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Abstract

:

This review focuses on self-cleaning surfaces, from passive bio-inspired surface modification including superhydrophobic, superomniphobic, and superhydrophilic surfaces, to active micro-electro-mechanical systems (MEMS) and digital microfluidic systems. We describe models and designs for nature-inspired self-cleaning schemes as well as novel engineering approaches, and we discuss examples of how MEMS/microfluidic systems integrate with functional surfaces to dislodge dust or undesired liquid residues. Meanwhile, we also examine “waterless” surface cleaning systems including electrodynamic screens and gecko seta-inspired tapes. The paper summarizes the state of the art in self-cleaning surfaces, introduces available cleaning mechanisms, describes established fabrication processes and provides practical application examples.
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1. Introduction


A self-cleaning surface is defined as a surface that prevents or reduces surface contamination such as dust, water condensation, stains, or organic matter [1,2]. Self-cleaning surfaces have been under development at least since the late twentieth century. Related research involves multi-disciplinary backgrounds and aims at a broad range of applications including skyscraper windows, car windshields, solar panel cover glass, surveillance camera lenses, and water drag reduction on ship hulls [3]. Scientists have been inspired by nature to modify the microscopic structural and chemical properties of surfaces based on discoveries from plants, insects, and reptiles [4,5,6,7]. The approach is termed “biomimetics” as it mimics the micro/nano structures on plant leaves, insect wings, and animal skins.



Self-cleaning surfaces in nature rely often on water droplets (rain or condensation) and gravity to wash away surface contaminants. Such surfaces require to be positioned at a tilted angle, and the path that the droplet follows during cleaning is not precisely defined. Considering these drawbacks, more systematic designs have been proposed employing micro-electro-mechanical systems (MEMS) and microfluidics approaches, in combination with surface modifications for better cleaning effects. Many innovative designs have been implemented aiming at reducing labor and the overall maintenance cost for clean surfaces.



In this review paper, we discuss the working principles of different self-cleaning surfaces and systems, including both passive surface structure design and active microsystems. The design strategies and fabrication processes are introduced, as well as application examples. The paper provides guidelines for self-cleaning surface design and implementation.




2. Passive Self-Cleaning Surfaces


Passive self-cleaning surfaces rely on surface modifications, combining both physical and chemical changes of their surface properties. The surface energy will be altered accordingly to reduce the adhesion of a water droplet to the surface. The droplet can slide off or roll off the surface under gravity when tilted to clean the contaminants along its path. No other external physical fields are involved in dislodging the contaminants [8]. In this section, we will discuss the fundamental surface wettability theory and different surface modification approaches, including superhydrophobic surfaces, superomniphobic surfaces, superhydrophilic surfaces, and liquid infused porous surfaces.



2.1. Surface Wettability Theory Review


To describe the wettability properties of a surface, the static and dynamic contact angles of a sessile droplet are commonly characterized. As depicted in Figure 1a, the static contact angle (CA), θ, is determined by the tangent angle between the smooth solid surface and the liquid meniscus outline [9]. The basic law for surface wettability was first derived by Thomas Young in 1805, known as Young’s Equation [10]:


cosθ=γSG−γSLγLG



(1)




where γSG, γSL, and γLG are, respectively, the interfacial surface tension at the solid/gas, solid/liquid, and liquid/gas interfaces. The model is based on the thermodynamic equilibrium approach between the three phases. Surface wettability is described as hydrophobic (CA > 90°) when the solid surface free energy in air is lower than in liquid, and hydrophilic (CA < 90°) when the solid surface free energy in air is higher than with liquid on top [9,11,12]. The suffix of “-philic” or “-phobic” describes whether the liquid has affinity or lacks affinity to the solid. A variety of contact angle measurement methods have been proposed, including direct measurement by goniometer [13], captive bubble method [14], Wilhelmy method [15], capillary tube [16], and capillary bridge [17,18,19], among others. These approaches rely on Young’s Equation and the interfacial surface tension remains unchanged during the measurement. The goniometer is the most widely used tool to measure a static contact angle. The profile of a sessile droplet silhouette is captured, and the droplet contact angle is determined by aligning the tangent of the droplet profile at the liquid/solid contact point. To analyze the droplet contact angle, we cannot cover all the methods but briefly introduce axisymmetric drop shape analysis (ADSA) [20,21,22,23,24], theoretical image fitting analysis (TIFA) [25], and high-precision droplet shape analysis (HPDSA) [26,27]. ADSA was first developed by Y. Rotenberg, et al. to minimize the squares of normal distances between the droplet sideview profile and theoretical capillary curve based on the Laplacian Equation [20]. The surface tension is an adjustable parameter and droplet profile coordinates are determined by edge detection techniques. Instead of knowing the coordinates along the droplet profile, F. K. Skinner, et al. modified the ADSA by measuring the droplet diameter from the top view [24]. The modified approach can measure low contact angles (CA < 30°). ADSA uses a one-dimensional profile curve and requires edge detection. The TIFA method determines the droplet surface tension by two-dimensional fitting between the pendant droplet image and the theoretically calculated profile without the need of edge detection. M. Schmitt and F. Heib developed the HPDSA methods to analyze droplets on inclined surfaces [26,27], using localized ellipse fitting to determine the contact angles separately for non-axisymmetric drop shapes. Sequential images of dynamic droplet contact angle change can be extracted by this method.



As the droplet dynamically wets or dewets the surface, the liquid-air-solid three phase contact line (TPL) starts to advance or recede. More than one state can exist. The interfacial energies at the TPL will have multiple energy equilibrium states [28] caused by surface imperfections such as local defects or roughness. Macroscopically, we can monitor a minimum CA value, called receding angle, θrec, as the TPL recedes and a maximum CA value, called advancing angle, θadv, as the TPL advances. The difference between the advancing and receding angle is called contact angle hysteresis (CAH, θCAH = θadv − θrec), shown in Figure 1b,c. Due to contact angle hysteresis, a droplet can be pinned on inclined surfaces, as shown in Figure 1d. Sliding angle (SA), α, is defined as the angle between the tilted substrate and the horizontal plane when a sessile droplet starts to move down the surface due to gravity [29]. The relationship describing the sliding angle on a smooth surface with contact angle hysteresis can be described as [30]:


mgsinα/w=γLG(cosθrec−cosθadv)



(2)




where m is the droplet mass, g is the gravity constant, and w is the droplet width in contact with the surface.



Large contact angle hysteresis implies strong pinning or stiction of the liquid to the surface [31]. Consequently, K.Y. Law proposed a definition of surface hydrophobicity based on the receding CA θrec instead of the static CA θ [11]. A more distinct difference between the measured wetting force and θrec could be observed when θrec > 90° or θrec < 90°. On the basis of the surface affinity measurements, the author proposed that the surface was hydrophilic when θrec < 90° and the surface was hydrophobic when θrec > 90°.



Young’s Equation does not take the influence of surface roughness into consideration. Wenzel (1936) [32] and Cassie-Baxter (1944) [33] proposed models to study the water droplet apparent CA on a rough surface. For homogeneous wetting conditions, the CA can be estimated using the Wenzel model as in (Figure 2a):


cos θ* = r cos θ



(3)




where θ* is the apparent CA on a rough surface, r is the surface roughness defined as the ratio of total rough surface area over the projected flat region (always ≥ 1), and θ is the Young (intrinsic) CA as defined on a flat surface. The Wenzel Equation shows that surface roughness amplifies the wetting on originally flat surfaces [34]. On hydrophilic rough surfaces, the apparent CA θ* becomes smaller than the intrinsic CA θ, while on hydrophobic rough surfaces, the apparent CA θ* becomes larger as compared to the intrinsic CA on flat surfaces.



However, on rough hydrophobic surfaces, the surface energy of a dry solid surface is lower compared to a wet liquid/solid interface. Instead wetting all solid surface asperities, the water droplet often forms composite interfaces with air pockets and solid surfaces underneath [35,36]. A model that captures this more complex heterogeneous scenario was proposed by Cassie and Baxter to predict water droplet contact angle on composite surfaces (in particular, solid and air, see Figure 2b):


cos θ* = ϕair cos θair + ϕsolid cos θsolid



(4)




where ϕair and ϕsolid are area fractions of the air and solid surface and ϕair + ϕsolid = 1. θair and θsolid are water CAs when in contact with air or a solid surface. From Young’s Equation, it follows that the contact angle of water with air is 180°, thus cos θair = −1, and we can derive the relationship between the apparent CA θ* and the Young CA θ = θsolid on the composite surface as:


cos θ* = −1 + ϕsolid (1 + cos θ).



(5)







In this case, the solid surface region fraction ϕsolid represents the portion of the heterogeneous surface in contact with liquid, as opposed to the surface roughness r, which is the key parameter to determine the contact angle on homogeneously wetted rough surfaces.



By studying CAs or CAHs on chemically heterogeneous surfaces, the Wenzel and Cassie-Baxter model is accurate only along the contact TPL instead of the whole contact region between droplet and surface. Experiments on chemically heterogeneous surfaces were performed by C.W. Extrand [37] and L. Gao and T. McCarthy [38]. In Gao and McCarthy’s experiments, a circular spot with different surface finish was patterned on the substrate, e.g., a hydrophilic spot on a hydrophobic field, or a flat hydrophobic spot on a rough field. By continuously expanding or retrieving the droplet, the advancing CA, receding CA and the CAH were all determined by the surface condition on the homogeneous periphery at the TPL instead of the average surface conditions beneath the droplet away from the TPL.



On a flat surface with the known lowest surface energy coatings based on the hexagonal close alignment of –CF3 groups, the highest contact angle of a sessile water droplet can only be approximately 120° [12]. With surface roughness, according to the Cassie-Baxter model, when ϕsolid is close to zero, the apparent contact angle θ* approaches 180°. However, as shown in Figure 2c, the water can impregnate into the surface roughness structures. Studied by Miwa, et al. [39], the Cassie-Baxter Equation may be modified as:


cos θ* = −1 + ϕsolid (1 + r cos θ)



(6)




where r is the analogous surface roughness term as in Wenzel’s Equation and r ϕsolid represents the ratio of the substrate-water contact area to the projected surface area. Interaction energy between the liquid and solid is r ϕsolid times higher when compared to a flat surface. A low SA (~ 1°) is achieved only with a high trapped air ratio and reduced r, meaning the droplet needs to rest at the tip of the roughness structures with small impregnation regions into the roughness, close to perfect Cassie-Baxter state. The water impregnation level was further studied with atomic force microscopy (AFM) on hierarchical structures together with Miwa’s model by N. Okulova, et al. [40]. Because of the water impregnation, a strong liquid–solid surface adhesion can coexist with high contact angle of the droplet on the surface, named “rose petal effect” [41]. The surface roughness in this case will increase the CA hysteresis [28]. The water droplet keeps a high CA (153°) but meanwhile exhibits a high CA hysteresis by pinning to the substrate even when the substrate is placed vertically or upside down.



Water droplets on top of surfaces with a high CA (>150°), low SA (<10°) and low CAH (<10°) are most favorable for self-cleaning. This property is termed superhydrophobicity [42,43]. On superhydrophobic surfaces, a water droplet can roll off the surface by gravity easily when the surface is slightly titled and pick up dust particles along its path. The adhesion force of dust to the superhydrophobic substrate is several times lower than on hydrophilic or even hydrophobic surfaces [44]. We term such a cleaning strategy as passive [45] and the cleaning process will happen only when the water droplet is dispensed on the tilted surfaces.




