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Abstract 
Understanding the geometric parameters of hierarchical superhydrophobic surfaces and their 

impact on the thermodynamic stability of the Cassie-Baxter regime are invaluable for surface 

wettability–related applications. Herein, we fabricated hierarchical micro-microstructured 

silicone rubber surfaces having superhydrophobic properties via an industrially applicable 

direct replication method. The mold inserts were fabricated using photochemical milling, laser 

ablation, and wet chemical etching to create different hierarchical levels. We calculated surface 

roughness ratios and equilibrium contact angles and considered the contribution of sub-

microstructures in the wettability properties via physical and statistical analyses. Comparing 

the calculated theoretical wettability properties and experimental measurements revealed a 

good agreement among all samples because of the accurate predictions of the governing wetting 

regime. It was worthwhile insights into the design and fabrication of superhydrophobic 

structured surfaces. The presence of superimposed sub-microstructures produced desirable 

water-repellency properties because of the reduced solid–liquid contact area as low as 0.086. 

Given the primary importance of the Cassie–Wenzel wetting transition on the design and 

fabrication of superhydrophobic surfaces, we evaluated the thermodynamic persistence of the 

Cassie–Baxter regime by analyzing the energy barrier to be overcome by droplets with various 

volumes. Finally, we discuss the contribution of the dimensional parameters of microstructures 

on the stability of the Cassie–Baxter regime. 
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1. Introduction 
The fabrication of superhydrophobic surfaces is of great importance to both academic and 

industrial fields. Superhydrophobic properties emerge by combining a low surface energy 

material and surface roughness. Such surfaces have demonstrated numerous potential uses, 

including, but not limited to, self-cleaning, anti-freezing and anti-icing, drag-reduction, and 

liquid transportation applications [1, 2]. Common techniques for creating superhydrophobic 

surfaces include chemical vapor deposition (CVD), layer-by-layer (LbL) deposition, sol-gel 

methods, electrochemical deposition, electrospinning and electro-spraying, and phase-

separation techniques [3, 4]. However, templating or replication-based techniques have been 

the subject of many recent studies because of their utility in the mass production of 

superhydrophobic substrates [5-7]. The most common techniques include injection molding, 

compression molding, hot embossing or imprinting, and direct pouring. The essential factor in 

templating is the fabrication of a high-quality insert having the desired structures and its 

replication on a target substrate [5]. 

Many superhydrophobic materials produced by replication-based techniques possess an 

irregular or disordered surface roughness where the distribution of surface structures is random 

[8-10]. In such cases, the techniques to produce inserts are used to create irregular surface 

roughness on the insert surface. For example, wet chemical etching produces disordered surface 

roughness on metallic surfaces such as aluminum [11, 12], copper [13, 14], and steel [15, 16]. 

However, ordered surface structures provide myriad opportunities for studying the wettability 

properties via different phenomena. These studies are highly dependent on the roughness–

property relationship, which includes the Cassie to Wenzel transition, water evaporation, 

droplet freezing, and dynamic droplet impacts. Ordered surface structures can be produced 

through replication-based techniques. Various techniques exist for fabricating metallic surfaces 

having desired well-defined surface structures; these include stamping, electrical discharge 

machining (EDM), electrochemical machining (ECM), micromechanical milling, laser 

ablation, and photochemical etching [17-19]. Laser ablation can be used either for creating 

disordered or ordered surface structures. The choice depends on the selected laser ablation 

processing parameters, including laser wavelength, laser pulse energy, pulse repetition rate, 

and, in particular, pulse duration [20, 21]. Ultrashort pulse duration is required to produce 

regular surface structures; however, this approach is considerably time-consuming and costly 

and, as such, is generally not applicable to industry. 
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Another technique for fabricating metal parts having well-defined surface structures is 

photochemical etching or photochemical machining (PCM) [22]. PCM combines photoresist 

imaging (photolithography) and wet chemical etching, which is widely used in industry [23]. 

This technique produces perforated metal components without burrs at low cost, at a relatively 

fast processing time, and with high precision [24]. PCM appears to be the most economical 

among the available techniques for producing stainless-steel perforated sheets [25]. These 

factors make PCM a good candidate for producing surface structures on metallic sheets as 

precise inserts to fabricate microstructured superhydrophobic surfaces. 

Robust and durable non-wetting regimes, i.e., superhydrophobic surfaces with water-repelling 

properties, can be achieved through surfaces covered by hierarchical structures, including 

micro-nanostructures, micro-microstructures, micro-micro-nanostructures, and re-entrant 

morphologies [26-31]. Such surfaces can be produced by combining methods that produce 

various structures, including anodization, laser ablation, and micromachining [26, 28]. Zhou et 

al. [26] combined an etching method and anodization to replicate micro-nanostructures from an 

aluminum insert onto polycarbonate substrates. Noh et al. [20] created a multi-level hierarchy 

on a steel mold via laser ablation and fabricated a superhydrophobic PDMS through polymer 

casting. Huovinen et al. [29] fabricated micro-microstructured and micro-nanostructured 

aluminum molds by combining a microworking robot and anodization. 

In addition to the challenges of fabricating such hierarchical structures on an insert surface, the 

proper filling of polymer materials into the hierarchical structures has been challenging [32-

34]. For example, on dead-end inserts, not only is the fabrication of multi-level hierarchy a 

serious challenge because of the required expensive facilities [35], but polymer filling must also 

grapple with fast cooling and undesired shrinkage [34]. Hierarchical structures possess a higher 

surface-to-volume ratio leading to faster cooling of the molten polymer. Moreover, the sub-

microstructures create larger capillary forces, making filling difficult. 

Much research has focused on the effect of topographical parameters on the wetting behavior 

of superhydrophobic surfaces in relation to Cassie–Baxter and Wenzel wetting states [36-39]. 

However, few studies have considered hierarchical surface structures when calculating 

roughness. Huovinen et al. [29] fabricated a series of well-ordered hierarchical micro-

microstructured surfaces and compared theoretical and experimental values of the wettability 

properties of the prepared surfaces. Grewal et al. [40] also produced micro-nanostructured 

hierarchical surfaces to study surface wetting performance, but the authors did not evaluate the 
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effect of nanosized structures on the geometric dimensions. Hejazi et al. [41] believed that the 

wettability behavior of rough surfaces is much more complicated than to be predicted by 

Cassie–Baxter and Wenzel models only. They therefore developed a model to predict the 

wettability of hierarchical multi-scale surface structures. However, to our knowledge, no study 

has evaluated the wettability of micro-microstructured surfaces when combined with ordered 

and non-ordered structures. 

