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48 Predicting wettability accurately across various materials, surface topographies and wetting
gg liquids is undeniably of paramount importance as it sets the foundations for technological
51 developments related to improved life quality, energy saving and economization of resources,
52

53 thereby reducing the environmental impact for recycling and reuse. In this work, we extend
gg and validate our recently published wetting model, constituting a refinement of the original
g? Cassie-Baxter model after consideration of realistic curved liquid-air interfaces. Our model
58 enabled more meaningful contact angle predictions, while it captured the experimentally
59

60 observed trends between contact angle and surface roughness. Here, the formalism of our
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wetting model is further extended to 3D surface topographies, whereas the validity of our
model, in its entirety, is evaluated. To this end, a total of thirty-two experimentally engineered
surfaces of various materials exhibiting single- and multilevel hierarchical topographies of
increasing complexity were utilized. Our model predictions were consistently in remarkable
agreement with experimental data (deviations of 3-6%) and, in most cases, within statistical
inaccuracies of the experimental measurements. Direct comparison between experiments and
modeling results corroborated that surface topographies featuring re-entrant geometries
promoted enhanced liquid-repellency, whereas hierarchical multilevel surface topographies
enabled even more pronounced nonwetting behaviors. For the sinusoidal topography,
consideration of a second superimposing topography level almost doubled the observed water
contact angles, whereas addition of a third level brought about an extra 12.5% increase in water
contact angle.

1. Introduction

Everyday life commodities, such as food, water and other beverages, as well as inedible
domestic products, such as cosmetics and liquid detergents are stored, transported and
maintained within plastic or glassy containers. Adhesion of these goods to their packaging
material is responsible for product waste [1], poor product appearance [2], increased package
recycling costs [3], as well as sanitary problems and production deterioration in industrial units
due to fouling of equipment [4]. Wettability was identified as the most dominant mechanism
related to adhesion of a liquid onto a solid surface. This mechanism described the interactions
between a liquid and a solid surface and was quantified, at mechanical equilibrium, by means
of the apparent contact angle &, also referred to as static contact angle [5]. Liquid-repellent
surfaces exhibited increased resistance to wetting which translated into large values for 6.
Controlling wettability of a surface proved to be a valuable tool for the design of numerous
engineering applications including hydrophobic [6, 7] or oleophobic [8] non-wetting textiles,
anti-fogging [9] and anti-icing [10] technologies, optimized buoyancy [11] and associated flow
improvement [12], as well as antibiofouling [13] and water collection from fog [14].

Despite numerous applications invoking the theoretical underpinnings of wettability,
understanding and controlling it remains largely still elusive thereby constituting a perpetual
struggle for scientist, in which, luckily, they are not alone. To the observant enough and with

keen perceptiveness, nature proved to be a valuable ally exemplifying numerous cases of
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biological surfaces with remarkable wetting behavior. In the relatively recently spawned and
rapidly developing fields of biomimetics and bionics, applications were engineered with
functions emulating everyday behavior of such biological systems. Prominent examples of
such influential bioinspired-surfaces and resulting technological applications included non-
reflective surfaces utilizing the “moth-eye” effect [15], inspection robots with highly adhesive
surfaces making use of the “gecko-effect” [16, 17], self-cleaning window panes using the “lotus
leaf effect” [18], solid bodies exhibiting improved flowability owed to reduced drag by
exploiting the “shark skin effect” [19, 20], as well as numerous other emerging applications

related to energy conversion and conservation [21].

The difficulty to comprehend wettability fully was, in large part, attributed to the great number
of parameters contributing to the intricacy of the phenomenon, including surface chemistry
[22, 23], surface roughness [24, 25], temperature [26], mechanical loading [27], crystallinity
[28] and applied electric field [29, 30]. Chemistry modifications of the surface, albeit
promising, proved to have rather limited effect on wettability [31]. In contrast, changes in the
surface topography appeared a more efficient way for manipulating wettability, even for the
design of oil-repellent surfaces [32]. For even more pronounced control over wettability, very
recently, topography modifications were combined efficiently with chemical treatment of
various surfaces including cotton [33, 34], steel [35] and synthetic leather [36]. Further
examples include trichloro(1H,1H,2H,2H-perfluorooctyl) silane (PFOCTS)-modified cobalt
structures for creating omniphobic surfaces [37], Cd-Si co-doped TiO- thin films examining
the synergistic effect of co-dopants and calcination temperature on wettability [38], as well as
polymer nanocomposite surfaces comprising Au/ZnO nanoparticles randomly dispersed in a
cellulose acetate polymer matrix [39]. A detailed compilation of substrate coatings and
associated fabrication techniques can be found in the comprehensive work of B. Bhushan and
S. Martin [40].