2.2. Superhydrophobic Surfaces


Two botanists, Barthlott and Neihuis [46], studied the microrelief of plant surfaces and discovered the papillose epidermal surface roughness and epicuticle wax coatings were the two key factors for self-cleaning mechanisms. Water droplets on top of lotus leaves kept high contact angles (~160°) and low sliding angles (< 5°), promoting the motion of the water droplets under gravity when the surface was tilted. Due to the surface roughness, dust particles on top of the leaves had reduced contact regions to the surface, which decreased the adhesion forces and were much easier to be cleaned away. A number of review articles have been published related with superhydrophobic surface fabrication processes and applications [3,47,48,49]. In this section, we have a concise discussion on the superhydrophobic surface design parameters and artificial superhydrophobic surface examples.



Inspired by the lotus leaf in nature, scientists have explored ways to mimic the lotus effect by designing micro-sized surface roughness and low surface energy coatings. Figure 2d shows the top view of a typical artificial superhydrophobic surface with square pillars. The Wenzel Equation (3) and the Cassie-Baxter Equation (4) now become [50,51]:


cosθw*=(1+4ϕsolid(a/h))cosθ



(7)






cos θc* = −1 + ϕsolid (1 + cos θ)



(8)






ϕsolid=1(b/a+1)2.



(9)







From the Equations, the Wenzel state is dependent on the pillar height while the Cassie-Baxter state is not. In both states, the droplet is in a stable thermodynamic equilibrium. An energy barrier exists to prevent the transition between these two states. To be in Wenzel or Cassie-Baxter state is determined by how the droplet is formed. By calculating the energy of a drop of given volume in equilibrium on a substrate, a small a/h value (slender pillars) is suggested to obtain a robust state. A periodical (b/a) is recommended to make the droplet insensitive to energy state change. A two-tier surface roughness design with both microscale and nanoscale roughness is recommended, which provides more stable superhydrophobic state and lower contact angle hysteresis [52].



Figure 3 presents some examples. R. Furstner, et al. came up with strategies to create multiple types of superhydrophobic surfaces [53]. Shown in Figure 3a–c, silicon micro-sized pillars fabricated with X-ray lithography and followed by reactive ion etching processes, microstructured copper foil surfaces and a replica of lotus leaves using silicone molding were fabricated and characterized. All the surface designs had superhydrophobic properties. For instance, on a replica of plant surfaces, water droplets kept high contact angle (>150°) and low sliding angle (~7°). Cleaning efficiency was defined by checking the number of SEM images without contamination particles after surface cleaning with water droplets divided by the total number of SEM images taken. A cleaning efficiency of 90–95% could be achieved.



K. Koch, et al. created two-tier hierarchical structures of roughness by depositing lotus wax tubules on top of Si or lotus leaf replicas (Figure 3d) [54], achieving larger water droplet contact angle (~170°) and smaller sliding angle (1°–2°) compared with one-tier roughness structures like Si micropillars.



Figure 3e shows a nano-cone structure on a flexible Teflon substrate by oxygen plasma etching of a colloidal monolayer of polystyrene beads [55]. The wettability of the surface was controlled geometrically based on plasma treatment time as well as chemically by further gold nanoparticle deposition and silanization.



Figure 3f shows a low-cost porous structure of isostatic polypropylene (i-PP) [56]. i-PP was dissolved in the solvent mixture consisting of methyl ethyl ketone (MEK), cyclohexanone, and isopropyl alcohol, and dropped on a glass substrate. The solvent was further dried in a vacuum oven. The remaining i-PP formed a porous “bird’s nest” morphology. From atomic force measurements, the roughness of pure thin i-PP film was 10 nm RMS with a water contact angle of 104°, while the porous coating had 300 nm RMS and improved water droplet contact angle from 104° to 149°.



K. Lau, et al. [57] developed superhydrophobic surfaces by growing vertical carbon nanotube forests with a plasma-enhanced chemical vapor deposition (PECVD) process, shown in Figure 3g. To provide the stable high water droplet contact angle, the carbon nanotubes were coated with thin conformal hydrophobic poly(tetrafluoroethylene) (PTFE) by a hot filament chemical vapor deposition (HFCVD) process. Most of the superhydrophobic surfaces were made of fragile microstructures or polymeric materials, where durability could be an issue for field applications because of the harsh environment.



Y. Lu, et al. created a mechanically strong coating using an ethanolic suspension of perfluorosilane-coated titanium dioxide nanoparticles (shown in Figure 3h) [58]. Two dimensions of TiO2 nanoparticles (200 nm diameter and 20 nm diameter) were mixed and suspended in the ethanolic solution. The coating was able to be applied to various types of substrates like clothes, paper, or steel by spray, dip or extrusion coating processes and kept superior high water repellency after 40 cycles of sandpaper abrasion. The robustness of coating processes, substrate choice, and high mechanical strength allowed the paint to have potential applications in harsh environments.



Because of the droplet repellency and low adhesion, a condensed droplet on a chilled superhydrophobic substrate can be spontaneously removed. When the tiny droplets coalesce, the released energy can power the out-of-plane jumping of the droplet [59,60]. Such a jumping condensate process was applied for surface cleaning mechanism [61]. Inspired by cicada wings, K. Wisdom, et al. studied their wing structures and found the self-cleaning mechanism by jumping condensate process [61]. The cicada wing cuticle surface consisted of conical hydrophobic arrays, resulting in super-hydrophobicity with a water contact angle in the range of 148°–168° depending on the location. When the wing surfaces were exposed to vapor flow, the adhering particles or contaminants could be cleaned because of the water condensation process. Shown in Figure 4, the particles were detached from the surface by the water droplet’s out-of-plane jumping upon coalescence. The capillary-inertial oscillation of the merged droplet provided the required kinematic energy. The force between the jumping droplet and the particles in contact scaled with the capillary force: f ~ γ Rp, where γ is the surface tension and Rp is the droplet radius of curvature. Due to the scaling law, for small particles, it was less favorable to remove the droplet by inertial forces like gravity, vibration, and centrifugal forces (scaled with Rp2) or by hydrodynamic forces like wind blowing (scaled with Rp3). The jumping condensate processes (scaled with Rp) provided an advantageous mechanism to dislodge particles from the surface by overcoming adhesion forces (van der Waals force and capillary bridging force) to the substrate.




2.3. Omniphobic Surfaces


Water possesses a high surface tension compared with most other liquids (except for mercury). Low surface tension liquids rarely exist in nature so the naturally evolved surfaces can barely repel artificial low surface tension liquids in our daily lives [62]. According to the simple theoretical derivation, by combining the Wenzel model and Cassie-Baxter model Equations (3) and (5), we obtain the transitioning critical angle between the two states expressed as:


cos θc = (ϕsolid − 1)/(r − ϕsolid)



(10)




where θc is the critical transition contact angle for a droplet from Wenzel state to Cassie-Baxter state [63]. By definition, we have r ≥ 1 ≥ ϕsolid, and θc is required to be at least 90° to make the transition happen because the right-hand side of Equation (10) cannot be positive [62]. For low surface tension liquids like hexane and decane, no existing natural or artificial surface coatings can achieve such a high contact angle of the liquids [64,65].



Researchers have successfully created artificial superomniphobic surfaces with the assistance of re-entrant structures [62] or doubly re-entrant structures [66,67], in which curvature is another key factor other than surface chemical composition and roughness. The key to realizing superomniphobic surfaces is that the liquid hanging between surface asperities cannot have higher contact angles than given by the intrinsic material wettability [68,69]. More specially, as shown in Figure 5a, if the advancing TPL forms a smaller contact angle, then an equilibrium state can be reached that prevents the droplet from further impalement [70]. The liquid-air interface inside the re-entrant or doubly re-entrant structure remains convex and the net capillary force generated is upward. According to Equation (4), when ϕsolid is small (<6%), the surface can repel extremely wetting liquids (θc* > 150° with θ ~ 0°). However, the liquid is difficult to maintain in suspension with small ϕsolid because the liquid will impregnate into the rough structures without enough solid support. A doubly re-entrant structure is thus necessary with vertical, thin, and short overhangs to minimize the projected solid areas while increasing the solid fraction by vertical surfaces (side wall angle ~90°). As demonstrated in Figure 5b, on a conventional pillar-like superhydrophobic surface, a water droplet is suspended on the micropillar structure when the pillars are hydrophobic. However, for low surface tension liquid, the liquid-solid contact line overcomes this barrier and reaches the lower edge of the re-entrant structure, as shown in Figure 5c. For a completely wetting liquid, the contact line further wets down the overhang and reaches the tip of the curvature (Figure 5d). Because of the doubly re-entrant structure, the liquid-solid contact line stops wetting at the interior edge of the vertical overhangs while keeping ultra-low contact angle.



To fabricate the superomniphobic surfaces, efforts have been made to explore re-entrant and doubly re-entrant microstructure arrays. Figure 6a–c show different types of re-entrant designs. The micro hoodoo structure in Figure 6a was made by reactive ion etching of the SiO2 layer on top of a Si substrate followed by isotropic etching of the Si substrate using XeF2. The process resulted in Si pillars with SiO2 caps [71]. Figure 6b started with lithographic patterning on a copper substrate, followed by through-mold and over-mold electroplating to form hemispherical mound copper structures atop a photoresist layer [72]. After photoresist strip, the mushroom-like copper structure was created. Figure 6c demonstrates a nano-nail structure by using a deep reactive ion etching process to fabricate tall silicon pillars with SiO2 nail caps atop [73]. All the three designs required a fluoro-polymer coating as a finishing step to maintain the low surface tension required for stable fluid suspension. A vapor phase immersing deposition process was usually applied on SiO2 surfaces and a solution soaking process could be applied on metal surfaces. The self-assembled monolayer, terminated with the tricholorosilane group or thiol head group, formed stable covalent bond and modified the surface energy with a fluorinated tail group [74]. The silanization process was widely used for many surfaces to adjust the surface wetting behaviors [75,76,77,78].



As an alternative to lithography processes, A. Tuteja, et al. synthesized a class of fluoropolymers (polyhedral oligomeric silsesquioxane (POSS) shown in Figure 6d), with which the substrate was coated by electrospinning. The surface tension of the electrospun fiber mat could be altered by changing the mass fraction ratio of fluoro-POSS and a mildly hydrophilic polymer, thus systematically tuning the water contact angle [62,71].



Deng, et al. created a transparent superomiphobic surface using candle soot as a template, shown in Figure 6e [79,80]. The soot consisted of piles of nano carbon spheres with a diameter range of 30–40 nm. After depositing the soot on the glass substrate, a layer of silica shell was formed utilizing chemical vapor deposition (CVD) of tetraethoxysilane (TES) catalyzed by ammonia. The sample was sintered in the oven for 2 h at 600 °C to burn away the carbon cores and link the silica nano shells. The surface kept good transparency and superomiphobicity up to 400 °C.



Besides the re-entrant structures, doubly re-entrant structures have been fabricated, presenting superior surface properties as compared to re-entrant structures. Learning from smart springtail skins [66], T. Liu, et al. microfabricated structures with doubly re-entrant overhangs, shown in Figure 6f [67]. Due to its particular geometry, the surface could repel any of the existing fluids even without fluoro-polymer treatment of the final surface. Because of a pure combination of SiO2 and Si, the surface would also withstand high-temperature environments over 1000 °C. Derived from this process flow, metal or polymeric doubly re-entrant omniphobic surfaces were successfully fabricated as well.




