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Abstract

:

Lotus flowers, rose petals, some plant leaves and insects have a naturally super-hydrophobic surface. In fact, the surface of a Lotus leaf is covered by micro and nano structures mixed with wax, which makes its surface superhydrophobic. In microfluidics, superhydrophobicity is an important factor in the rheometers on a chip. It is also sought in other complex fluids applications like the self-cleaning and the antibacterial materials. The wettability of the surface of solid support can be modified by altering its chemical composition. This means functionalizing the interface molecules to different chemical properties, and/or forming a thin film on the surface. We can also influence its texturing by changing its roughness. Despite considerable efforts during the last decade, superhydrophobic surfaces usually involve, among others, microfabrication processes, such as photolithography technique. In this study, we propose an original and simple method to create superhydrophobic surfaces by controlling elastic instability of poly-dimethylsiloxane (PDMS) films. Indeed, we demonstrate that the self-organization of wrinkles on top of non-wettable polymer surfaces leads to surperhydrophobic surfaces with contact angles exceeding 150°. We studied the transition Wenzel-Cassie, which indicated that the passage of morphology drops “impaled” to a type of morphology “fakir” were the strongest topographies.
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1. Introduction


In recent decades, the study of super-hydrophobicity has become essential in many industrial sectors. From a fundamental point of view, the description of the phenomena of wettability is essentially based on the understanding of the nature of interactions that develop between the liquid and the wet surface. The chemical physics parameters of a surface play an essential role in the wettability properties. By controlling the chemical nature of the surface, we can obtain hydrophobic surfaces. Moreover, using factors which increase the actual contact surface, such as roughness or structure of surfaces can improve it and make it a superhydrophobic surface, which is often sought in the high-technology sectors where self-cleaning surfaces are required [1,2].



To illustrate this, take as example the lotus leaf, which has a natural superhydrophobic surface. Indeed, the surface of the lotus leaf is covered by micro and nano-structures and wax which make it superhydrophobic [3,4,5,6,7]. One of the techniques used for reproducing these structures is based on photolithography. However, lithography is expensive and unsuitable to non-planar system models. So how else can we prepare a super- hydrophobic surface?



Cross-linked poly-dimethylsiloxane (PDMS) has an attractive combination of materials that has flexibility and hydrophobic surface properties [8]. Various approaches have been used to modify the surfaces of PDMS, including: chemical methods [9,10,11] and physical methods, such as ultraviolet ozone [12], and oxygen plasma [8,13]. In this paper, we used molding in order to reach the required roughness. Then, we measured the contact angle to determine the degree of hydrophobicity of the hydrophobic film of PDMS. The surface texture of the mold is obtained by a combination of UV/Ozone irradiation and suitable elastic deformation; this process mimics the natural apparition of wrinkles on the human skin.



Human skin is essentially composed of two primary layers: the epidermis, which provides waterproofing and serves as a barrier to infection; and the dermis, which cushions the body from stress and strain. The dermis, whose thickness is about a millimeter, consists of a set of proteins, like collagen fibers, which provide flexibility and elasticity to the skin (Young modulus E is around 0.2–3 MPa). The epidermis is essentially composed of keratinocytes and is much thinner than the dermis with a larger elastic modulus due to its lamellar composition [14]. This difference in elastic modulus, together with aging or compression, yields to wrinkles.



Superhydrophobic surfaces created by elastic instability can contribute to the recent advances in microfluidics which allowed the development of rheometers on a chip [15,16,17], where microfluidics is a competitive platform for performing rheometry. Therefore, the control of wall adherence and degree of slipping become central topics for this sort of applications application of microfluidics [18,19,20]. In this sense, the application of superhydrophobic surfaces can potentially help to investigate and analyze the influence of patterned surfaces in microrheometry.



Other potential applications of superhydrophobic surfaces is that they improve coalescence-induced micro-droplet jumping [21], and they can avoid the intensive usage of biocides in antibacterial materials by reducing the bacterial adhesion [22].




2. Materials and Methods


2.1. Preparation of Base Material


Systems used to model the human skin are Sylgard 184 and Sylgard 186 from Dow Corning Inc. (Midland, MI, United States) They are essentially composed of a high viscosity base and a curing agent. Artificial skins are prepared by mixing a ratio 10:1 (base: curing agent), defoaming for 30 min and cross-linking at 75 °C temperature for two hours. The Young moduli, measured with a Mettler Toledo DMA 861e, are estimated around 3 MPa and 1 MPa respectively for Sylgard 184 and 186.