On structured superhydrophobic surfaces, a water droplet is pinned on the top edge of the 

structures and, under pressure, bends toward the space between the structures. The intensity of 

the formed meniscus between the adjacent structures is critical in controlling the stability of the 

Cassie–Baxter wetting state [42]. The transition from a Cassie–Baxter to Wenzel state (a C–W 

transition) occurs by energetically overcoming this barrier. Various external stimuli can 

provoke this transition, including Laplace pressure, kinetic impact, thermal perturbation, and 

phase change [43]. These stimuli can be induced by various phenomena, such as a droplet 

impacting the surface, the evaporation of a static water droplet from the surface over time, 

vibration forces, acoustic waves, electric fields, and an increased water droplet volume (heavier 

droplet) [39, 44-47]. Several studies have focused on the effect of gravity on the transition 

behavior of various patterned surfaces [48, 49]. They highlighted the importance of the energy 

barrier, interfacial free energy, and the minimum required energy for the C–W transition. 

From a Laplace Law point of view, relationships exist between droplet diameter and the 

pressure generated by its weight and the structured surface geometry. In other words, the 

transition from a Cassie–Baxter to a Wenzel wetting state is governed by the competition 

between the energy barrier and the external forces [50]. Hence, it is essential to understand and 

evaluate the thermodynamic stability of the produced structured superhydrophobic surfaces. 

Here, we fabricate silicone rubber samples having hierarchically ordered surface structure 

morphology. The surface structures are fabricated via various inserts produced by multiple 

techniques. We aim to compare surface structures differing in terms of arrays and dimensions 

in regard to wettability characterization and superhydrophobicity. We use perforated sheets 

fabricated by photochemical milling and laser ablation to create micropillars as the first 

hierarchical level and wet chemically etched inserts for the second hierarchy level. 

Consequently, we achieve regular well-ordered structures having two hierarchical levels. The 

prepared surfaces’ water contact angles (WCAs) are compared with predicted equilibrium 

contact angles, estimated according to thermodynamic analysis. We observe a consistency 
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between the measured and calculated results. For the fabricated surfaces, we aim to determine 

the optimal design for achieving the highest WCA and the lowest contact angle hysteresis 

(CAH) values. We demonstrate how the various produced geometries differ in their behavior 

in regard to the pressure induced by water droplets of various volumes. Finally, we present and 

discuss the maximum pressures that each geometry can tolerate for various structural 

dimensions. 

1.1. Wetting theories 

On an ideal flat and chemically homogeneous solid surface, the equilibrium contact angle of a 

droplet is calculated using Young’s equation [51]: 

cos 𝜃𝜃𝑌𝑌 =  𝛾𝛾𝑠𝑠𝑠𝑠− 𝛾𝛾𝑠𝑠𝑠𝑠
𝛾𝛾𝑙𝑙𝑙𝑙

 ,         Eq. 1 

where γ is the interfacial energy per unit area of the corresponding solid, vapor, and liquid 

interfaces. Young’s equation does not involve the surface roughness of solids. Therefore, the 

two wetting models of Wenzel and Cassie–Baxter are used to account for surface roughness for 

calculating surface contact angles. The suggested equation of Wenzel includes the surface 

roughness parameter for calculating the contact angle [52]: 

𝑟𝑟(𝛾𝛾𝑠𝑠𝑠𝑠 −  𝛾𝛾𝑠𝑠𝑠𝑠) =  𝛾𝛾𝑙𝑙𝑙𝑙 cos 𝜃𝜃𝑤𝑤 ,        Eq. 2 

where r is the roughness parameter defined as the ratio of the actual wetted area to the projected 

wetted area and θw is Wenzel’s contact angle. This equation can be modified as 

cos 𝜃𝜃𝑤𝑤 = 𝑟𝑟 cos 𝜃𝜃 .         Eq. 3 

On a rough surface, r is always ≥1; hence, surface roughness intensifies surface hydrophilicity 

and hydrophobicity. The Wenzel model assumes a homogeneous wetting regime where the 

liquid thoroughly wets all the peaks and valleys of surface asperities. However, a composite 

wetting state is required to achieve superhydrophobicity. In the composite or heterogeneous 

wetting regime, air bubbles become trapped within the surface valleys; consequently, the water 

droplet cannot penetrate and remains atop the asperities. The result of this fakir state, in which 

the friction is reduced, is the droplet slipping easily along the surface [2]. In such case, the 

Cassie–Baxter model applies [53]: 

cos 𝜃𝜃𝑐𝑐 =  𝑓𝑓1 cos𝜃𝜃1 +  𝑓𝑓2 cos 𝜃𝜃2 ,        Eq. 4 
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where θc is Cassie–Baxter’s contact angle and θi is the contact angle of phase i with a surface 

fraction of fi. Given that f1 + f2 = 1 and the contact angle of a water droplet and air is 180°, i.e., 

cos 180° = −1, the modified Cassie–Baxter equation is [4] 

cos 𝜃𝜃𝑐𝑐 =  𝑓𝑓1 (cos𝜃𝜃1 +  1) − 1 .       Eq. 5 

More precisely, f1 is defined as the proportion of the solid contact area with the liquid. It varies 

between 0, for no contact between the solid and liquid, and 1, where the Wenzel regime occurs 

(a full-contact state). 

f and r are calculated according to the geometry of the surface structures (e.g., square, barrel-

shaped, rectangular, or hexagonal) and the structure array (e.g., straight or staggered). For the 

geometries used in this paper, the f and r parameters are calculated using the following 

equations [5]: 

𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡 =  [(𝑎𝑎 + 𝑏𝑏)2+ 𝜋𝜋𝜋𝜋𝜋𝜋]
(𝑎𝑎 + 𝑏𝑏)2

 ,       Eq. 6 

𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡 =  𝜋𝜋𝜋𝜋2

4(𝑎𝑎 + 𝑏𝑏)2
 ,        Eq. 7 

𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  [√3(𝑎𝑎 + 𝑏𝑏)2+ 2𝜋𝜋𝜋𝜋𝜋𝜋]
√3(𝑎𝑎 + 𝑏𝑏)2

 ,      Eq. 8 

𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝜋𝜋𝜋𝜋2

2√3(𝑎𝑎 + 𝑏𝑏)2
 ,       Eq. 9 

𝑟𝑟ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡 =  [(𝑎𝑎 + 𝑏𝑏)2+ 𝑃𝑃𝑃𝑃]
(𝑎𝑎 + 𝑏𝑏)2

 ,       Eq. 10 

𝑓𝑓ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡 = 3√3𝑎𝑎2

8(𝑎𝑎+𝑏𝑏)2
 ,       Eq. 11 

where a, b, H, and P are the structure diameter, the distance between two adjacent structures, 

the structure height, and the circumference of a hexagon (Figure 1). 
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Figure 1. Schematic illustration of the two structural arrays and the associated dimensional parameters (a is the structure 
diameter and b is the distance between two adjacent structures) 

Using these two surface roughness parameters, we can calculate the critical contact angle, 

which is derived from equalizing the Wenzel (Eq. 3) and Cassie–Baxter (Eq. 5) equations [5]: 

cos 𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑓𝑓−1
𝑟𝑟−𝑓𝑓

 .          Eq. 12 

As θcrit follows both regimes, when θY < θcrit, Wenzel and impregnated Cassie–Baxter states are 

more probable; otherwise, if θY > θcrit, then a stable Cassie–Baxter state is likelier. Therefore, 

θcrit can be used to predict the behavior of a structured surface [29, 54]. 