In the general context of tinkering surface topography, surface roughness was of paramount
importance [32, 41]. Extensive studies on biological surfaces, such as the leaves of Ginkgo
biloba [25] and Nelumbo nucifera (lotus) [42] plants elaborated on the effect of roughness on
overall nonwetting capabilities. The superhydrophobic traits of these biological surfaces were
attributed initially to their distinct surface roughness which theoretically rendered them in a
metastable state. This assumption was later on confirmed in the pioneering works of Marmur
[43] and Nosonovsky [44]. Subsequently, an analysis entailing Gibbs surface free energy

minimization in various solid-liquid-air systems showed that wetting states were distinct and
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could indeed be metastable and rather long-lived [45]. Besides surface roughness, biological
surfaces often exhibited hierarchical organization, i.e., multiple levels of surface topographies
placed on top of each other, which, in turn, was responsible for increased surface roughness
owed to larger surface-to-volume ratio. A characteristic example was the morphology of the
lotus leaves comprising nanoscale roughness superimposed over microscale bumps [46].
Hierarchical topographies in biological surfaces were, in many instances, identified to promote

liquid repellency [47, 48].

Engineered surfaces, on the other hand, differed, in many cases considerably, from biological
surfaces due to multilevel hierarchical organization customarily present in the latter. This was
because implementing multilevel topographies of multiplicity larger than two on engineered
surfaces constituted a formidable technological challenge. Interestingly, non-hierarchical
surfaces, which, however, retained some degree of roughness, displayed superhydrophobicity
[49]. In addition, water-repelling surfaces were produced without necessarily featuring
hierarchical topography [50, 51]. Therefore, in total, roughness was seemingly more important
than hierarchical organization (multilevel topography), the latter being, however, beneficial for

enhanced liquid-repellency.

Modelling wettability played a decisive role in the design of surface topographies with tailored
properties, as well as in the interpretation of experimental observations. Ever since the
inaugural modelling attempts undertaken by Thomas Young in 1805 [52], followed by Wenzel
[53] and eventually by Cassie and Baxter [54], numerous theoretical works emerged [55-60]
thereby manifesting the great technological potential associated with increased wettability
control. Without any loss of generality and for simplicity, most of these models considered
only two-dimensional (2D) systems, implying that the surface texture extended to infinity along
the remaining dimension forming thus a semi-infinite three-dimensional (3D) representation.
This practice was customary and was shown to produce results in gratifying agreement with
realistic 3D measurements [61, 62]. Most of these works made use of the classical Cassie-
Baxter (CB) model or some variation of it, assuming thus that the liquid-air interface was a
straight line. Usually, this held true because of the typically small distance between neighboring

surface irregularities.

Complementing seminal works trying to address this issue [63-66], in our recent study [67],
we revoked this constraint by deriving the formalism of a refined CB model which,

nonetheless, considered curved liquid-air interfaces on various single- and two-level
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topographies. Direct comparison between our model and the original CB model revealed that
the latter overpredicted substantially the contact angle, while it failed to capture the anticipated
trends between contact angle and roughness. Because of this deviating behavior, the original
CB model did not capture the transitions from the CB state to the Wenzel and Young states

with decreasing surface roughness.

2. Materials and Methods

Throughout this work, the basis of the calculations was our refined CB model derived and
applied for the predictions of surface topographies exhibiting superomniphobic traits [67]. The
heart of our methodology lay in the consideration of realistic curved liquid-air interfaces

separating trapped air from supernatant liquid. The radius of the curved meniscus was defined

with the help of the capillary length lcap = \/,, / g , which was, in turn, a function of the liquid

surface tension yia, the liquid density p and the gravitational acceleration g. The curvature of
the liquid-air interface was then quantified by considering the sagging (or protrusion) height h
= l/leap, where | was a characteristic topography-dependent length. For all considered single-
level surface topographies, | was defined accordingly [67].

By observing the original CB model, 6B = fy cosd” - fia, where fq and fia describe the area
fractions of the solid-liquid and liquid-air interfaces, respectively, and the superscript Y
denotes the contact angle by virtue of Young’s relation [52], it becomes obvious that the
calculation of #°B depends on f and fi,, which, in turn, depend on the surface topography type
and the shape of the liquid-air interface. Correspondingly, in our previous work [67], analytical
expressions for fg and fia were derived for the 2D pillars, fiber and sinusoidal surface
topographies illustrated in figures 1a, 1b and 1c, respectively. In addition, a generic algebraic
expression for modeling multilevel hierarchical roughness of arbitrarily large multiplicity was
derived based on information on single-level roughness. This expression was employed here

to predict the water contact angle on hierarchical two- and three-level topographies.

