour et al., 2018). During this process, two types of condensation can occur, i.e., film condensation and dropwise condensation. In comparison with film condensation, the condensate in the dropwise condensation process exists in the form of droplets rather than a continuous film, which ensures good heat transfer between the vapor and surface (Goswami et al., 2021), shown in Figure 1A. Therefore, dropwise condensation has drawn growing research interest, especially on functional surfaces for enhanced dropwise condensation (Chu et al., 2017; Wang et al., 2018).
[image: Figure 1]FIGURE 1 | Principles, fabrication and application of Bioinspired fiber for directional droplet self-transportation. (A) Two condensation modes; (B) Water collection on spider silks; (C) Mechanism of directional droplet self-transportation; (D) Water-harvesting behavior of bioinspired microfibers; (E) Dip-coating method; (F) Electrospinning, method; (G) Microfluidic method, i) Emulsion-based coaxial microfluidic method, ii)Integrative spinning-coating-emulsification coaxial capillary microfluidic method, iii) Pneumatic-valve microfluidic chip spinning method.
In nature, spider silk (Zheng et al., 2010), cactus (Ju et al., 2012), nepenthes alata (Gorb et al., 2013), etc., with functional surfaces are capable of directional droplet self-transportation, which sheds light on the functional surface for enhanced dropwise condensation. In this paper, the mechanisms for dropwise condensation and directional droplet self-transportation are introduced. Then, several methods for fabricating bioinspired microfibers are summarized to discuss their potential for enhanced condensation.
PRINCIPLES OF DROPLET CONDENSATION
Whether it is film condensation or dropwise condensation, the condensate formed acts as a thermal resistance carrier for heat exchange between the vapor and solid surface. Compared with film condensation, the shedding of droplets during droplet condensation leads to a much smaller thermal resistance. The removal of larger droplets will enable increased vapor condensation on the solid surface, which enhances the vapor-liquid phase change heat transfer (Lv et al., 2022).
DIRECTIONAL DROPLET SELF-TRANSPORTATION
Due to their unique structure, natural materials such as spider silk, cactus and nepenthes alata exhibit directional water transportation. Specifically, tiny droplets in fog can be captured and merged into larger droplets on the surface of these materials (Venkatesan et al., 2020). Spider silk will be taken as an example to describe its water collection principles and characteristics in detail, shown in Figure 1B.
In a foggy morning, a spider web is usually covered with tiny water droplets. Zheng et al. investigated the directional water collection behavior on spider silk (Zheng et al., 2010). The silk shows a unique structure, including periodic spindle-knots composed of random nanofibrils and joints comprising aligned nanofibrils, resulting in an excellent ability to harvest water (Liu et al., 2022). Moreover, there exists a surface roughness gradient and surface wettability gradient between the periodic spindle knots and the joint. Functional surface with wettability gradient is a promising option for the self-propelled droplet motion, including super-slippery surface (Wang et al., 2017; Wang et al., 2018), textured surface (Wu et al., 2011; Zhang et al., 2016). Thus, the surface energy gradient, induced by the surface roughness gradient and surface wettability gradient, drives the tiny droplet from the smooth joint to the spindle knot, shown in Figure 1C. In addition, due to the curvature gradient of materials, the Laplace pressure gradient is also beneficial for directional droplet self-transportation.
BIOINSPIRED MICROFIBER FABRICATION
Inspired by spider silk, several attempts have been made to fabricate microfibers for directional droplet self-transportation (Haefner et al., 2015; Tian and Wang, 2018), shown in Figure 1D. At present, the fabrication methods for such bioinspired microfibers can be roughly divided into three categories, namely, the Rayleigh instability method, electrodynamics method and microfluidic methods (Chen and Guo, 2019; Li et al., 2019). Dip-coating (Tian et al., 2011), a widely used Rayleigh instability method, utilizes a nylon/carbon fiber and a polymer solution as materials, shown in Figure 1E. The fiber is first placed horizontally on the polymer solution. Then, the fiber is immersed in the polymer solution and pulled out. Therefore, a film of the polymer solution covers the fiber, which breaks up into droplets that hang onto the fiber due to Rayleigh instability. For the electrodynamics method, a necklace structure, which is similar to the spindle-knot, is generated over the nanofibers by the influence of an electrostatic force and surface tension (Ura et al., 2021), shown in Figure 1F. However, the above methods have difficulty precisely controlling the size and spacing of the spindle-knots.
The microfluidic methods are capable of precisely controlling the size and spacing of spindle-knots by adjusting the flow rate or pressure, showing superiority in the preparation of spider-silk-like microfibers (Chen et al., 2013; Chen et al., 2015; Liu et al., 2020; Gao et al., 2021), shown in Figure 1G. The oil-in-water emulsion or gas-in-water emulsion can be formed under the shear force by injecting immiscible liquid or gas phase into the continuous flow. The microfibers with spindle-knots will be fabricated until the continuous phase enclosing the heterogeneous core is solidified and dehydrated. The emulsion-based coaxial microfluidic method is widely used in microfluidic spinning, especially for oil-in-water emulsions (Ji et al., 2015) and air-in-water emulsions (Liu et al., 2016; Tian et al., 2017). The injected air is formed as tiny bubbles with the same size and equal distance. The shell phase using sodium alginate solution will be solidified in the CaCl2 solution due to the cross-linked reaction between alginate solutions and Ca2+ ions. Thus, bioinspired water-harvesting microfibers with periodic spindle-knots can be successfully fabricated.
PERFORMANCE OF BIOINSPIRED MICROFIBERS
According to previous investigations, such bioinspired microfibers demonstrate excellent properties for droplet directional collection, with potential for enhanced condensation (Zhang et al., 2017; Majidi et al., 2021). Zhu et al. found three different condensation morphologies for droplets on microfibers both experimentally and numerically (Zhu et al., 2020). The difference in the condensation morphologies is contributed by the relationship between the thermal conduction resistance within the fiber and condensation heat transfer resistance on the microfiber surface. The water collection capacity of microfibers can be influenced by their own structure and environmental humidity. A test of the water-collecting capacity on different spindle knots for microfibers was conducted by Hou et al. Three types of 1 mm long bioinspired fibers with nearly the same knots (110 μm in length and 200 μm in height) were used (Hou et al., 2012). It can be observed that the fiber with one spindle knot has the ability to collect 1.71 μL water droplets in 160 s, and the fiber with two knots takes over 205 s to collect 3.38 μL droplets. The droplet moves on the artificial spider silk with nearly 0.2–0.3 mm/s (Zheng et al., 2010; Bai et al., 2011).
CONCLUSION AND OUTLOOK
In this paper, we briefly describe the mechanisms for dropwise condensation heat transfer and the importance of droplet removal for enhanced dropwise condensation. Two key factors that dominate droplet self-transportation: the surface energy gradient and Laplace pressure are summarized. Inspired by natural water-harvesting behavior, the enhancement of heat transfer can be realized by accelerating the merging and shedding of droplets on microfibers. Several fabrication methods for bioinspired microfibers and the performance of bioinspired microfibers are introduced. These microfibers are beneficial for achieving enhanced heat exchange, and their capacity to harvest water and save resources is of great significance. So far, the water collection capacity of most microfibers is extremely dependent on high humidity environments and the performance is not good at low humidity conditions. In addition, the effect of extrinsic factors such as temperature, wind and magnetic force on the water collection capacity of microfibers is not clear. Therefore, the performance of the bioinspired fiber in external environment should be improve to extend the application in enhanced condensation.
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