2.4. Superhydrophilic Surfaces


Superhydrophobicity is not the exclusive strategy to realize self-cleaning functionality, which can also be realized while the water droplet contact angle atop a surface is extremely low (close to zero). The simplest way to increase the surface hydrophilicity is by oxygen plasma treatment, as demonstrated by B. Gupta, et al. [81]. Their process only modified the surface properties without altering the bulk substrate material. Experiments proved that the treated surface had anti-fogging and anti-fouling properties, but the hydrophilicity would decrease over time [82].



Another approach was to take advantage of both the light-induced superhydrophilicity [83,84,85] and the photocatalytic properties of TiO2 thin films, namely the “Photo-Kolbe” reaction [82,86]. The as-prepared TiO2 surface water contact angle is ~72°. The UV exposure creates oxygen vacancies at bridging sites favorable for dissociative water adsorption (Ti3+ sites instead of Ti4+ sites), making the water contact angle close to 0°. Microscopically, after UV radiation, the TiO2 surface wettability is not heterogeneous anymore, and the hydrophilic regions are distributed across the surface with area sizes in the sub-micrometer range, based on measurements by friction force microscopy. Macroscopically, the water will spread on the surface instead of forming droplets, to wash away surface contaminants easily [83].



The photo induced oxidation/decarboxylation/fragmentation of organic acids is well-known for photo-semiconductors like TiO2 or ZnO [87,88,89,90,91,92]. The TiO2 preparation can use wet chemical processes like sol-gel, dip-coating, or spin-coating processes [93,94]. A post calcination process is usually required to improve the adhesion between the TiO2 film and the substrate [95]. Upon UV radiation (< 385 nm) of the TiO2, the proton with an energy exceeding the bandgap would excite an electron (e−) from the valence band to the conduction band, leaving a hole (h+) on the valence band. Valence band holes react with the water through a strong oxidization process on the surface to produce reactive hydroxyl radicals (·OH) and convert surface contaminants, especially organic residues, into byproducts like water or CO2 [94]. Because of the weakening of the bonding, the surface contaminants are easily washed away by rain.




2.5. Slippery Liquid-Infused Porous Surface (SLIPS) Surfaces


Solid substrates have been modified to create superhydrophobic or superhydrophilic surfaces by etching of physically rough texture or by chemical modification. However, Wong, et al. developed a system to create a liquid repellant surface, naming it “slippery liquid-infused porous surface” (SLIPS) [96]. Inspired by the Nepenthes pitcher plant [97], Figure 7a shows the fabrication process of the SLIPS surface. A porous solid surface was infused with low surface tension and chemically inert lubricating liquid, which wicked into the porous substrate while being immiscible and repelling to the test liquids applied to the surface. The contact angle hysteresis for sessile water drops was as low as 2.5° and the sliding angle was smaller than 5°. Figure 7b,c demonstrate the outstanding anti-fouling performance of the SLIPS surface by applying crude oil and human blood. In comparison with superhydrophobic surfaces and hydrophilic surfaces, no stains were left on the surface. Both oil and blood would quickly slip away from the SLIPS surface. Besides the superb repellency, the SLIPS surfaces also have self-healing properties [96]. Because of the surface ultra-smoothness and lack of nucleation sites [98,99,100,101], no frost formation or a reduced ice adhesion were observed on cold SLIPS surfaces.



With regards to bio-fouling applications, extensive studies have been performed on superhydrophobic surfaces [102,103,104,105,106,107]. However, the anti-biofouling property of superhydrophobic surfaces could be short-lived as the air-bubble layer trapped between the liquid and the rough surface is not stable and may disappear within several hours [108]. More bacterial adhesion could end up on the superhydrophobic surfaces due to the high surface roughness when compared with intact smooth surfaces. Extensive work has been explored by adopting SLIPS surfaces to prevent bio-fouling issues by various fabrication methods, which were more promising and with better performance than superhydrophobic surfaces. A. Epstein, et al. adopted SLIPS surfaces to prevent surface bio-film attachment [109]. Shown in Figure 8a, the SLIPS surfaces were fabricated with porous fluoropolymer substrates (with pore size of 0.2 μm). By staining the surface with bacterial culture solution, the SLIPS surface can reduce the cell attachment compared with superhydrophobic surfaces. The coffee ring effect of the biofilm was suppressed on SLIPS by leaving only a pellet of bio-stains after evaporation. Similar liquid infused porous substrate structures were obtained by phosphoric acid etching of enamels [110].



D. Leslie, et al. created a SLIPS surface with self-assembled monolayers (SAM), shown in Figure 8. The structure was applied on a wide range of smooth medical device surfaces, which repelled flowing blood and prevented thrombosis [111]. A molecular tethered perfluorocarbon (TP) layer was first coated on the smooth surfaces by soaking the plasma treated surface in liquid solution. Then a mobile layer of perfluorodecalin (LP) was applied, forming a tethered-liquid perfluorocarbon (TLP) surface. By exposing the uncoated and TLP coated acrylic surfaces to fresh human blood, the TLP surface had 27-fold less platelet adhesion and platelets were considered as one of the major components causing thrombosis. Both in vitro and in vivo experiments showed promising results, demonstrating that the TLP surfaces were resistant to the physiological shear stress brought by the blood flow while reducing the protein adhesion and thrombosis for at least 8 h.



Beyond the silane liquid soaking process to create the TP layer, M. Badv, et al. improved the hydrophobic salinization process with a more robust, reproducible and less disruptive chemical vapor deposition (CVD) process in vacuum [112,113] (Figure 8c). Coronary catheters were treated by both two silanization processes, followed by adding perfluorodecalin or perfluoroperhydrophenanthrene to make TLP surfaces. The CVD treated surfaces provided better anti-thrombotic performance compared with silane liquid solution soaking processes. As shown in Figure 8c, CVD treated catheters surfaces found no blood clot or protein adhesion after blood immersion. By mixing different self-assembled monolayer silanes (aminosilane and fluorosilane) during the surface treatment, tunable cell repellency and selective binding of antibodies can be realized. The target anti-bodies would be anchored by the aminosilanes while the fluorosilane will repel the non-desired cells, proteins or plasma clotting assays, creating the bio-functional lubricant-infused surfaces (BLPS) [114].



SLIPS can be fabricated on porous micropillar arrays with sharp overhang structures [115]. As shown in Figure 8d, the liquid on top of such surfaces meets a new liquid-air interface, compared with solid-air interfaces of the normal superhydrophobic or superomniphobic designs without liquid infusion as discussed above. The micropillar arrays with sharp overhang structures and nano-porous micropillar top surface finish were created by direct laser writing, which can process any arbitrary 3D components with sub-micrometer resolution. A layer of Al2O3 by atomic layer deposition was coated on the outer layer of polymeric micropillars and fluorinated by SAMs. Low surface tension fluid was dropped directly on the micro-pillar porous surfaces and confined by the micropillar surface roughness as well as the overhangs. The composite surface designs can repel low surface tension fluids while reducing more than twice of the adhesion force, as measured with scanning droplet adhesion microscopy.





3. Active Self-Cleaning Microsystems


Besides employing passive surface modification techniques, microsystems can be designed to actively remove unwanted surface contaminants or fluids [8]. Many strategies have been tested using surface tension gradients, electrostatic fields, and vibrations. Moreover, geckos can clean their feet dynamically while naturally walking with hyperextension. In such systems, water droplet movement or dust removal can be accomplished in a systematic way while applying more controlled forces. Thus, the active self-cleaning approach can be utilized in combination with passive surface modification to improve cleaning efficiency. In this part, we will first introduce the surface cleaning strategies by combining the superhydrophobic and SLIPS surface design with droplet manipulation. Then we will discussion surface dust removal techniques by electro-dynamic screen, repelling surface contaminants by high alternating voltage. At last, self-cleaning synthetic adhesives inspired by gecko setae structures are discussed.



3.1. Self-Cleaning Surfaces by Water Droplet Transport


Microfluidic systems have been developed using MEMS technology and widely applied for biomedical and chemical applications. The recent development of microfluidic systems using micro- or nano-liter water droplet transport, commonly known as digital microfluidics (DMF), offers the potential for a wide range of applications [116]. To control the water droplet transport, researchers have focused on creating surface tension anisotropy at the interface of gas, liquid and solid, defined as the three-phase contact line (TPL). DMF systems can be used to direct water droplet transport along the surface using chemical gradients [117], thermal gradients [118], electrowetting-on-dielectric (EWOD) [119,120,121], surface acoustic waves [122], and micro textures [123,124]. Dust particles or undesired fluids along the path of the water droplet movement can be carried away to other locations, leaving the desired surface regions clean and functional.



A typical EWOD setup is shown in Figure 9a. A water droplet is initially placed on a hydrophobic insulator surface. When a voltage is applied between the droplet and the electrode underneath, the electrostatic field will significantly modify the solid-liquid interfacial tension, leading to a reduction of contact angle and an improved wetting of the droplet on the solid surface. This effect of the voltage can be quantified by the following Equation:


γSL,V = γSL − ½CV2



(11)




where the original solid-liquid surface energy γSL is modulated by the electrostatic field (given by the normalized capacitance C, measured in C/m2, and the applied voltage V) to produce the effective surface energy γSL,V. This leads to a generalized form of Young’s Equation (1):


γSG = γSL − ½CV2 + γLG cosθV



(12)




and the Young–Lippmann Equation:


γLG cosθV − γLG cosθ = ½CV2



(13)




where θV is the effective contact angle under an applied voltage V.



Asymmetric interfacial surface tension change at the droplet-substrate interface can be introduced by energizing different electrodes, and the surface on top of the energized electrodes tend to be more hydrophilic. The droplet can be transported precisely controlled by sequentially enabling different electrodes. Depending on the application, two popular EWOD configurations are often used, shown in Figure 9b, the parallel-plate system, and Figure 9c, the co-planar system. For the parallel-plate system, the water droplet was sandwiched in between the top and bottom electrodes, insulated by dielectric layer (SU8, SiO2 [120] or parylene [125]) and hydrophobic (TeflonTM AF [126,127] or Cytop® [128,129] coatings. The electrode on one plate was patterned and the electrode on the other was fully grounded. Once the electrode was energized, the droplet was first deformed by the electrostatic field and driven by pressure gradient inside the droplet [130]. The parallel-plate system can prevent droplet evaporation and is less sensitive to gravity influence, compared with the co-planar system, where the cover plate is removed. However, the co-planar system has broad applications and can be integrated into many other systems which do not permit a top cover plate [131]. Meanwhile, the dielectrics and top coatings of the EWOD system can be easily integrated with superhydrophobic surface or SLIPS surface designs to enable the active cleaning capabilities by systematically controlling the droplet.



Latip, et al. explored the anti-fouling properties by applying EWOD top coatings with hydrophobic (Cytop) or superhydrophobic (NeverWet®) materials [132]. Different concentrations of protein solutions were prepared. A similar test bench setup as shown in Figure 9a was performed to test the contact angle hysteresis by gradually increasing and then reducing the voltage within a period of time. Compared with superhydrophobic surfaces, the contact angle hysteresis greatly increased on Cytop surfaces with increased protein concentration, maximum applied voltage and the period of time with voltage applied. Higher roll-off angle and afterwards higher fluorescence intensity with labelled protein were observed on the Cytop surface, showing a stronger protein adhesion to the Cytop. As for the droplet transport, both closed parallel plate configuration (Figure 9b) and open coplanar configuration were tested with superhydrophobic coatings. On the coplanar system, a droplet of 35 μL was applied, and the actuation was difficult to control since the droplet continued to roll on the surface due to low friction. However, in the parallel plate system, a droplet with only 5 μL was needed and was successfully transported, merged or mixed.