2. Experimental procedure 

2.1. Fabrication of mold inserts 

The mold inserts were produced using various industrially applicable approaches. We 

fabricated the perforated stainless-steel (SS) inserts having microholes using either 

photochemical milling (M1 and M2 sheets) or laser ablation (M3 and M4 sheets). We controlled 

(with high precision) the dimensional parameters, including hole size, distance, and array. 

Moreover, the thickness of the used SS substrate defined the depth of the microholes. 

In the photochemical milling of inserts, the hole taper or bevel was equally etched from both 

sides. This process leaves no burrs or rough edges, and the base metal remains consistent and 

unaltered. The holes were created with a size tolerance of ±15% of the material thickness. The 

laser ablation conditions were as follows: laser power of 100 W, laser pulse wavelength of 1064 

nm, laser pulse duration of 100 µs, the laser fluence of 2.53 J/cm2, the focused spot diameter of 
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the laser beam was the same as the hole diameter, repetition rate of 1 Hz, with one pulse per 

hole. 

We produced the inserts to create the second hierarchy of microstructures via the wet chemical 

etching method and used an aluminum alloy (A6061) with a chemical composition of Al 97.9 

wt.%, Mg 1.0 wt.%, Si 0.60 wt.%, Cu 0.28 wt.%, and Cr 0.20 wt.%. The aluminum coupons 

were cleaned using acetone and distilled water for 20 min in an ultrasonic bath. After drying at 

70 °C for 30 min, the coupons were immersed in an acid solution of 14.7 wt.% hydrochloric 

acid (HCl) for 2 h. The etched coupons were ultrasonically cleaned with distilled water for 40 

min. Any residual acid and particles had to be fully removed from the prepared aluminum 

surfaces. 

2.2. Fabrication of replicated structured surfaces 

As schematically shown in Figure 2, we inserted the inserts into the mold to cast silicone rubber 

surfaces for the intended level of hierarchy. The single-level structures were only fabricated by 

inserting the perforated inserts (i.e., photochemically etched and laser-ablated stainless-steel 

sheets) into the mold cavity (a right rectangular prism cavity with dimensions of 25 × 25 × 6 

mm). To create the second hierarchical level, we superimposed the wet chemically etched 

inserts onto the perforated inserts. Thus, the integrated mold inserts created dual-level 

hierarchical micro-microstructures. 

We then carefully placed the mold inserts into the cavity to begin the compression molding. 

The machine consisted of two platens capable of applying up to ~200 kN pressing force. The 

temperature of each platen was digitally controllable, able to vary temperatures from ambient 

to 350 °C. Given our previous work on the optimization of processing parameters (i.e., molding 

pressure, mold temperature, and curing time) for the compression molding of silicone rubber 

[55], we selected these processing parameters: 20 MPa, 149 °C, and 4.7 min for the molding 

pressure, mold temperature, and curing time, respectively.  
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Figure 2. Schematic illustration of the two fabrication methods for preparing microstructured and micro-microstructured 
silicone surfaces using a compression molding system 

2.3. Characterization of the replicated surfaces 

Confocal laser scanning microscopy (CLSM; Profilm3D, Filmetrics, KLA Co., USA) and an 

optical microscope (Nikon, Eclipse, E600 POL) were used to measure the dimensions of the 

fabricated mold inserts and the replicated structures on the silicone rubber surfaces. The CLSM 

also evaluated the surface roughness parameters of the produced surfaces, including Sa (mean 

height), Sq (root mean square height), Ssk (skewness), and Sku (kurtosis). the well-ordered 

surface structures were also observed using a scanning electron microscope (SEM) (JSM-6480 

LV, JEOL Japan). SEM images were taken at a tilt angle of 35° to enhance the image quality. 

The WCA of the produced surfaces was measured using a Kruss™ DSA100 goniometer 

according to the sessile drop method at a fixed temperature of 24 ± 1.4 °C using a 4 µL 

deionized water droplet (with a surface tension of ~72.1 mN/m and a droplet diameter of 1.97 

mm). The CAH equaled the difference between advancing and receding WCA when the water 

droplet was displaced over the surface using the needle tip. We repeated all measurements five 

times on each surface and report our results as the average and standard deviation. To evaluate 

the effect of hierarchical structures on the persistence of the Cassie–Baxter regime, we 

measured the WCA of the produced surfaces using 10 µL (diameter of 2.67 mm) and 20 µL 

(diameter of 3.37 mm) deionized water droplets. We previously showed in that all the fabricated 

surfaces have identical surface chemistry [8].  



10 
 

3. Results and discussion 

3.1. Structured inserts 

The dimensions of the produced inserts are shown in Table 1. To produce the first hierarchical 

level, we have four types of microholes that vary in dimensions and arrays, including straight 

cylindrical (M1), staggered conical (M2), straight conical (M3), and straight hexagonal (M4) 

perforations. We integrated the chemically etched inserts with the first two arrays to create dual-

level hierarchical structures. 

3.2. Geometric parameters of structured surfaces 

Microholes of the perforated inserts were replicated as micropillars on the silicone rubber 

surface. Therefore, the straight cylindrical, staggered conical, straight conical, and straight 

hexagonal perforations produced corresponding frustum micropillars on the silicone rubber 

surfaces. The microbumps were created on top of the straight cylindrical and staggered conical 

micropillars by integrating the chemically etched inserts having micropits (denoted as MM 

structures). 

The slight difference between the diameter and depth of the microholes and that of the 

replicated micropillars stems from the outward expansion produced by the release of internal 

stress when molding the silicone rubber [28]. M3 had the smallest hole diameter, so the high-

viscosity silicone rubber material could not fill the microholes completely. Consequently, the 

height of the replicated micropillars was lower than microhole depth. In this case (M3), the 

replication fidelity was nonetheless acceptable and equal to ~95%. 