2.2. Method for Fabricating Micro-Wrinkling Pattern


After cross-linking, the PDMS (Sylgard 186) was stretched and oxidized using UV/ozone irradiation for an extended period of time (30–300 min) to increase the number of reticulation points (Figure 1a). The UV/ozone treatment (Applitek PR100, Nazareth, Belguim) changes the surface chemistry of PDMS. It converts the surface of PDMS into a stiff hydrophilic skin, similar to a silicate (SiOx) layer. After the UV/ozone treatment, the stretching is finally relaxed in order to compress the top layer modeling the epidermis. The compression ratio is defined by [23]:


   δ =    L 0  −   L    L 0      



(1)







Above the threshold for the compression ratio (δ > δc), we observe the formation of sinusoidal wrinkles on the top of the PDMS characterized by a cylindrical symmetry and perpendicular to the direction of the strain.




2.3. Replication of Structured Surface


After UV/ozone treatment, the PDMS surface becomes hydrophilic due to the presence of a silicate-like layer. For small compression, the wrinkles are sinusoidal and characterized by a wavelength λ. For larger compression ratio, periodic folds directed downward in the direction of the elastomer and characterized by a wavelength 2λ emerge. To obtain superhydrophobic surface, those folds should be oriented upward. Consequently, the superhydrophic surfaces are obtained by replica molding the surface with sylgard 184. The large roughness of the surface leads to a superhydrophobic surface.



We tested the hydrophobicity of our surfaces by deposing a millimetric droplet of water (1 μL) on surfaces characterized by three different types of roughness. We also analyzed the behavior with inclined surfaces.





3. Results and Discussion


In order to explain this formation of wrinkles, many theories and experiments have been made over the past 10 years [14,23,24,25,26,27,28,29]. The observed wavelength is explained by the balance between the bending energy     U b    ∝ E  h 3     A 2     λ 3         of the stiff upper membrane and the stretching energy       U s  ∝  E s   A 2     of the “semi-infinite” foundation. We thus obtain    λ ∝ h    (   E   E s     )     1 3        , where E and Es are respectively the Young modulus of the upper membrane and of the foundation.



The amplitude of the wrinkles is obtained from the inextensibility constraint imposed to the stiff upper membrane: the length of the membrane stays constant during the compression process. This geometric constraint leads to the relation    A ∝ λ  δ      .



For the small deformation (δ < 0.3%), we observed that there is a continuous increase of the amplitude A of the wrinkles and a continuous decrease of the wavelength λ (   λ ∝  λ 0   (  1 − δ  )      ) (Figure 2(a1), (a2), c).



For the large deformation (δ > 0.3), the situation is different. The profile of the thin elastic membrane is no longer described by a simple sinusoidal. A more complex pattern emerges and is characterized by two amplitudes A1 and A2 (Figure 2(a3), b, c). The evolution of the amplitudes of the pattern presents a bifurcation above some critical threshold: some wrinkles grow in amplitude while others decrease. The new pattern emerging is now characterized by a wavelength which is double the initial one. The amplitude of the 2λ mode increases with the compression ratio δ, while the amplitude of λ mode vanishes progressively.



Superhydrophobic surfaces are determined by both chemical composition and a dual roughness at both micrometer and nanometer scales. The roughness of hydrophobic surfaces might lead to two states: Wenzel and Cassie-Baxter states.



The Wenzel state [30,31] describes a liquid in contact with the whole structured solid surface and therefore displaying low contact angle and high hysteresis. This state assumed that the liquid completely wets the grooves of the rough surface. The Wenzel state describes homogenous wetting by the relation:


   cos  θ w  = r cos  θ e    



(2)




where θw and θe are the Wenzel contact angle and the Young contact angle, respectively, and r is the roughness factor defined as the ratio of the true area of the solid-liquid to its projected area.



The Cassie-Baxter state describes a liquid which is resting partly on the features of a solid material and bridging air between these features [32,33]. The relation between the apparent contact angle θc and the equilibrium angle θe is described as:


   cos  θ c  = − 1 +  Φ s   (  1 + cos  θ e   )    



(3)




where Φs is the area fraction of the projected wet area.



We used the wrinkled topography of the surfaces, as shown before, to study the wettability of surfaces where the wavelength and the amplitude of wrinkles can be conveniently regulated by varying the time of treatment with UV/ozone, the module of elasticity and the applied strain level. By adjusting these parameters, it is possible to get surfaces with very large roughness.