M. Jönsson-Niedziółka et al. showed droplet transport with a parallel plate system configuration to remove bio-particles [133]. The top and counter electrodes were separated by 300 μm spacers. A square wave voltage was applied to the selected base electrodes at the frequency of 1 kHz and the switching time between adjacent electrodes was adjusted based on droplet movement speed. The water droplet displacement was driven by the surface wettability change induced by the voltage. The cleaning efficiency was defined as: %efficiency = (1 − Nin/Nout) × 100, where Nin is the average number of particles inside the water droplet pathway and Nout is the average number of particles outside the water droplet pathway. Examples of water droplet transport along the electrodes and cleaning of the surface are presented in Figure 10. Synthetic particles like polystyrene latex microspheres and bio-particles, including proteins, bacterial spores, and viral simulant were tested with the system. When the substrate surface was designed to be superhydrophobic, more than 90% of cleaning efficiency could be reached with water droplets even for protein particles, which usually have high adhesion to the substrate and are hard to clean.



Y. Zhao, et al. developed a similar EWOD system for sampling of micro particles (Figure 11) [134]. The actuation electrodes were insulated with a dielectric layer (SiO2) and coated with hydrophobic (Teflon) coatings. Driven by sequentially actuated electrodes, the water droplet swept along the surface and picked up particles. The path covered by the water droplet became clear to visual inspection, meaning that most of the particles were collected by the moving water droplet.



An EWOD system can also be designed to remove unwanted small amounts of water residue adhering to surfaces. K. Y. Lee et al. developed an open coplanar EWOD system without a top cover plate targeting miniature camera surfaces for automobiles [135]. The electrodes were fabricated with indium tin oxide (ITO), which is transparent and can be integrated with the camera lens as a lens cover. 1–70 µL water droplet sizes were tested with different threshold voltages under surface inclination angles from 0° to 180°. Figure 12 shows a demonstration of water droplet removal as well as micro-particle removal on the camera lens cover.



Besides superhydrophobic surfaces, H. Geng and S.K. Cho combined the SLIPS with an open coplanar EWOD system [136]. The dielectric layer was SU8 and the top coating was replaced with porous fluoropolymer film infused with lubricating fluid in this configuration. Droplets can be transported along the SLIPS under voltage actuation. Bovine serum albumin (BSA) protein solution left tiny stains after evaporation on SLIPS while a large “coffee ring” bio-stain pattern was left on hydrophobic coatings. The bio-stain could be cleaned by droplet actuation as shown in Figure 13.



As an alternative to the EWOD approach, self-cleaning surface systems using water droplet transport have been realized by anisotropic ratchet conveyors (ARC) under orthogonal vibration [123,137]. Micro-scale hydrophilic semi-circular rungs are patterned on a hydrophobic background, as shown in Figure 14 above [124]. The portion of the water droplet edge that aligns with the rung curvature, which has a mostly continuous TPL, is denoted as the leading edge of the droplet, while the other portion, which has only intermittent TPLs across different rungs, is called the trailing edge of the droplet. During each vibration cycle, the leading edge provides higher pinning force than the trailing edge as the footprint of the water droplet expands and recesses. This asymmetry in pinning forces causes water droplets to move toward the direction of the rung curvature. For a surface cleaning demonstration based on the ARC approach [138], two ARC tracks were laid out in a zig-zag pattern. The white contaminant on the surface consists of powdered sweetener. 10 μL water droplets are applied to the surface and remove all the powder along their paths. Most water-soluble materials (like salt and sweetener) plus low surface adhesion insoluble particles (like sand) can be effectively cleaned from the self-cleaning ARC surface with water droplets.




3.2. Self-Cleaning Surfaces by Electro-Static Charge


Electrodynamic screen devices have been developed to remove dust particles for scenarios where the water resource is scarce or not available, as in desert regions. The concept of transporting particles using an electrostatic traveling wave was first developed by Masuda [139], where a series of electrodes were connected to the AC source to serve as contactless conveyors. Mazumder, et al. developed an electrodynamic screen (EDS) with traveling-wave AC field to create a self-cleaning system for the problem of dust accumulation both on Mars missions [140,141,142] and on terrestrial solar panels [143]. Figure 15 demonstrates a typical EDS design with dust accumulation and cleaning effect before and after the AC voltage was supplied [144,145]. Interdigitated electrodes were fabricated on printed circuit board or glass substrates. The electrodes were insulated with a layer of transparent polymer. As AC voltage was applied (700~1000 V peak-to-peak), the electrodynamic force applied to the particles overcame gravity and the viscous force of air to lift the particles from the surface and transported them to different locations. Over 90% of cleaning efficiency could be achieved by optimizing the frequency, voltage, and signal shape. The power consumption and the cleaning time were only in the order of milliwatts and tens of seconds. Other EDS systems were designed employing a standing-wave AC field, with simplified electrical circuit designs and high voltage resources. Bing Guo, et al. systematically studied the EDS efficiency in terms of EDS dimension size, dielectric cover thickness, dust loading level, dust deposition methods, and particle size distribution for solar energy applications [146,147]. A dust removal efficiency of 90% could be achieved within 10 s of energizing at dust loading level of 100 g∙m−2 with a voltage level of 6 kVpp. Dust removal efficiency improved with increased dust loading levels, reduced dielectric cover thickness and large dust agglomerations.




3.3. Self-Cleaning Surfaces by Gecko Tape


Geckos have attracted the attention of researchers for many years due to their ability to climb up smooth vertical surfaces. The gecko’s foot has millions of hairs, named keratinous setae, providing large van der Waals adhesive forces [148,149] that prevent the gecko from falling off from smooth vertical surfaces. Geckos have intimate contact on various surfaces with their sticky toes but their setae virtually always keep clean and dry [150]. W. R. Hansen and K. Autumn [151] studied the gecko’s keratinous setae and found the self-cleaning mechanism: Each of the millions of setae on the gecko’s toe pads has hundreds of spatulae, sub-micron triangular structures aligned in parallel with each other but not normal to the toes. An imbalance exists between the adhesive force of one or more spatulae to the dirt particles and the dirt particles to the substrate surface. When touching the clean substrate surface, the dirt has higher contact areas to the surface and tends to stick to the surface rather than the gecko’s spatulae. The adhesive and shear force of a contaminated gecko’s foot is recovered gradually by successive steps on a clean surface. By comparing the SEM images of spatula arrays after dirtying with microspheres and after several simulated cleaning steps, most of the spatula surfaces were free of micro sphere contamination. The shear force measurement also showed the gradual restoration as the simulated step numbers increased.



Self-cleaning adhesive tapes have been developed using carbon nanotubes [152] and polymer microfibrillars [153] mimicking gecko setae. Figure 16a shows contaminated polypropylene fibrillars fabricated by a thermal casting process. An estimated 42 million fibrillars were created per square centimeter with an average length of 18 µm and average radius of 18 nm. After 30 contacts on a clean glass substrate with standard simulated gecko steps (Figure 17), 60% of the Au microspheres were removed from the tip of the micropillars (Figure 16b). The sheer force could be restored by 33% after 20–25 cleaning steps. As a comparison, a conventional pressure sensitive adhesive (PSA) went through the simulated steps. The PSA surface was almost completely covered by the Au microspheres, shown in Figure 16d.





4. Conclusions


Self-cleaning surfaces can have a broad range of applications from bio-fouling in medical instrumentation to building and vehicle windows to solar panel cover glass in the outdoor environment. The examples mentioned in this review article provide suggestions and protocols for designing and characterizing self-cleaning surfaces and systems. Compared with passive superhydrophobic or superhydrophilic surface designs, active cleaning systems can perform the cleaning with more delicate control of water movement, and more efficient use of water resources. Both dust and unwanted water residue can be removed at the same time. However, more complex mechanical components or control circuitry are often required for active self-cleaning systems, leading to higher initial hardware investment, larger maintenance costs, and longer payback time.



Many commercial products have emerged in the market including superhydrophobic coating sprays, photocatalyst coated window glass, and solar electrodynamic shields using EDS designs, among others. The obstacles and challenges for self-cleaning surfaces currently involve poor durability and high cost in terms of scaling and mass production. The fine micro or nano structures often cannot withstand the harsh outdoor environment for an extended period of time while the polymeric coating or surface infusion fluid will age and decay over time under solar radiation. The practical lifetime for a self-cleaning surface or system might only last from months to 1 or 2 years but the requirement is usually in the 10–20 year range, especially for applications in outdoor environments, for example in dry desert regions to reduce dust accumulation, or under water to prevent bio-fouling on a ship hull. We need to strive for the creation of self-cleaning coatings for surfaces or systems with multiple merits including low cost, good scalability, durability, transparency, and antireflection.







Author Contributions


D.S. and K.F.B. wrote the original manuscript draft; K.F.B. performed the final editing and reviewing.




Funding


This research was funded in part by Amazon Catalyst, the University of Washington CoMotion Innovation Fund, and the National Science Foundation (grant number ECCS-1308025). Part of this work was conducted at the Washington Nanofabrication Facility/Molecular Analysis Facility, a National Nanotechnology Coordinated Infrastructure (NNCI) site at the University of Washington, which is supported in part by funds from the National Science Foundation (grant numbers NNCI-1542101, 1337840 and 0335765), the National Institutes of Health, the Institute for Nano-engineered Systems, the Molecular Engineering & Sciences Institute, the Clean Energy Institute, the Washington Research Foundation, the M. J. Murdock Charitable Trust, Altatech, ClassOne Technology, GCE Market, Google and SPTS.