Table 1. Dimensions of mold inserts and the associated replicated structured surfaces 

 Dimensions of inserts (µm) Dimensions of replicated surfaces (µm) 
 Microholes Micropits Micropillars Microbumps 
Type of 
structure* 

Avg. 
depth 

Avg. 
diameter 

Avg. pitch  Avg. 
depth  

Avg. height  Avg. diameter  Avg. pitch  Avg. height  

M1 100 200 225 – 107 ± 2 204 ± 2 221 ± 1.5 – 
MM1 100 200 225 10 108 ± 1.8 204 ± 2 221 ± 1.5 15.5 ± 0.5 
M2 125 200–150 70–120 – 131.4 ± 1.3 208.7 ± 1.2 to 

165.3 ± 2.3  
117.6 ± 1.2 
to 69.9 ± 2.6 

– 

MM2 125 200–150 70–120 12 132.6 ± 1.9 208.5 ± 1.1 to 
172.8 ± 2.5 

108.6 ± 1.7 
to 67.6 ± 1.3 

18.7 ± 3.3 

M3 100 
 

60–35 40–65 – 94.7 ± 1.2 64.3 ± 1.2 to 
38.9 ± 0.5 

62.1 ± 0.9 to 
35.5 ± 0.6 

– 

M4 100 90–60 35–65 – 109.2 ± 0.9 93.4 ± 1.1 to 
54.2 ± 3.8 

71.3 ± 0.7 to 
32.2 ± 0.9 

– 

* M1: straight cylindrical, M2: staggered conical, M3: straight conical, M4: straight hexagonal 
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3.3. Characterization of surface morphology 

SEM images of the produced surfaces at various magnifications (Figure 3), along with the 

images of WCA and CAH (Figure 6), can help elucidate the relationship between the surface 

structures and wettability. A variable cross-sectional profile, i.e., diameter variation, was 

created across the material thickness in M1, i.e., wall of the holes, because of the 

photochemically etched holes. Therefore, re-entrant structures were fabricated after the 

demolding of the micropillars from the inserts. In theory, re-entrant structures cause relatively 

higher WCAs than those of micropillars having cylindrical structures (see the section on wetting 

theory). The positive effect of the re-entrant structures over the cylindrical structures has been 

discussed by researchers [10]. Toosi et al. [10] stated that the re-entrant structures ensure the 

entrapment of the required air pockets to achieve a stable Cassie–Baxter regime. This idea 

explains why M1 showed a stable Cassie–Baxter regime rather than the predicted regime, i.e., 

a Wenzel or impregnated Cassie–Baxter regime. Although we predicted a WCA of 147.0° for 

the M1 surface, we observed about 7° more than expected because of the re-entrant shape of 

the structures. To understand this difference between the theoretical and observed results, we 

can use sample M2 to illustrate. For M2, we observe a negligible difference between the 

theoretical and experimental WCA values (145.7° vs. 144.8°); the similarity of the results 

occurs because of the cylindrical shape of the microstructures. 

The effect of hierarchical structures is evident particularly on CAH. The presence of micro- and 

sub-microstructures on top of the micropillars facilitated the dynamic motion of water droplets 

across surfaces having dual-level hierarchical structures. The WCAs of the single-level 

cylindrical micropillars (Figure 3a) and the dual-level hierarchical cylindrical micropillars 

(Figure 3b) differ by a small amount (154° and 158.6°, respectively). However, the CAHs 

differed markedly. Single-level micropillars produced a CAH of 20° ± 2°, indicating a non-

water-repelling superhydrophobic behavior. A non-water-repelling superhydrophobic state 

occurs when the WCA of a surface is >150° and the CAH is >10°. This behavior is also known 

as the petal effect because of the superhydrophobicity yet high adhesive force of water droplets 

on the surfaces of red rose petals [57]. Consequently, the water droplet beads on the surface but 

cannot roll off. Dual-level micropillars, however, displayed a desirable water-repelling 

superhydrophobicity with a CAH of ~4°. This difference in behavior is attributed to the 

presence of micro- and sub-microstructures on the top of the micropillars; these structures 

reduce considerably the extent of the solid–liquid interface and produce minimal surface 
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adhesion [58], thereby facilitating the dynamic motion of a water droplet that passes over the 

micropillars. 

We observed similar results for the single-level and dual-level hierarchical conical micropillars 

(Figure 3c, d). The single-level conical micropillars produced a WCA and CAH of ~144.8° and 

~28°, respectively, whereas the WCA and CAH of dual-level hierarchical micropillars were 

~159.4° and ~3.5°, respectively. These observations vividly demonstrate the contribution of 

hierarchical micro-microstructures. Appropriate micro-microstructures can alter a design from 

being non-superhydrophobic to being a desirable superhydrophobic surface with marked water-

repellency. 

It is worth noting that compared to the single-level cylindrical micropillars (M1, with a WCA 

of ~154°), the single-level conical micropillars (M2) showed a considerably lower WCA 

(~144.8°). Although the diameters of the M2 pillar tops were less than those for M1 (165 µm 

vs. 204 µm), this lower WCA related mainly to the shorter pitch distance between the M2 

micropillars (117.6 µm vs. 221 µm). Therefore, the solid–liquid area fraction (f) was 

considerably higher for the conical micropillars than for the cylindrical micropillars (0.310 vs. 

0.181). These observations highlight the more significant influence of inter-structure distance 

than microstructure diameter. The inter-structure distance significantly affects the reducing 

solid–liquid contact area [59, 60]. 

We observed that single-level structures could produce a desirable water-repelling 

superhydrophobicity, although this occurrence is contingent on microstructure size. 

Microstructures having a diameter and pitch distance of <100 µm can produce a WCA >150° 

and a CAH <10° with only a single hierarchical level. Single-level conical micropillars (M3, 

Figure 3e) showed a higher WCA and lower CAH than the single-level hexagonal micropillars 

(M4, Figure 3f); we observed 167.0° and 5.2° for the WCA and CAH of M3 compared with 

165.3° and 8.9°, respectively, for M4. This difference stems mainly from the smaller solid–

liquid interface area on the conical structures having a smaller top diameter (~38.9 µm) than on 

the diagonal of hexagonal structures (~64.2 µm). 
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Figure 3. SEM images of samples (a) M1, (b) MM1, (c) M2, (d) MM2, (e) M3, and (f) M4 at various magnifications. The 
inset images present the surfaces at a higher magnification to highlight the hierarchical micro-microstructures on the 

corresponding surfaces 
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To further investigate the surface roughness of various structures, we used optical profilometry. 

Figure 4 displays the 2D and 3D surface profiles and 2D roughness values, including Sa 

(arithmetic mean height), Sq (root mean square height), Ssk (skewness), and Sku (kurtosis). The 

sub-microstructures are clearly visible at the top of the MM1 and MM2 sample micropillars, 

whereas the pillar tops of samples M1 and M2 are almost smooth. The presence of the sub-

microstructures evidently increased the height of the micropillars and surface roughness. We 

measured the roughness of a 100 × 100 µm area from a pillar top of the M1 and MM1 samples. 