We measured the angle of 1 μL water drop on the molded surface in different cases. First, on the smooth, non-structured surface of PDMS, the equilibrium contact angle was θe = 110° (Figure 3a). For small compression (δ = 33%), we obtained a wrinkled surface, the apparent contact angle increased to 135° and the liquid penetrated into the surface roughness (Figure 3b), corresponding with the Wenzel state. By adding some stress (δ = 45%), two peak amplitudes of wrinkle appeared and the contact angle increased to θw = 145° (Figure 3c), corresponding with the Wenzel state. Increasing the compression ratio (δ = 64%), the apparent contact angle strongly increased and reached values close to 180°, corresponding to the Cassie state (Figure 3d).



Figure 4 shows the evolution of cos(θ) as a function of the roughness coefficient (δ + 1). The observed points (●) for low/high roughness correspond to both the Wenzel and Cassie models. For low compression (δ < 0.4), the profile of the surface is sinusoidal. We observe an evolution of cos(θ) with a slope equal to 0.4; these results are in agreement with the Wenzel model (blue line in Figure 4). The theoretical line is obtained from Equation (2), where the roughness factor r ≈ δ + 1 and the equilibrium contact angle θe = 110°. When the compression ratio increases (0.4 < δ < 0.6), the profile of wrinkles evolves progressively from sinusoidal morphology to a more complex pattern characterized by a doubled wavelength. The evolution of the apparent angle as a function of the roughness coefficient shows that we reach an intermediate state in between the Wenzel and the Cassie states. This corresponds to a transition regime between these two extreme states. For higher compression ratio (δ > 0.6), the structure of the surface is characterized by a succession of identical “pillars” with a wavelength 2λ and a larger amplitude (Figure 4). The ratio between the amplitude and the wavelength becomes larger than 1/3. In this case, the droplet of water stays above the surface of wrinkles and pockets of air are easily trapped below it. We thus obtain large contact angles close to 180°. These results correspond to the theoretical line (red line) of the Cassie model (Figure 4). This theoretical curve is computed from Equation (3), by assuming that the area fraction ФS = σ/λ, where σ is the width of the pillars and λ is the length between two consecutive pillars. In order to confirm superhydrophobicity in this case, we measured the tilt angle (at which the drop of water rolled off) and it was less than 3°.




4. Conclusions


It is known that the wettability of a surface can be easily modified by adjusting the roughness. The molecules of PDMS have a low surface energy; the value of the contact angle is θe ~ 110°. By micro-structuring of PDMS surface, we obtain contact angles significantly larger than 110°. We can control the surface morphology by changing the exposure time to UV/Ozone radiation, the modulus of the PDMS and the compression ratio. By increasing the compression ratio, we observe a transition from the Wenzel state 120° < θ < 150° to the Cassie-Baxter state θ > 150°. These micro-structures characterizing the PDMS surface are similar to those observed on lotus leaves. The superhydrophobic surfaces presented above should also be characterized as self-cleaning.
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Figure 1. (a) Schematics illustrating the steps for fabricating micro-wrinkling pattern on the poly-dimethylsiloxane (PDMS) substrate; (b,c) Scanning Electron Microscope (SEM) images of wrinkling pattern on a thin stiff PDMS film resting on a thick soft PDMS foundation and obtained with mechanical compression of 28% and 38% respectively. 
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Figure 2. (a) Optical microscopy images of thin stiff PDMS film resting on a thick soft PDMS foundation, the PDMS foundation is cured with UV/ozone which modifies the elastic properties of its surface; (b) The system composed by the stiff film and the soft foundation is compressed uniaxially along the horizontal x-axis. The wavelength and amplitudes of the wrinkles are measured for successive values of the relative compression δ; (c) amplitudes, A1 and A2, and wavelength, λ, as a function of the compression ratio δ. 
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Figure 3. Lateral view images of water droplet on the various surfaces. (a) Smooth PDMS (θe = 110°); (b) sinusoidal wrinkled PDMS (δ = 33% and θw = 135°); (c) two peak amplitudes of wrinkle (δ = 45% and θw = 145°); and (d) structured PDMS (δ = 64% and θc ~ 180°). 
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Figure 4. The contact angle versus the roughness coefficient. The points (●) are experimental results from the simulations, while the blue line is the theoretical Wenzel line and the red line is the theoretical Cassie line. 
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