Acknowledgments


Di Sun received support from the University of Washington NSF I-Corps site, a graduate fellowship from the UW Clean Energy Institute, and prizes from the Smukowski Family in the UW Business Plan Competition and from the Alaska Airlines Environmental Innovation Challenge.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Nakajima, A.; Hashimoto, K.; Watanabe, T.; Takai, K.; Yamauchi, G.; Fujishima, A. Transparent superhydrophobic thin films with self-cleaning properties. Langmuir 2000, 16, 7044–7047. [Google Scholar] [CrossRef]

	



Paz, Y.; Luo, Z.; Rabenberg, L.; Heller, A. Photooxidative self-cleaning transparent titanium dioxide films on glass. J. Mater. Res. 1995, 10, 2842–2848. [Google Scholar] [CrossRef]

	



Bhushan, B.; Jung, Y.C. Natural and biomimetic artificial surfaces for superhydrophobicity, self-cleaning, low adhesion, and drag reduction. Prog. Mater. Sci. 2011, 56, 1–108. [Google Scholar] [CrossRef]

	



Blossey, R. Self-cleaning surfaces—Virtual realities. Nat. Mater. 2003, 2, 301–306. [Google Scholar] [CrossRef] [PubMed]

	



Comanns, P.; Buchberger, G.; Buchsbaum, A.; Baumgartner, R.; Kogler, A.; Bauer, S.; Baumgartner, W. Directional, passive liquid transport: The texas horned lizard as a model for a biomimetic ‘liquid diode’. J. R. Soc. Interface 2015, 12. [Google Scholar] [CrossRef]

	



Comanns, P.; Esser, F.J.; Kappel, P.H.; Baumgartner, W.; Shaw, J.; Withers, P.C. Adsorption and movement of water by skin of the australian thorny devil (agamidae: Moloch horridus). R. Soc. Open Sci. 2017, 4, 170591. [Google Scholar] [CrossRef] [PubMed]

	



Nishimoto, S.; Bhushan, B. Bioinspired self-cleaning surfaces with superhydrophobicity, superoleophobicity, and superhydrophilicity. RSC Adv. 2013, 3, 671–690. [Google Scholar] [CrossRef]

	



Khalil, K.S.; Mahmoudi, S.R.; Abu-Dheir, N.; Varanasi, K.K. Active surfaces: Ferrofluid-impregnated surfaces for active manipulation of droplets. Appl. Phys. Lett. 2014, 105, 041604. [Google Scholar] [CrossRef]

	



Yuan, Y.; Lee, T.R. Contact angle and wetting properties. In Surface Science Techniques; Springer: Berlin, Germany, 2013; pp. 3–34. [Google Scholar]

	



Young, T. III. An essay on the cohesion of fluids. Philos. Trans. R. Soc. Lond. 1805, 95, 65–87. [Google Scholar]

	



Law, K.-Y. Definitions for Hydrophilicity, Hydrophobicity, and Superhydrophobicity: Getting the Basics Right; ACS Publications: Washington, DC, USA, 2014. [Google Scholar]

	



Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda, Y. The lowest surface free energy based on −cf3 alignment. Langmuir 1999, 15, 4321–4323. [Google Scholar] [CrossRef]

	



Smithwick, R.W., III; Boulet, J.A. Vibrations of microscopic mercury droplets on glass. J. Colloid Interface Sci. 1989, 130, 588–596. [Google Scholar] [CrossRef]

	



Carr, J.S. Studies of Contact Angles on Oxidized Copper Minerals. Master’s Thesis, Missouri School of Mines and Metallurgy, Rolla, MO, USA, 1948. [Google Scholar]

	



Furlong, D.; Hartland, S. Wall effect in the determination of surface tension using a wilhelmy plate. J. Colloid Interface Sci. 1979, 71, 301–315. [Google Scholar] [CrossRef]

	



Weiss, P. Wetting, spreading and adhesion, jf padday, ed., academic, london, 1978, 498 pp. Price: $48.90. J. Polym. Sci. Polym. Lett. Ed. 1979, 17, 463–464. [Google Scholar] [CrossRef]

	



Marmur, A. Equilibrium contact angles: Theory and measurement. Colloids Surf. A Physicochem. Eng. Asp. 1996, 116, 55–61. [Google Scholar] [CrossRef]

	



Restagno, F.; Poulard, C.; Cohen, C.; Vagharchakian, L.; Léger, L. Contact angle and contact angle hysteresis measurements using the capillary bridge technique. Langmuir 2009, 25, 11188–11196. [Google Scholar] [CrossRef] [PubMed]

	



Vagharchakian, L.; Restagno, F.; Léger, L. Capillary bridge formation and breakage: A test to characterize antiadhesive surfaces. J. Phys. Chem. B 2008, 113, 3769–3775. [Google Scholar] [CrossRef]

	



Cabezas, M.G.; Bateni, A.; Montanero, J.M.; Neumann, A.W. Determination of surface tension and contact angle from the shapes of axisymmetric fluid interfaces without use of apex coordinates. Langmuir 2006, 22, 10053–10060. [Google Scholar] [CrossRef]

	



Cheng, P.; Li, D.; Boruvka, L.; Rotenberg, Y.; Neumann, A. Automation of axisymmetric drop shape analysis for measurements of interfacial tensions and contact angles. Colloids Surf. 1990, 43, 151–167. [Google Scholar] [CrossRef]

	



Del Rıo, O.; Neumann, A. Axisymmetric drop shape analysis: Computational methods for the measurement of interfacial properties from the shape and dimensions of pendant and sessile drops. J. Colloid Interface Sci. 1997, 196, 136–147. [Google Scholar]

	



Moy, E.; Cheng, P.; Policova, Z.; Treppo, S.; Kwok, D.; Mack, D.; Sherman, P.; Neuman, A. Measurement of contact angles from the maximum diameter of non-wetting drops by means of a modified axisymmetric drop shape analysis. Colloids Surf. 1991, 58, 215–227. [Google Scholar] [CrossRef]

	



Skinner, F.; Rotenberg, Y.; Neumann, A. Contact angle measurements from the contact diameter of sessile drops by means of a modified axisymmetric drop shape analysis. J. Colloid Interface Sci. 1989, 130, 25–34. [Google Scholar] [CrossRef]

	



Cabezas, M.; Bateni, A.; Montanero, J.; Neumann, A. A new method of image processing in the analysis of axisymmetric drop shapes. Colloids Surf. A Physicochem. Eng. Asp. 2005, 255, 193–200. [Google Scholar] [CrossRef]

	



Schmitt, M.; Heib, F. High-precision drop shape analysis on inclining flat surfaces: Introduction and comparison of this special method with commercial contact angle analysis. J. Chem. Phys. 2013, 139, 134201. [Google Scholar] [CrossRef] [PubMed]

	



Heib, F.; Schmitt, M. Statistical contact angle analyses with the high-precision drop shape analysis (hpdsa) approach: Basic principles and applications. Coatings 2016, 6, 57. [Google Scholar] [CrossRef]

	



Bhushan, B.; Nosonovsky, M. The rose petal effect and the modes of superhydrophobicity. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2010, 368, 4713–4728. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Frenkel, Y.I. On the behavior of liquid drops on a solid surface. 1. The sliding of drops on an inclined surface. arXiv, 2005; arXiv:physics/0503051. [Google Scholar]

	



Ford, R.; Furmidge, C. Studies at phase interfaces: II. The stabilization of water-in-oil emulsions using oil-soluble emulsifiers. J. Colloid Interface Sci. 1966, 22, 331–341. [Google Scholar] [CrossRef]

	



Larsen, S.T.; Andersen, N.K.; Søgaard, E.; Taboryski, R. Structure irregularity impedes drop roll-off at superhydrophobic surfaces. Langmuir 2014, 30, 5041–5045. [Google Scholar] [CrossRef]

	



Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988–994. [Google Scholar] [CrossRef]

	



Cassie, A.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [Google Scholar] [CrossRef]

	



Quéré, D. Rough ideas on wetting. Phys. A Stat. Mech. Its Appl. 2002, 313, 32–46. [Google Scholar] [CrossRef]

	



Bico, J.; Thiele, U.; Quéré, D. Wetting of textured surfaces. Colloids Surf. A Physicochem. Eng. Asp. 2002, 206, 41–46. [Google Scholar] [CrossRef]

	



Bico, J.; Marzolin, C.; Quéré, D. Pearl drops. EPL (Europhys. Lett.) 1999, 47, 220–226. [Google Scholar] [CrossRef]

	



Extrand, C. Contact angles and hysteresis on surfaces with chemically heterogeneous islands. Langmuir 2003, 19, 3793–3796. [Google Scholar] [CrossRef]

	



Gao, L.; McCarthy, T.J. How wenzel and cassie were wrong. Langmuir 2007, 23, 3762–3765. [Google Scholar] [CrossRef] [PubMed]

	



Miwa, M.; Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Effects of the surface roughness on sliding angles of water droplets on superhydrophobic surfaces. Langmuir 2000, 16, 5754–5760. [Google Scholar] [CrossRef]

	



Okulova, N.; Johansen, P.; Christensen, L.; Taboryski, R. Effect of structure hierarchy for superhydrophobic polymer surfaces studied by droplet evaporation. Nanomaterials 2018, 8, 831. [Google Scholar] [CrossRef]

	



Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y.; Wang, N.; Xia, F.; Jiang, L. Petal effect: A superhydrophobic state with high adhesive force. Langmuir 2008, 24, 4114–4119. [Google Scholar] [CrossRef]

	



Wang, S.; Jiang, L. Definition of superhydrophobic states. Adv. Mater. 2007, 19, 3423–3424. [Google Scholar] [CrossRef]

	



Gao, L.; McCarthy, T.J. The “lotus effect” explained: Two reasons why two length scales of topography are important. Langmuir 2006, 22, 2966–2967. [Google Scholar] [CrossRef]

	



Yu, M.; Chen, S.; Zhang, B.; Qiu, D.; Cui, S. Why a lotus-like superhydrophobic surface is self-cleaning? An explanation from surface force measurements and analysis. Langmuir 2014, 30, 13615–13621. [Google Scholar] [CrossRef]

	



Pechook, S.; Sudakov, K.; Polishchuk, I.; Ostrov, I.; Zakin, V.; Pokroy, B.; Shemesh, M. Bioinspired passive anti-biofouling surfaces preventing biofilm formation. J. Mater. Chem. B 2015, 3, 1371–1378. [Google Scholar] [CrossRef]

	



Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 1997, 202, 1–8. [Google Scholar] [CrossRef]

	



Quéré, D. Non-sticking drops. Rep. Prog. Phys. 2005, 68, 2495. [Google Scholar] [CrossRef]

	



Roach, P.; Shirtcliffe, N.J.; Newton, M.I. Progess in superhydrophobic surface development. Soft Matter 2008, 4, 224–240. [Google Scholar] [CrossRef]

	



Zhang, X.; Shi, F.; Niu, J.; Jiang, Y.; Wang, Z. Superhydrophobic surfaces: From structural control to functional application. J. Mater. Chem. 2008, 18, 621–633. [Google Scholar] [CrossRef]

	



Patankar, N.A. On the modeling of hydrophobic contact angles on rough surfaces. Langmuir 2003, 19, 1249–1253. [Google Scholar] [CrossRef]

	



Patankar, N.A. Transition between superhydrophobic states on rough surfaces. Langmuir 2004, 20, 7097–7102. [Google Scholar] [CrossRef]

	



Zhu, L.; Xiu, Y.; Xu, J.; Tamirisa, P.A.; Hess, D.W.; Wong, C.-P. Superhydrophobicity on two-tier rough surfaces fabricated by controlled growth of aligned carbon nanotube arrays coated with fluorocarbon. Langmuir 2005, 21, 11208–11212. [Google Scholar] [CrossRef]

	



Fürstner, R.; Barthlott, W.; Neinhuis, C.; Walzel, P. Wetting and self-cleaning properties of artificial superhydrophobic surfaces. Langmuir 2005, 21, 956–961. [Google Scholar] [CrossRef]

	



Koch, K.; Bhushan, B.; Jung, Y.C.; Barthlott, W. Fabrication of artificial lotus leaves and significance of hierarchical structure for superhydrophobicity and low adhesion. Soft Matter 2009, 5, 1386–1393. [Google Scholar] [CrossRef]

	



Toma, M.; Loget, G.; Corn, R.M. Flexible teflon nanocone array surfaces with tunable superhydrophobicity for self-cleaning and aqueous droplet patterning. ACS Appl. Mater. Interfaces 2014, 6, 11110–11117. [Google Scholar] [CrossRef]

	



Erbil, H.Y.; Demirel, A.L.; Avcı, Y.; Mert, O. Transformation of a simple plastic into a superhydrophobic surface. Science 2003, 299, 1377–1380. [Google Scholar] [CrossRef] [PubMed]