The 2D root mean square (Sq) of the M1 pillar top was 0.69 µm, whereas that of the MM1 

sample was 6.78 µm. When compared with the M1 and MM1 samples, we observed very 

similar roughness values for the M2 and MM2 pillar tops at 0.62 µm and 7.37 µm, respectively. 

This ~10× increase in the surface roughness of the pillar tops indicates why pillars 

superimposed with sub-microstructures offered better droplet roll-off properties. 
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Figure 4. 3D and 2D profilometry images of (a) M1, (b) MM1, (c) M2, (d) MM2, (e) M3, and (f) M4 along with the 2D 
roughness values 
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3.4. Wetting properties 

In many studies, structure shape is assumed to be the most common regular geometrical shape. 

For example, almost all geometries with a circular cross-section are assumed to be cylindrical 

or conical. In many cases, however, the produced geometrical shape is more complex than 

assumed. Thus, we calculated the roughness parameters of the produced structured surfaces 

according to their true geometrical shapes using the most precise equations. In equations 6–11, 

only the Wenzel parameter (r) changes for our structures; the equations of Cassie–Baxter 

parameter (f) remains unchanged (equations 7, 9, and 11). This occurs because the f parameter 

involves only the upper surface area and not the lateral surface area. To calculate Wenzel 

roughness parameters, we therefore used the following equations: 

M1: 

𝑟𝑟𝑊𝑊 =  
[(𝑎𝑎+𝑏𝑏)2+2𝜋𝜋(𝑎𝑎+𝑎𝑎′)�(𝑎𝑎−𝑎𝑎′)2+(𝐻𝐻2)2 ]

(𝑎𝑎+𝑏𝑏)2
 ,       Eq. 13 

M2: 

𝑟𝑟𝑊𝑊 =  
[√3(𝑎𝑎+𝑏𝑏)2+2𝜋𝜋�𝑎𝑎+𝑎𝑎′��(𝑎𝑎−𝑎𝑎′)2+𝐻𝐻′′2+ 2𝜋𝜋𝜋𝜋𝜋𝜋′]

√3(𝑎𝑎+𝑏𝑏)2
 ,     Eq. 14 

M3: 

𝑟𝑟𝑊𝑊 =  [(𝑎𝑎+𝑏𝑏)2+𝜋𝜋(𝑎𝑎+𝑎𝑎′)�(𝑎𝑎−𝑎𝑎′)2+𝐻𝐻2]
(𝑎𝑎+𝑏𝑏)2

 ,       Eq. 15 

M4: 

𝑟𝑟𝑊𝑊 =  
[(𝑎𝑎+𝑏𝑏)2+(𝑃𝑃1+𝑃𝑃22 )�(𝑎𝑎𝑎𝑎2−𝑎𝑎𝑎𝑎1)2+𝐻𝐻2]

(𝑎𝑎+𝑏𝑏)2
 ,      Eq. 16 

where a, b, a’, H, H’, H”, P, and ap are the smallest diameter pitch distance, largest diameter, 

total structure height, cylindrical section height, trapezoidal section height, hexagon 

circumference, and apothem of a hexagon (the distance from its center to the midpoint of one 

of its sides), respectively (Figure 5). 
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Figure 5. Schematic illustrations of the geometry and dimensions of the four fabricated microstructures; the ratios are the 
true dimensions. 

Using the calculated roughness parameters (rW and f), we determined each surface’s critical 

contact angle (θcrit). The expected wetting regime was determined according to the critical 

contact angle (note that θY = 116.0° for silicone rubber). The theoretical WCA was then 

calculated for the corresponding predicted regime. The experimental WCA and CAH of the 

produced surfaces were also measured. Table 2 presents the theoretical and observational values 

of the wetting properties of the samples having various surface structure dimensions based on 

a true-shape assumption. Figure 6 displays the images of WCA and CAH for all surfaces. 

Table 2. Roughness parameters and various contact angles of the produced surfaces based on true shape assumption 

Sample rW f θcrit (°) Predicted 
regime 

Theoretical 
WCA (°) 

Experimental 
WCA (°) 

CAH (°) 

M1 1.91 0.181 118.2 Wenzel (Cassie) 147.0 (153.9) 154.0 ± 0.1 20 ± 2.3 

MM1 – 0.086 – – 162.1* / 161.4**  158.6 ± 0.3 4.1 ± 1.6 

M2 2.86 0.310 105.7  Cassie–Baxter 145.7 144.8 ± 0.2 28 ± 2.6 

MM2 – 0.109 – – 160.0* / 159.5** 159.4 ± 0.3 3.5 ± 0.6 

M3 4.42 0.117 102.8  Cassie–Baxter 159.2 167.0 ± 0.3 5.2 ± 1.3 

M4 2.55 0.121 111.2  Cassie–Baxter 158.7 165.3 ± 0.2 8.9 ± 1.0 

* Calculated based on physical analysis (Section 3.4.1) 

** Calculated based on statistical analysis (Section 3.4.2) 
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Figure 6. The WCA and CAH of the microstructured (M1, M2, M3, and M4) and micro-microstructured (MM1, MM2) 
surfaces 

The theoretical and experimental results showed a good agreement among all samples because 

of the accurate predictions of the governing wetting regime. For all samples except M1, the 

governing regime was Cassie–Baxter. The theoretical WCA for M1 was 147.0° for a Wenzel 

or impregnated Cassie–Baxter state and 153.9° for a stable Cassie–Baxter state. The measured 

WCA for the M1 surface was 154.0°. Thus, the water droplet on M1 falls into an impregnated 

Cassie–Baxter regime and is not in a fully Wenzel state. This is also evident from the sample 

M1 image of its WCA (Figure 6). 

We stated earlier that if θcrit < θY, the predicted wetting regime would be Cassie–Baxter. It can 

be mathematically concluded that the greater the difference between θcrit and θY, the more stable 

the Cassie–Baxter regime. Sample M3, having the lowest θcrit, produced the highest WCA and 

lowest CAH without hierarchical structures. 

The hierarchical dual-level structures affected the non-wetting properties of the surfaces having 

single-level structures. When we compare samples M1 and MM1, we note that the hierarchical 

structures considerably decreased the CAH from 20° (a non-water-repellent state) to 4.1° (a 

desirable water-repellent state). Samples M2 and MM2 demonstrated the same behavior. The 

microbumps on the micropillar tops not only produced a WCA >150° but also produced a CAH 

as low as 3.5°. Pinning effects increase hysteresis. Given that the geometrical parameters of the 

pairs of M1 - MM1 and M2 - MM2 are identical, the high CAHs of samples M1 and M2 are 

attributed to the extensive solid–liquid contact line atop the pillars. Therefore, the superimposed 

sub-microstructures markedly reduced the solid–liquid contact line and decreased the CAH 

remarkably. 
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More importantly, we observed that an appropriate set of single-level structures could produce 

the desired superhydrophobic behavior with water-repellent properties. Samples M3 and M4 

both produced a WCA >160° and CAH <10°. As mentioned above, M3 demonstrated the best 

superhydrophobicity. These favorable non-wetting properties (ultra-high WCA and ultra-low 

CAH) relate to the very limited solid–liquid contact area. The f value of 0.117 represents this 

limited contact area. Therefore, only 11.7% of the surface area was in contact with the water 

droplet, and 88.3% was in contact with air. 

The presence of dual-level hierarchical structures dramatically reduced the extent of the solid–

liquid interface, which directly affects drag reduction during droplet motion over the structures. 

Consequently, the surfaces with hierarchical structures (MM1 and MM2) produced an 

extremely low CAH, with even lower values than those for M3 and M4. Therefore, instead of 

controlling/reducing micropillar dimensions, which can be associated with challenges in 

processing and elevated fabrication costs, micropillars can be superimposed with hierarchical 

structures to enhance superhydrophobic properties of surfaces. 

We calculated the theoretical WCA for a wide range of structural dimensions using the derived 

equations of r and f for each surface geometry (Figure 7). For each surface geometry, we 

assumed 10 micropillar top diameters of 10 µm to 100 µm. Then, we considered various pitch-

to-diameter ratios (b/a) from 0.5 to 3 at 0.1 intervals. All other dimensional parameters were 

held constant, e.g., structure height, or were altered proportionally by diameter. This approach 

provided a rational and comprehensive design of the fabrication procedure to achieve 

superhydrophobic structured surfaces. 

Depending on whether the prediction was based on Wenzel or Cassie–Baxter states, we 

obtained two theoretical WCAs for each case. We selected the WCA in regard to the θcrit, i.e., 

as long as θcrit < θY, the WCA calculated from Cassie–Baxter equation was valid. Otherwise, 

when, i.e., θcrit > θY, we selected the WCA calculated for the Wenzel equation. Therefore, in 

many cases, we observed a maximum value for the achievable WCA associated with a 

particular b/a; this ratio can therefore be considered a key element in the design of 

superhydrophobic surfaces. In Figure 7a, for instance, the maximum WCA (156.4°) was 

obtained for b/a = 1.3 and a microstructure diameter of 100 µm. As the diameter decreased, the 

transition from Cassie–Baxter to Wenzel occurred at a higher WCA, continuing until the 30 µm 

pillar diameter. For the 20 µm and 10 µm pillar diameters (overlapping curves), even at the 

highest b/a (= 3), we observed no decrease in WCA. Comparing the transition WCAs provides 
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insight into the wettability behavior of the different geometries. Whereas the transition from a 

Cassie–Baxter to Wenzel state (maximum WCA on each curve) started at a b/a of 1.3 for the 

M1 geometry, the transition occurred at a b/a of 1.7, 1.8, and 1.0 for the M2, M3, and M4 

geometries, respectively. Therefore, the M3 geometry was the best in terms of the persistence 

of the Cassie–Baxter regime. 

 

 
Figure 7. Theoretical WCA as a function of the pitch-to-diameter ratio (b/a) for various (a), (b), (c) micropillar top 

diameteres of M1, M2, M3, respectively, and (d) long diagonal of hexagonal of M4 geometries 

3.5. Influence of hierarchical micro-microstructures on wettability properties 

3.5.1. Physical analysis 

To predict the theoretical WCA of the hierarchical micro-microstructured surfaces (MM1 and 

MM2), we must calculate the solid–liquid contact area, i.e., the f parameter in the Cassie–Baxter 

equation, for those structures. Therefore, f for the second-level hierarchy of microstructures 

must be calculated. The calculation of total f for the surface involves multiplying fM and fMM, 

where indexes 1 and 2 represent micropillars and disordered superimposed microstructures, 

respectively. However, calculating such a value for the second-level hierarchy of 

microstructures—being randomly textured—is not as straightforward as that for ordered 

microstructures. Here, we propose a state-of-the-art calculation based on the trapped air volume 

between the microstructures. We obtain the air volume from the profilometry analysis of a 130 
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× 130 µm area atop the MM1 micropillars and an 85 × 85 µm area on top of the MM2 

micropillars. Therefore, assuming the air pockets have a pyramidal shape and using the root 

mean square (Sq) as pyramid height, we can calculate the surface area of the trapped air in 

contact with the liquid. Given that on a surface f1 + f2 = 1, we can obtain the solid contact area 

with liquid. Consequently, we calculated each hierarchical micro-microstructure’s total f (ftotal) 

by multiplying f for each hierarchical level. Table 3 presents the results for MM1 and MM2. 

Table 3. The values for the calculation of the proportion of solid–liquid contact area for the hierarchical micro-
microstructured surfaces. 

Sample Trapped 
air volume 
(µm3) 

Root mean 
square (Sq) 
(µm) 

Surface area of 
the trapped air 
(µm2)* 

Ratio of air-
liquid contact 
area (f1) 

Ratio of 
solid–liquid 
contact area 
(f2 = fMM)  

ftotal = (fM × 
fMM)** 

Theoretical 
WCA (°) 

MM1 16,772 5.693 8,838.2 0.523 0.477 0.086 162.1 
MM2 6,453 4.135 4,681.7 0.648 0.352 0.109 160.0 

* The volume of a pyramid with a base surface area of A and height of h equals to 𝑉𝑉 = 𝐴𝐴ℎ
3

 
** fM is given in Table 2 

 

3.5.2. Statistical analysis 

Our second method for predicting the WCA of the hierarchical micro-microstructured surfaces 

(MM1 and MM2) relied on a statistical approach. Khandoker et al. [56] demonstrated that this 

approach could predict the WCA for surfaces in a Cassie–Baxter state. We can rewrite the 

Cassie equation, i.e., the statistical Cassie contact angle, as 

cos 𝜃𝜃𝐶𝐶,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
∗ = 1

𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∗ ��1 + 𝑆𝑆𝑑𝑑𝑑𝑑
100
� cos 𝜃𝜃 − 𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∗ + 1� .                                                            Eq. 17 

Sdr is defined as the developed interfacial area ratio and is obtained from profilometry. However, 

the relationship between Sdr and rW can be expressed as 

𝑟𝑟𝑊𝑊 ≈ 1 + 0.01𝑆𝑆𝑑𝑑𝑑𝑑 .                    Eq. 18 

𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∗ , known as the statistical porosity parameter, is defined especially for disordered surface 

structures and is calculated as 

𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∗ = �𝑅𝑅𝑆𝑆𝑚𝑚
𝑆𝑆𝑎𝑎𝑎𝑎

�
2
 ,                                                                                                          Eq. 19 

where RSm characterizes the average spacing between successive peaks in a random height 

profile [56]. To calculate RSm, if the structure height is >10% of Rt (maximum peak-to-valley 

height) and its width is >1% of the total scanned length, the structure is considered a peak. 