	



Lau, K.K.; Bico, J.; Teo, K.B.; Chhowalla, M.; Amaratunga, G.A.; Milne, W.I.; McKinley, G.H.; Gleason, K.K. Superhydrophobic carbon nanotube forests. Nano Lett. 2003, 3, 1701–1705. [Google Scholar] [CrossRef]

	



Lu, Y.; Sathasivam, S.; Song, J.; Crick, C.R.; Carmalt, C.J.; Parkin, I.P. Robust self-cleaning surfaces that function when exposed to either air or oil. Science 2015, 347, 1132–1135. [Google Scholar] [CrossRef] [PubMed]

	



Boreyko, J.B.; Chen, C.-H. Self-propelled dropwise condensate on superhydrophobic surfaces. Phys. Rev. Lett. 2009, 103, 184501. [Google Scholar] [CrossRef]

	



Miljkovic, N.; Enright, R.; Nam, Y.; Lopez, K.; Dou, N.; Sack, J.; Wang, E.N. Jumping-droplet-enhanced condensation on scalable superhydrophobic nanostructured surfaces. Nano Lett. 2012, 13, 179–187. [Google Scholar] [CrossRef] [PubMed]

	



Wisdom, K.M.; Watson, J.A.; Qu, X.; Liu, F.; Watson, G.S.; Chen, C.-H. Self-cleaning of superhydrophobic surfaces by self-propelled jumping condensate. Proc. Natl. Acad. Sci. USA 2013, 110, 7992–7997. [Google Scholar] [CrossRef][Green Version]

	



Tuteja, A.; Choi, W.; Ma, M.; Mabry, J.M.; Mazzella, S.A.; Rutledge, G.C.; McKinley, G.H.; Cohen, R.E. Designing superoleophobic surfaces. Science 2007, 318, 1618–1622. [Google Scholar] [CrossRef]

	



Lafuma, A.; Quéré, D. Superhydrophobic states. Nat. Mater. 2003, 2, 457–460. [Google Scholar] [CrossRef]

	



Shibuichi, S.; Yamamoto, T.; Onda, T.; Tsujii, K. Super water-and oil-repellent surfaces resulting from fractal structure. J. Colloid Interface Sci. 1998, 208, 287–294. [Google Scholar] [CrossRef]

	



Coulson, S.R.; Woodward, I.; Badyal, J.; Brewer, S.A.; Willis, C. Super-repellent composite fluoropolymer surfaces. J. Phys. Chem. B 2000, 104, 8836–8840. [Google Scholar] [CrossRef]

	



Helbig, R.; Nickerl, J.; Neinhuis, C.; Werner, C. Smart skin patterns protect springtails. PLoS ONE 2011, 6, e25105. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Kim, C.-J. Turning a surface superrepellent even to completely wetting liquids. Science 2014, 346, 1096–1100. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Butt, H.-J.; Semprebon, C.; Papadopoulos, P.; Vollmer, D.; Brinkmann, M.; Ciccotti, M. Design principles for superamphiphobic surfaces. Soft Matter 2013, 9, 418–428. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhang, X. Elucidating nonwetting of re-entrant surfaces with impinging droplets. Langmuir 2015, 31, 9448–9457. [Google Scholar] [CrossRef]

	



Nosonovsky, M. Multiscale roughness and stability of superhydrophobic biomimetic interfaces. Langmuir 2007, 23, 3157–3161. [Google Scholar] [CrossRef] [PubMed]

	



Tuteja, A.; Choi, W.; Mabry, J.M.; McKinley, G.H.; Cohen, R.E. Robust omniphobic surfaces. Proc. Natl. Acad. Sci. USA 2008, 105, 18200–18205. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chen, X.; Weibel, J.A.; Garimella, S.V. Water and ethanol droplet wetting transition during evaporation on omniphobic surfaces. Sci. Rep. 2015, 5, 17110. [Google Scholar] [CrossRef]

	



Ahuja, A.; Taylor, J.; Lifton, V.; Sidorenko, A.; Salamon, T.; Lobaton, E.; Kolodner, P.; Krupenkin, T. Nanonails: A simple geometrical approach to electrically tunable superlyophobic surfaces. Langmuir 2008, 24, 9–14. [Google Scholar] [CrossRef]

	



Schreiber, F. Structure and growth of self-assembling monolayers. Prog. Surf. Sci. 2000, 65, 151–257. [Google Scholar] [CrossRef]

	



Gan, S.; Yang, P.; Yang, W. Photoactivation of alkyl c−h and silanization: A simple and general route to prepare high-density primary amines on inert polymer surfaces for protein immobilization. Biomacromolecules 2009, 10, 1238–1243. [Google Scholar] [CrossRef] [PubMed]

	



Bormashenko, E.; Grynyov, R.; Chaniel, G.; Taitelbaum, H.; Bormashenko, Y. Robust technique allowing manufacturing superoleophobic surfaces. Appl. Surf. Sci. 2013, 270, 98–103. [Google Scholar] [CrossRef]

	



Nagappan, S.; Ha, C.-S. Superhydrophobic and self-cleaning natural leaf powder/poly (methylhydroxysiloxane) hybrid micro-nanocomposites. Macromol. Res. 2014, 22, 843–852. [Google Scholar] [CrossRef]

	



Lu, X.; Munief, W.M.; Heib, F.; Schmitt, M.; Britz, A.; Grandthyl, S.; Müller, F.; Neurohr, J.U.; Jacobs, K.; Benia, H.M. Front-end-of-line integration of graphene oxide for graphene-based electrical platforms. Adv. Mater. Technol. 2018, 3, 1700318. [Google Scholar] [CrossRef]

	



Deng, X.; Mammen, L.; Butt, H.-J.; Vollmer, D. Candle soot as a template for a transparent robust superamphiphobic coating. Science 2012, 335, 67–70. [Google Scholar] [CrossRef] [PubMed]

	



Deng, X.; Paven, M.; Papadopoulos, P.; Ye, M.; Wu, S.; Schuster, T.; Klapper, M.; Vollmer, D.; Butt, H.J. Solvent-free synthesis of microparticles on superamphiphobic surfaces. Angew. Chem. Int. Ed. 2013, 52, 11286–11289. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, B.; Hilborn, J.; Hollenstein, C.; Plummer, C.; Houriet, R.; Xanthopoulos, N. Surface modification of polyester films by rf plasma. J. Appl. Polym. Sci. 2000, 78, 1083–1091. [Google Scholar] [CrossRef]

	



Bates, G.W.; Boyer, J.; Hegenauer, J.C.; Saltman, P. Facilitation of iron absorption by ferric fructose. Am. J. Clin. Nutr. 1972, 25, 983–986. [Google Scholar] [CrossRef]

	



Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; Shimohigoshi, M.; Watanabe, T. Light-induced amphiphilic surfaces. Nature 1997, 388, 431–432. [Google Scholar] [CrossRef]

	



Piispanen, M.; Hupa, L. Comparison of self-cleaning properties of three titania coatings on float glass. Appl. Surf. Sci. 2011, 258, 1126–1131. [Google Scholar] [CrossRef]

	



De Jesus, M.A.M.L.; da Silva Neto, J.T.; Timò, G.; Paiva, P.R.P.; Dantas, M.S.S.; de Mello Ferreira, A. Superhydrophilic self-cleaning surfaces based on tio 2 and tio 2/sio 2 composite films for photovoltaic module cover glass. Appl. Adhes. Sci. 2015, 3, 5. [Google Scholar] [CrossRef]

	



Kraeutler, B.; Bard, A.J. Photoelectrosynthesis of ethane from acetate ion at an n-type titanium dioxide electrode. The photo-kolbe reaction. J. Am. Chem. Soc. 1977, 99, 7729–7731. [Google Scholar] [CrossRef]

	



Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental applications of semiconductor photocatalysis. Chem. Rev. 1995, 95, 69–96. [Google Scholar] [CrossRef]

	



Vautier, M.; Guillard, C.; Herrmann, J.-M. Photocatalytic degradation of dyes in water: Case study of indigo and of indigo carmine. J. Catal. 2001, 201, 46–59. [Google Scholar] [CrossRef]

	



Dolamic, I.; Bürgi, T. Photocatalysis of dicarboxylic acids over tio2: An in situ atr-ir study. J. Catal. 2007, 248, 268–276. [Google Scholar] [CrossRef]

	



Yang, D.; Ni, X.; Chen, W.; Weng, Z. The observation of photo-kolbe reaction as a novel pathway to initiate photocatalytic polymerization over oxide semiconductor nanoparticles. J. Photochem. Photobiol. A Chem. 2008, 195, 323–329. [Google Scholar] [CrossRef]

	



Schmitt, M. Zno nanoparticle induced photo-kolbe reaction, fragment stabilization and effect on photopolymerization monitored by raman–uv-vis measurements. Macromol. Chem. Phys. 2012, 213, 1953–1962. [Google Scholar] [CrossRef]

	



Schmitt, M. Synthesis and testing of zno nanoparticles for photo-initiation: Experimental observation of two different non-migration initiators for bulk polymerization. Nanoscale 2015, 7, 9532–9544. [Google Scholar] [CrossRef]

	



Meilert, K.; Laub, D.; Kiwi, J. Photocatalytic self-cleaning of modified cotton textiles by tio2 clusters attached by chemical spacers. J. Mol. Catal. A Chem. 2005, 237, 101–108. [Google Scholar] [CrossRef]

	



Damodar, R.A.; You, S.-J.; Chou, H.-H. Study the self cleaning, antibacterial and photocatalytic properties of tio2 entrapped pvdf membranes. J. Hazard. Mater. 2009, 172, 1321–1328. [Google Scholar] [CrossRef]

	



Hugenschmidt, M.B.; Gamble, L.; Campbell, C.T. The interaction of h2o with a tio2 (110) surface. Surf. Sci. 1994, 302, 329–340. [Google Scholar] [CrossRef]

	



Wong, T.-S.; Kang, S.H.; Tang, S.K.; Smythe, E.J.; Hatton, B.D.; Grinthal, A.; Aizenberg, J. Bioinspired self-repairing slippery surfaces with pressure-stable omniphobicity. Nature 2011, 477, 443–447. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bohn, H.F.; Federle, W. Insect aquaplaning: Nepenthes pitcher plants capture prey with the peristome, a fully wettable water-lubricated anisotropic surface. Proc. Natl. Acad. Sci. USA 2004, 101, 14138–14143. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kim, P.; Wong, T.-S.; Alvarenga, J.; Kreder, M.J.; Adorno-Martinez, W.E.; Aizenberg, J. Liquid-infused nanostructured surfaces with extreme anti-ice and anti-frost performance. ACS Nano 2012, 6, 6569–6577. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, P.W.; Lu, W.; Xu, H.; Kim, P.; Kreder, M.J.; Alvarenga, J.; Aizenberg, J. Inhibition of ice nucleation by slippery liquid-infused porous surfaces (slips). Phys. Chem. Chem. Phys. 2013, 15, 581–585. [Google Scholar] [CrossRef] [PubMed]

	



Urata, C.; Dunderdale, G.J.; England, M.W.; Hozumi, A. Self-lubricating organogels (slugs) with exceptional syneresis-induced anti-sticking properties against viscous emulsions and ices. J. Mater. Chem. A 2015, 3, 12626–12630. [Google Scholar] [CrossRef]

	