Thus, RSm can be considered as a statistical center-to-center distance. Sal is the autocorrelation 
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function and can be considered as the statistical average structure size. Table 4 presents the 

statistical parameters and calculated WCA for the hierarchical micro-microstructures. 

Table 4. Statistical parameters for calculating the WCA of the hierarchical micro-microstructured surfaces 

Sample RSm Sal 𝑫𝑫𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∗    Sdr 𝒄𝒄𝒄𝒄𝒄𝒄𝜽𝜽𝑪𝑪,𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

∗    𝜽𝜽𝑪𝑪,𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∗  

MM1 3.8 3.33   1.30   113% −0.948    161.4 
MM2 6.1 3.44   3.14   83% −0.937    159.5 

 

3.6. Thermodynamic stability of the Cassie–Baxter state and its breakdown 
conditions 

Wetting transition is a key element in the design and fabrication of superhydrophobic surfaces. 

Although the abovementioned thermodynamic equations show the requirements for fabricating 

superhydrophobic surfaces, they do not elucidate the stability of the wetting states. An energy 

barrier separates the Cassie–Baxter state from the Wenzel state [39]. Therefore, this energy 

barrier can prevent this transition depending on the geometry parameters of a given structured 

superhydrophobic surface. The relationship between the volume of a settling droplet on a 

superhydrophobic surface and the WCA of the surface can be expressed as [39] 

𝐺𝐺𝑐𝑐
√9𝜋𝜋3 𝑉𝑉2/3𝛾𝛾𝑙𝑙𝑙𝑙

= (1 − cos 𝜃𝜃𝑐𝑐)2/3(2 + cos 𝜃𝜃𝑐𝑐)1/3 ,                                                                            Eq. 20 

where V is the droplet volume, 𝛾𝛾𝑙𝑙𝑙𝑙 is the liquid surface tension, θc is the Cassie–Baxter WCA, 

and Gc is the energy of the droplet in the Cassie–Baxter state, which is defined as 

𝐺𝐺𝑐𝑐 = 𝑆𝑆𝑐𝑐𝛾𝛾𝑙𝑙𝑙𝑙 −  cos𝜃𝜃𝑐𝑐𝐴𝐴𝑐𝑐 ,                                 Eq. 21 

where Sc is the surface area of liquid–air contact and Ac is the projected solid–liquid contact 

area. It is assumed that gravity is negligible; thus, the droplet shape is spherical. From Eq. 20, 

increasing the droplet volume reduces the WCA, thereby favoring the transition from a Cassie–

Baxter state to a Wenzel state at a lower energy level. 

The WCAs of the larger droplets with the ordered, structured surfaces are presented in Figure 

8. We used 10 and 20 µL droplets having diameters of 2.67 and 3.36 mm, respectively. The 

WCA decreased with increasing droplet size. Therefore, M1 and M2 samples showed lower 

WCAs for droplets larger than 4 µL. The hierarchically micro-microstructured surfaces, 

however, retained their superhydrophobicity against the larger droplets. MM1 preserved the 

Cassie–Baxter state with the 10 µL droplet, whereas the transition to the Wenzel regime 

occurred when the 20 µL droplet was used. Comparing the results for M2 and MM2, we observe 

that the micropillars covered by the hierarchical microstructures prevented considerably the 
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water droplet from intruding into the structures. Therefore, the liquid–air interface does not go 

further down into the cavities between the structures. The air cavities were evident on the MM2 

surface when a 10 µL droplet was placed on the surface, whereas the air cavities were almost 

completely filled with water when a 10 µL droplet was placed on the M2 surface. Although the 

20 µL droplet intruded partially into the MM2 surface structures at the center, it did not 

completely spread over the surface and maintained its spherical shape. In contrast, the 20 µL 

droplet collapsed and produced a WCA of ~130.4° on the M2 surface. Samples M3 and M4 

showed an excellent persistence of the Cassie–Baxter state. Regardless of droplet volume, the 

water droplets did not penetrate the surface structures, and the air pockets were clearly evident. 

 

Figure 8. Images of water droplets on various surface structure with a volume of 10 µL and 20 µL 

For a Cassie–Baxter state to be stable, the surface tension must prevent a water droplet from 

penetrating the air cavity. The water droplet applies a pressure of P generated by its weight, and 

the surface tension force (Fs) applied to the interface triple line opposes the water droplet 

weight. P is calculated as [42] 

𝑃𝑃 = 𝑊𝑊
𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

= 𝜌𝜌𝜌𝜌ℎ𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎
𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

= 𝜌𝜌𝜌𝜌ℎ ,                   Eq. 22 
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where ρ is the density of water, g is the gravitational acceleration, h is the height of the water 

droplet, and Sair is the surface of the liquid–air interface. However, Fs can be calculated using 

[42] 

𝐹𝐹𝑠𝑠 = 𝛾𝛾𝛾𝛾 cos(𝜃𝜃𝑌𝑌 − 𝜓𝜓 + 90°) ,                                                                                              Eq. 23 

where 𝛾𝛾 is the surface tension of water, l is the length of the triple line, θY is the Young contact 

angle, and 𝜓𝜓 is the angle between the structure’s bottom and wall (as shown in Figure 9). 

 

Figure 9. The solid–liquid–air composite on a structured surface with ψ as the angle between the structure’s bottom and wall 

Given an equilibrium between W and Fs, the maximum droplet pressure able to be countered 

by surface tension is 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = −𝛾𝛾𝛾𝛾 cos(𝜃𝜃𝑌𝑌−𝜓𝜓+90°)
𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

 .                                                                                                    Eq. 24 

We calculated Pmax for different single-level structure geometries and compared them with the 

applied pressure—the pressure related to the weight of the water droplet (4, 10, or 20 µL) (Table 

5). We selected these three volumes in relation to the capillary length of a water droplet, 

calculated as 𝑙𝑙 = �
𝛾𝛾
𝜌𝜌𝜌𝜌

 . Thus, the capillary length for a water droplet having a surface tension 

of γ = 72.8 mN/m and a density of ρ = 997 kg/m3 is 2.73 mm, which corresponds to a 10 µL 

water droplet. 

Table 5. The calculated Pmax for various single-level structure geometries 

Sample 𝝍𝝍 (°) 𝐜𝐜𝐜𝐜𝐜𝐜(𝜽𝜽𝒀𝒀 − 𝝍𝝍 + 𝟗𝟗𝟗𝟗°) 𝒍𝒍 (m) × 106 Sair (m2) × 106 Pmax (Pa) 
M1 123 (57) 0.12 (−0.86) πa = 640.88  (a + b)2–π(a/2)2 = 0.147940 −38.4 (270.3) 
M2 114 −0.035 πa = 519.31 (a + b)2–πa2/2√3= 0.051418 25.7 
M3 102 −0.24 πa = 122.21 (a + b)2–π(a/2)2 = 0.009013 288.6 
M4 108 −0.14 3a = 162.6 (a + b)2–3√3a2/8= 0.014097 116.9 

 

The first conclusion drawn from the results is the negative amount of pressure for M1 sample, 

which stems from 𝜓𝜓 > 𝜃𝜃𝑌𝑌. In such a condition, the droplet penetrates the structures, and a fully 
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Wenzel state is dominant. If 𝜓𝜓 is considered as the re-entrant angle for micropillars on M1, i.e., 

57°, Pmax is 270.3 Pa. For M1, neither assumption is apparently valid. In the first scenario, i.e., 

the fully Wenzel state, we observed that M1 is in a Cassie–Baxter or impregnated Cassie–

Baxter state for the 4 µL and 10 µL droplets. On the other hand, i.e., assuming the re-entrant 

angle for 𝜓𝜓 and the pressure of droplets of various volumes (Table 6), even the largest droplet 

has a much smaller pressure than Pmax, meaning that no penetration may occur. However, we 

did not observe this predicted state. Rather, the 20 µL droplet was thoroughly in a Wenzel state. 

This contradiction can only be interpreted by the exceptional geometry of the M1 micropillars, 

a combination of ordinary conical and re-entrant frustums. The results for M2, however, 

perfectly match our observations. We calculated a maximum pressure of 25.7 Pa for 

overcoming the M2 geometry. Whereas the 4 µL droplet was in an impregnated Cassie–Baxter 

regime, the 10 and 20 µL droplets sagged between the surface structures, as the pressures 

generated by their weights were greater than Pmax. 

Table 6. The pressure generated by various droplet volumes because of their weights 

Droplet volume (µL) Droplet diameter (mm) Pressure (Pa) 
4 1.97 19.2 
10 2.67 26.1 
20 3.37 32.9 

 

We observed quite interesting results for the M3 and M4 samples. The Pmax for both surfaces 

was much greater than the pressure generated by the droplets, i.e., 288.6 and 116.9 Pa, 

respectively. Therefore, no droplet penetrated the asperities of the M3 and M4 samples. M3 and 

M4 samples could withstand the pressure generated by 24 mm and 12 mm water columns, 

respectively. If we assume that such large volumes of water can still shape a droplet, the 

corresponding water droplet volumes having these heights, i.e., diameter, are 7.2 and 0.9 mL, 

respectively. 

To demonstrate the persistence of the Cassie–Baxter state for the M2, M3, M4 geometries, we 

can plot the maximum required pressure for a water droplet to intrude the structures as a 

function of the surface’s structural dimensions (Figure 10). We selected diameters of 10 to 100 

µm at 10 µm steps for micropillar geometries and selected the same values for the long diagonal 

for the hexagonal geometries. For each a value, pitch distance (b) was a/2 to 3a to include a 

reasonable range of structures. 

Two key observations are observed in Figure 10. First, the maximum Pmax is observed for the 

M3 geometry (Figure 10b), which occurs as this surface has the lowest length of triple line and 
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lowest 𝜓𝜓. These values reflect the minimal available air surface for the water droplet to apply 

its weight force; therefore, the required intrusion pressure is maximized. It is worth noting that 

whereas M3 shows a Pmax of almost 4500 Pa for a = 10 µm and b = 5 µm, the M2 geometry 

attains only 1000 Pa, even at the smallest a and b values. Moreover, M4 has only a Pmax >1000 

Pa for four designs having a = 10 µm. 

Another key observation relates to minimum Pmax values. M3 demonstrates the best 

performance, having the lowest Pmax of ~44 Pa for a = 100 µm and b = 300 µm. This pressure 

is theoretically greater than the pressure generated by a 20 µL droplet. Pmax did not drop below 

100 Pa for a values of 10, 20, 30, and 40 µm. M2, on the other hand, shows a Pmax <100 Pa after 

a specific value of b at each a. At a >60 µm, regardless of the b value, Pmax is <100 Pa for M2. 

Given that the pressure generated by a 4 µL droplet is 19.2 Pa, Pmax for the M2 geometry falls 

below this value at a = 30 µm and b = 86 µm. M4 geometry maintains a Pmax of 100 Pa for 

almost all designs with a = 10 and 20 µm. The lowest Pmax for the M4 geometry is 19.6 Pa, 

which is very close to the pressure generated by a 4 µL droplet. The energy barrier for the 

Cassie–Baxter to Wenzel wetting transition is inversely proportional to pitch distance (∆𝐸𝐸 ∝

 1
𝑏𝑏
) [50]. This energy barrier, which is directly proportional to Pmax, prevents the water droplet 

from penetrating the structures by acting in an upward direction. Therefore, increasing the pitch 

distance lowers significantly the energy required for the Cassie–Baxter to Wenzel wetting 

transition. 
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Figure 10. Pmax as a function of pitch distance (b, µm) for various (a) micropillar top diameters of M2, (b) micropillar top 
diameters of M3, and (c) the long diagonal of hexagons for M4 geometries 

4. Conclusion 
A robust and durable non-wetting regime where the transition from a Cassie–Baxter state to a 

Wenzel state does not occur easily is a highly sought-after goal in the field of superhydrophobic 

materials. Hierarchical structures are surface geometries that demonstrate durable 

superhydrophobicity; however, the fabrication procedure of such surfaces is complex. In this 

paper, we fabricated hierarchical micro-microstructure geometries on silicone rubber surfaces 

using an industrially applicable, direct-replication method via a micro-compression molding 

system. Various insert fabrication techniques, including photochemical milling, laser ablation, 

and wet chemical etching, created well-ordered structures comprising various hierarchical 

levels. We predicted the dominant wetting regime for each produced surface using 

thermodynamic equations and roughness parameters. We then calculated the theoretical water 

contact angle using the predicted wetting regime. We obtained a good agreement between the 

calculated theoretical wettability properties and the experimental measurements. Finally, we 

considered the balance between the exerted pressure by water droplets and the capillary force 

to predict the microstructure dimensions at critical conditions for each surface geometry. Our 

research team is currently evaluating the influence of droplet impact on the persistence of the 
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Cassie–Baxter state across superhydrophobic surfaces covered by hierarchical, well-ordered 

structures. 
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