Irajizad, P.; Hasnain, M.; Farokhnia, N.; Sajadi, S.M.; Ghasemi, H. Magnetic slippery extreme icephobic surfaces. Nat. Commun. 2016, 7, 13395. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Khalil-Abad, M.S.; Yazdanshenas, M.E. Superhydrophobic antibacterial cotton textiles. J. Colloid Interface Sci. 2010, 351, 293–298. [Google Scholar] [CrossRef]

	



Crick, C.R.; Ismail, S.; Pratten, J.; Parkin, I.P. An investigation into bacterial attachment to an elastomeric superhydrophobic surface prepared via aerosol assisted deposition. Thin Solid Film. 2011, 519, 3722–3727. [Google Scholar] [CrossRef]

	



Mahalakshmi, P.; Vanithakumari, S.; Gopal, J.; Mudali, U.K.; Raj, B. Enhancing corrosion and biofouling resistance through superhydrophobic surface modification. Curr. Sci. 2011, 101, 1328–1336. [Google Scholar]

	



Privett, B.J.; Youn, J.; Hong, S.A.; Lee, J.; Han, J.; Shin, J.H.; Schoenfisch, M.H. Antibacterial fluorinated silica colloid superhydrophobic surfaces. Langmuir 2011, 27, 9597–9601. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Couranjou, M.; Mauchauffé, R.; Bonot, S.; Detrembleur, C.; Choquet, P. Anti-biofouling and antibacterial surfaces via a multicomponent coating deposited from an up-scalable atmospheric-pressure plasma-assisted cvd process. J. Mater. Chem. B 2018, 6, 614–623. [Google Scholar] [CrossRef]

	



Sun, K.; Yang, H.; Xue, W.; He, A.; Zhu, D.; Liu, W.; Adeyemi, K.; Cao, Y. Anti-biofouling superhydrophobic surface fabricated by picosecond laser texturing of stainless steel. Appl. Surf. Sci. 2018, 436, 263–267. [Google Scholar] [CrossRef]

	



Hwang, G.B.; Page, K.; Patir, A.; Nair, S.P.; Allan, E.; Parkin, I.P. The anti-biofouling properties of superhydrophobic surfaces are short-lived. ACS Nano 2018, 12, 6050–6058. [Google Scholar] [CrossRef] [PubMed]

	



Epstein, A.K.; Wong, T.-S.; Belisle, R.A.; Boggs, E.M.; Aizenberg, J. Liquid-infused structured surfaces with exceptional anti-biofouling performance. Proc. Natl. Acad. Sci. USA 2012, 109, 13182–13187. [Google Scholar] [CrossRef][Green Version]

	



Yin, J.; Mei, M.L.; Li, Q.; Xia, R.; Zhang, Z.; Chu, C.H. Self-cleaning and antibiofouling enamel surface by slippery liquid-infused technique. Sci. Rep. 2016, 6, 25924. [Google Scholar] [CrossRef][Green Version]

	



Leslie, D.C.; Waterhouse, A.; Berthet, J.B.; Valentin, T.M.; Watters, A.L.; Jain, A.; Kim, P.; Hatton, B.D.; Nedder, A.; Donovan, K. A bioinspired omniphobic surface coating on medical devices prevents thrombosis and biofouling. Nat. Biotechnol. 2014, 32, 1134–1140. [Google Scholar] [CrossRef][Green Version]

	



Badv, M.; Jaffer, I.H.; Weitz, J.I.; Didar, T.F. An omniphobic lubricant-infused coating produced by chemical vapor deposition of hydrophobic organosilanes attenuates clotting on catheter surfaces. Sci. Rep. 2017, 7, 11639. [Google Scholar] [CrossRef]

	



Hosseini, A.; Villegas, M.; Yang, J.; Badv, M.; Weitz, J.I.; Soleymani, L.; Didar, T.F. Conductive electrochemically active lubricant-infused nanostructured surfaces attenuate coagulation and enable friction-less droplet manipulation. Adv. Mater. Interfaces 2018, 5, 1800617. [Google Scholar] [CrossRef]

	



Badv, M.; Imani, S.M.; Weitz, J.I.; Didar, T.F. Lubricant-infused surfaces with built-in functional biomolecules exhibit simultaneous repellency and tunable cell adhesion. ACS Nano 2018, 12, 10890–10902. [Google Scholar] [CrossRef]

	



Dong, Z.; Schumann, M.F.; Hokkanen, M.J.; Chang, B.; Welle, A.; Zhou, Q.; Ras, R.H.; Xu, Z.; Wegener, M.; Levkin, P.A. Superoleophobic slippery lubricant-infused surfaces: Combining two extremes in the same surface. Adv. Mater. 2018, 30, 1803890. [Google Scholar] [CrossRef] [PubMed]

	



Holmes, H.R.; Böhringer, K.F. Transporting droplets through surface anisotropy. Microsyst. Nanoeng. 2015, 1, 15022. [Google Scholar] [CrossRef]

	



Chaudhury, M.K.; Whitesides, G.M. How to make water run uphill. Science 1992, 256, 1539–1541. [Google Scholar] [CrossRef] [PubMed]

	



Kataoka, D.E.; Troian, S.M. Patterning liquid flow on the microscopic scale. Nature 1999, 402, 794–797. [Google Scholar] [CrossRef]

	



Pollack, M.G.; Shenderov, A.D.; Fair, R. Electrowetting-based actuation of droplets for integrated microfluidics. Lab A Chip 2002, 2, 96–101. [Google Scholar] [CrossRef]

	



Cho, S.K.; Moon, H.; Kim, C.-J. Creating, transporting, cutting, and merging liquid droplets by electrowetting-based actuation for digital microfluidic circuits. J. Microelectromech. Syst. 2003, 12, 70–80. [Google Scholar][Green Version]

	



Park, S.-Y.; Teitell, M.A.; Chiou, E.P. Single-sided continuous optoelectrowetting (scoew) for droplet manipulation with light patterns. Lab A Chip 2010, 10, 1655–1661. [Google Scholar] [CrossRef]

	



Tan, M.K.; Friend, J.R.; Yeo, L.Y. Microparticle collection and concentration via a miniature surface acoustic wave device. Lab A Chip 2007, 7, 618–625. [Google Scholar] [CrossRef]

	



Shastry, A.; Case, M.J.; Böhringer, K.F. Directing droplets using microstructured surfaces. Langmuir 2006, 22, 6161–6167. [Google Scholar] [CrossRef]

	



Duncombe, T.A.; Parsons, J.F.; Böhringer, K.F. Directed drop transport rectified from orthogonal vibrations via a flat wetting barrier ratchet. Langmuir 2012, 28, 13765–13770. [Google Scholar] [CrossRef]

	



Van Grinsven, K.L.; Ousati Ashtiani, A.; Jiang, H. Fabrication and actuation of an electrowetting droplet array on a flexible substrate. Micromachines 2017, 8, 334. [Google Scholar] [CrossRef]

	



Fan, S.-K.; Yang, H.; Wang, T.-T.; Hsu, W. Asymmetric electrowetting—Moving droplets by a square wave. Lab A Chip 2007, 7, 1330–1335. [Google Scholar] [CrossRef]

	



Kim, J.-H.; Lee, J.-H.; Kim, J.-Y.; Mirzaei, A.; Wu, P.; Kim, H.W.; Kim, S.S. Electrowetting on the dielectric (ewod) properties of teflon-coated electrosprayed silica layers in air and oil media and the influence of electric leakage. J. Mater. Chem. C 2018, 6, 6808–6815. [Google Scholar] [CrossRef]

	



Crane, N.B.; Volinsky, A.A.; Mishra, P.; Rajgadkar, A.; Khodayari, M. Bidirectional electrowetting actuation with voltage polarity dependence. Appl. Phys. Lett. 2010, 96, 104103. [Google Scholar] [CrossRef]

	



Li, C.; Jiang, H. Fabrication and characterization of flexible electrowetting on dielectrics (ewod) microlens. Micromachines 2014, 5, 432–441. [Google Scholar] [CrossRef]

	



Lee, J.; Moon, H.; Fowler, J.; Schoellhammer, T.; Kim, C.-J. Electrowetting and electrowetting-on-dielectric for microscale liquid handling. Sens. Actuators A Phys. 2002, 95, 259–268. [Google Scholar] [CrossRef]

	



Yi, U.-C.; Kim, C.-J. Characterization of electrowetting actuation on addressable single-side coplanar electrodes. J. Micromech. Microeng. 2006, 16, 2053. [Google Scholar] [CrossRef]

	



Latip, E.A.; Coudron, L.; McDonnell, M.; Johnston, I.; McCluskey, D.; Day, R.; Tracey, M. Protein droplet actuation on superhydrophobic surfaces: A new approach toward anti-biofouling electrowetting systems. RSC Adv. 2017, 7, 49633–49648. [Google Scholar] [CrossRef]

	



Jönsson-Niedziółka, M.; Lapierre, F.; Coffinier, Y.; Parry, S.; Zoueshtiagh, F.; Foat, T.; Thomy, V.; Boukherroub, R. Ewod driven cleaning of bioparticles on hydrophobic and superhydrophobic surfaces. Lab A Chip 2011, 11, 490–496. [Google Scholar] [CrossRef]

	



Zhao, Y.; Cho, S.K. Microparticle sampling by electrowetting-actuated droplet sweeping. Lab A Chip 2006, 6, 137–144. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Hong, J.; Chung, S.K. Smart self-cleaning lens cover for miniature cameras of automobiles. Sens. Actuators B Chem. 2017, 239, 754–758. [Google Scholar]

	



Geng, H.; Cho, S.K. In Anti-biofouling droplet manipulation by slippery liquid infused porous surface (slips) integrated with electrowetting and liquid-dielectrophoresis. In Proceedings of the 2018 IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 21–25 January 2018; pp. 261–264. [Google Scholar]

	



Duncombe, T.A.; Erdem, E.Y.; Shastry, A.; Baskaran, R.; Böhringer, K.F. Controlling liquid drops with texture ratchets. Adv. Mater. 2012, 24, 1545–1550. [Google Scholar] [CrossRef]

	



Sun, D.; Böhringer, K.F. Self-cleaning surfaces using anisotropic ratchet conveyors. In Proceedings of the 2017 19th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), Kaohsiung, Taiwan, 18–22 June 2017; pp. 1773–1776. [Google Scholar]

	



Masuda, S.; Washizu, M.; Kawabata, I. Movement of blood cells in liquid by nonuniform traveling field. IEEE Trans. Ind. Appl. 1988, 24, 217–222. [Google Scholar] [CrossRef]

	



Sharma, R.; Wyatt, C.A.; Zhang, J.; Calle, C.I.; Mardesich, N.; Mazumder, M.K. Experimental evaluation and analysis of electrodynamic screen as dust mitigation technology for future mars missions. IEEE Trans. Ind. Appl. 2009, 45, 591–596. [Google Scholar] [CrossRef]

	



Biris, A.; Saini, D.; Srirama, P.; Mazumder, M.; Sims, R.; Calle, C.; Buhler, C. Electrodynamic removal of contaminant particles and its applications. In Proceedings of the Conference Record of the 2004 IEEE Industry Applications Conference, Seattle, WA, USA, 3–7 October 2004; pp. 1283–1286. [Google Scholar]

	



Sharma, R.; Wyatt, C.; Zhang, J.; Mazumder, M.; Calle, C.; Mardesich, N. Performance analysis of electrodynamic self-cleaning transparent films for its applications to mars and lunar missions. In Proceedings of the 2007 IEEE Industry Applications Annual Meeting, New Orleans, LA, USA, 23–27 September 2007; pp. 434–437. [Google Scholar]

	



Mazumder, M.; Horenstein, M.N.; Stark, J.W.; Girouard, P.; Sumner, R.; Henderson, B.; Sadder, O.; Hidetaka, I.; Biris, A.S.; Sharma, R. Characterization of electrodynamic screen performance for dust removal from solar panels and solar hydrogen generators. IEEE Trans. Ind. Appl. 2013, 49, 1793–1800. [Google Scholar] [CrossRef]

	



Horenstein, M.N.; Mazumder, M.; Sumner, R.C., Jr. Predicting particle trajectories on an electrodynamic screen–theory and experiment. J. Electrost. 2013, 71, 185–188. [Google Scholar] [CrossRef]

	



Horenstein, M.N.; Mazumder, M.K.; Sumner, R.C.; Stark, J.; Abuhamed, T.; Boxman, R. Modeling of trajectories in an electrodynamic screen for obtaining maximum particle removal efficiency. IEEE Trans. Ind. Appl. 2013, 49, 707–713. [Google Scholar] [CrossRef]

	



Guo, B.; Javed, W. Efficiency of electrodynamic dust shield at dust loading levels relevant to solar energy applications. IEEE J. Photovolt. 2018, 8, 196–202. [Google Scholar] [CrossRef]

	



Guo, B.; Javed, W.; Pett, C.; Wu, C.-Y.; Scheffe, J.R. Electrodynamic dust shield performance under simulated operating conditions for solar energy applications. Sol. Energy Mater. Sol. Cells 2018, 185, 80–85. [Google Scholar] [CrossRef]

	



Autumn, K.; Liang, Y.A.; Hsieh, S.T.; Zesch, W.; Chan, W.P.; Kenny, T.W.; Fearing, R.; Full, R.J. Adhesive force of a single gecko foot-hair. Nature 2000, 405, 681–685. [Google Scholar] [CrossRef]

	



Autumn, K.; Sitti, M.; Liang, Y.A.; Peattie, A.M.; Hansen, W.R.; Sponberg, S.; Kenny, T.W.; Fearing, R.; Israelachvili, J.N.; Full, R.J. Evidence for van der waals adhesion in gecko setae. Proc. Natl. Acad. Sci. USA 2002, 99, 12252–12256. [Google Scholar] [CrossRef]

	



Stark, A.Y.; Wucinich, N.A.; Paoloni, E.L.; Niewiarowski, P.H.; Dhinojwala, A. Self-drying: A gecko’s innate ability to remove water from wet toe pads. PLoS ONE 2014, 9, e101885. [Google Scholar] [CrossRef]

	



Hansen, W.R.; Autumn, K. Evidence for self-cleaning in gecko setae. Proc. Natl. Acad. Sci. USA 2005, 102, 385–389. [Google Scholar] [CrossRef][Green Version]

	



Sethi, S.; Ge, L.; Ci, L.; Ajayan, P.M.; Dhinojwala, A. Gecko-inspired carbon nanotube-based self-cleaning adhesives. Nano Lett. 2008, 8, 822–825. [Google Scholar] [CrossRef]

	



Lee, J.; Fearing, R.S. Contact self-cleaning of synthetic gecko adhesive from polymer microfibers. Langmuir 2008, 24, 10587–10591. [Google Scholar] [CrossRef]








[image: Micromachines 10 00101 g001 550]





Figure 1. Schematics of contact angle types. The grey region represents the solid surface and the blue color represents the liquid on top. (a) Static contact angle θ and interfacial surface tension γ according to Young’s Equation. (b,c) represent a method to measure the advancing and receding contact angle. The arrow represents the direction of external pressure to dispense water onto or retreat water from the solid surface through a dispensing needle. (d) Inclination angle α, advancing angle θadv, and receding angle θrec. 
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Figure 2. Schematics of different wetting states. (a) Wenzel state. (b) Cassie-Baxter state. (c) Transitional state between the Wenzel and Cassie-Baxter state, including the “petal effect” with simultaneously high contact angles (CA) and high Sliding angle (SA). (d) Top view of a typical artificial superhydrophobic surface design by creating surface roughness with pillars. The pillar height is h, the pillar breadth and width are a and the distance between adjacent pillars edges is b. The dotted square shows a periodic structure for calculation with a quarter of pillar surface counted at each corner. 
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Figure 3. Artificial superhydrophobic surface examples imaged by scanning electron microscopy (SEM). (a) Micro-spikes on Si substrates. Reproduced with permission from [53], published by ACS Publictions, 2005. (b) Heavily structured copper film surface [53]. (c) Silicone rubber replicates of Alocasia structure through molding [53]. (d) Hierarchical structures using Si micropillars covered with lotus wax tubules. Reproduced with permission from [54], published by Royal Society of Chemistry, 2009. (e) Teflon nano cone arrays. Reproduced with permission from [55], published by ACS Publications, 2014. (f) Porous isostatic polypropylene (i-PP) structures from solution drying. Reproduced with permission from [56], published by Science, 2003. (g) Carbon nanotube forest grown by plasma-enhanced chemical vapor deposition (PECVD). Reproduced with permission from [57], published by ACS Publications, 2003. (h) TiO2 particles paint. Reproduced with permission from [58], published by Science, 2015. 
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Figure 4. Water vapor condenses and spontaneously jumps off a cicada wing surface, encapsulating 50 µm glass beads. Reproduced with permission from [61], published by PNAS, 2013. 
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Figure 5. Liquid-solid contact angle required for stable liquid suspension on (a) Surfaces with both semicircular bumps and grooves. Reproduced with permission from [70], published by ACS Publications, 2007. (b) micro-pillar structures, (c) re-entrant structures, (d) doubly re-entrant structures. Reproduced with permission from [67], published by Science, 2014. 
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Figure 6. Examples of superomniphobic surface designs. (a) Micro hoodoo structures with a rectangular SiO2 cap on Si micro-pillars. Reproduced with permission from [71], published by PNAS, 2008. (b) Mushroom structure of copper surfaces. Reproduced with permission from [72], published by Nature, 2015. (c) Nano-nail structures. Reproduced with permission from [73], published by ACS Publications, 2008. (d) Fluorinated electrospun fibers [71]. (e) Candle soot structure after being coated with silica nanoshell and after carbon core removal by high-temperature sintering. Reproduced with permission from [79], published by Science, 2012. (f) Microposts with doubly re-entrant overhangs. Reproduced with permission from [67], published by Science, 2014. 
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Figure 7. (a) Slippery liquid-infused porous surface (SLIPS) fabrication process flow. Low surface energy, chemically inert fluid was infused into the porous solid substrate. The surface remained smooth with lubricating film between the substrate and the applied liquid. (b) Crude oil and (c) blood movement on SLIPS, superhydrophobic and superhydrophilic surfaces. Reproduced with permission from [96], published by Nature, 2011. 
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Figure 8. (a) Fabrication process of SLIPS surface using porous substrate and bio-fouling experiment with and without liquid infusion. Reproduced with permission from [109], published by PNAS, 2012. (b) SLIPS surface fabricated with liquid soaking deposited self-assembled monolayers (SAM). Reproduced with permission from [111], published by Nature, 2014. The experimental results showed TLP modified tubing and control tubing after 8h of blood flow. The blood flow through arterial (Art) or venous (Ven) cannula was indicated by the black arrow. (c) SLIPS surface fabricated with both liquid soaking and vapor deposited SAM. Reproduced with permission from [112], published by Nature, 2017. (d) SEM images of SLIPS and doubly re-entrant superomniphobic composite structures. The left image shows the surface with lubrication and the right image shows the surface after lubricant evaporation. Reproduced with permission from [115], published by Wiley Online Library, 2018. 
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Figure 9. Electrowetting-on-dielectric (EWOD) setup: (a) Typical EWOD setup to measure contact angle change by external voltage. (b) Parallel-plate EWOD design to transport droplet. (c) Open coplanar EWOD design. The energized electrodes are marked as red color in (b,c). 
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Figure 10. Both top and side views of water droplet transport on the superhydrophobic surface at different times. Reproduced with permission from [133], published by Royal Society of Chemistry, 2011. 
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Figure 11. (a–e) Glass beads are collected sequentially using water droplets. The glass beads are suspended inside the sweeping water droplets. The dashed line in (a) indicates the path of the droplet for particle sampling and cleaning. Reproduced with permission from [134], published by Royal Society of Chemistry, 2006. (f) shows a close-up view of the droplet with suspended sampled particles. 
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Figure 12. Sequential images of cleaning of (a) water droplets and (b) particles with different volumes on the lens cover of a smartphone camera. Reproduced with permission from [135], published by Elsevier, 2017. 






Figure 12. Sequential images of cleaning of (a) water droplets and (b) particles with different volumes on the lens cover of a smartphone camera. Reproduced with permission from [135], published by Elsevier, 2017.



[image: Micromachines 10 00101 g012]







[image: Micromachines 10 00101 g013 550]





Figure 13. (a) Different liquids transported on EWOD-SLIPS surfaces: (a1) Deionized (DI) water, (a2) Bovine serum albumin (BSA) solution, (a3) propylene carbonate, (a4) isopropyl alcohol. (b) A droplet cleaning bio-stains left by evaporation: (b1) droplet fails to move on hydrophobic coatings due to bio-fouling, (b2) droplet moves and cleans the bio-stain. The green in the fluorescent images indicate the BSA residues on the surfaces. Reproduced with permission from [136], published by IEEE, 2018. 
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Figure 14. (a) A water droplet resting on the anisotropic ratchet conveyors (ARC) surface with etched pillars. (b) SEM image of the ARC surface. (c) Schematic of droplet interaction with droplet under vibration. The leading edge conforms to the semi-circular rung, which acts as a wetting barrier, while the trailing edge has only intermittent contacts with the rung pattern. Reproduced with permission from [124], published by ACS Publications, 2012. Reproduced with permission from [137], published by Wiley Online Library, 2012. (d) Surface cleaning performance for powdered sweetener (dextrose, maltodextrin, and sucralose) contamination on a chemically flat ARC surface consisting of two loop tracks. Reproduced with permission from [138], published by IEEE, 2017. 
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Figure 15. (a) Schematic view of a typical electrodynamic screen (EDS) design. Reproduced with permission from [144], published by Elsevier, 2013. (b) Sequential images of the dust removal processes on top of the EDS panel by electrodynamic force. Reproduced with permission from [143], published by IEEE, 2013. 
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Figure 16. (a) Micro fiber adhesive contaminated with gold microspheres. (b) Micro fiber adhesive after 30 contacts (simulated steps) on a clean glass substrate. Some of the microspheres were trapped inside the micro fibers. (c) Conventional pressure sensitive adhesive (PSA) surface contaminated with microspheres. (d) PSA surface fully covered by the Au microparticles after the same simulated steps. Reproduced with permission from [153], published by ACS Publications, 2008. 
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Figure 17. Standard protocol of mimicked gecko step cycle: (a) Normal compressive force was applied on the back side of the fiber substrate. (b) Applying shear load added to the compressive force. (c) Removing the compressive force to make the load a pure shear force. (d) Detaching the sample from the clean surface. Reproduced with permission from [153], published by ACS Publications, 2008. 
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