Our model requires as input physicochemical parameters of the wetting liquid (density p and
surface tension y12), Young contact angle 6¥ of the wetting liquid on a completely flat and
smooth surface made of the same material as the rough surface, as well as type and
dimensionality of surface topography. The Young contact angle can be measured

experimentally, or, alternatively, it can be computed by virtue of the Young equation cosd” =
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(ys — ys1)/ya, Where ys and yia are the solid surface energy and liquid surface tension terms,
respectively, which can be measured experimentally or be found in material databases. The
remaining interfacial surface energy term ysi cannot be measured directly and thus needs to be
computed by using any of the conventional Fowkes [68], Zisman [69] or Owens-Wendt [70]
theoretical approximations, with the latter being slightly preferential over the others. Should
this be the case, information on the polar and dispersive components of yia and ys is required.
Here, the Young contact angle was measured experimentally or, where applicable, was found
in the literature (see below) and thus there was no need to resort to measuring the polar and

dispersive parts of ya and ys.

The objective of the current work was twofold: on one side, we extended the formalism of our
refined CB model from semi-infinite 2D to 3D topographies, whereas, on the other side, we
tested and validated our model, in its entirety, by comparing directly model predictions with
experimental data for various combinations of surface topographies, hierarchy levels and
surface materials. Accordingly, area fractions fs and fi. were derived for a new 3D surface
topography featuring 3D pillars with square cross section. A schematic illustration of this new
single-level topography, along with its characteristic geometric details are shown in figure 1(d).
The resulting area fraction relations for this topography are as follows (see supplementary

material for derivation):

W 2

fsl =2 (1)
D,
2|arcW + (Iarc)2

fIa - Dz (2)

where W and Dy represent the width and unit cell distance (see figure 1(d)) and lar is the
numerator of the corresponding fia relation for 2D pillars as it was derived in our recent work
for different wetting cases, i.e., wetting liquid touches (wets) the surface base level or not [67].
To validate our model, totally eleven single-level surface topographies of various dimensions
and types were considered in full compliance with the three basic surface topographies
introduced originally [67], namely 2D flat-top pillars (figure 1(a)), fibers with circular cross-
section (figure 1(b)) and sinusoids (figure 1(c)). To further validate the ability of our model to
capture accurately wetting of surfaces with 3D texture, additionally eight 3D-pillar
topographies of various dimensions were used for a total of nineteen single-level surface

topographies (2D and 3D). Figures 1(e)-(h) describe representative experimental surfaces
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displaying 2D-pillar, sinusoidal and 3D-pillar topography, respectively. Furthermore, to
validate our model predictions related to multilevel topography, twelve two-level and one
three-level hierarchical surfaces were studied. Representative 2D schematic illustrations of the
two- and three-level surface topographies considered here are shown in Figure 2. Accordingly,
figure 2a illustrates the “pillars on sinusoids” topography corresponding to structures 20-22 in
Table 2, figure 2b shows the “sinusoids on sinusoids” topography describing structures 23-31
in Table 2, whereas figure 2c displays the “triple sinusoidal” topography of structure 32 in
Table 2. A detailed description of the characteristic geometrical parameters of the experimental
single- and multilevel surface topographies considered here is provided in Tables 1 and 2,
respectively. Given the great technological importance of surfaces exhibiting patterns of
diverse length scales, caution was taken here that a broad spectrum of characteristic lengths
was spanned ranging from a few hundreds of micrometers to a few tens of nanometers (cf.
Tables 1 and 2). This corroborates the generic validity and applicability of our model.
Throughout this work, the wetting liquid was water having density p and surface tension yi, at
ambient conditions equal to 997 kg/m® and 72.8 mN/m, respectively. To extract conclusions
on the generic character of our model, a rich variety of surface materials was considered
involving silanized silicon wafers, poly(lactic-co-glycolic) acid (PLGA) comprising 85%
polylactic acid (PLA) and 15% polyglycolic acid (PGA), cyclic olefin copolymer (COC),
polydimethylsiloxane (PDMS), aluminium and an epoxy-based shape memory polymer
(SMP). Structures 1-3 in Table 1 were fabricated on silicon wafers using standard UV-
lithographic techniques. Briefly, silicon wafers were spin-coated with a positive photoresist
and exposed to UV light in an EVG 620 mask aligner using a designed chromium-on-glass
photomask. After photoresist development, a Deep Reactive lon Etching (DRIE) process was
carried out in an Oxforf Plasmalab 80+ machine to etch the silicon in the areas not covered by
the photoresist. After etching, the remaining photoresist was removed by successive sonication
in acetone, IPA and deionized water.

Then, the wafer was fluorinated by exposure for 30 min to a saturated atmosphere of vapor
PFOCTS. Structures 9-11 were fabricated using a picosecond laser Nd:YVO4 (3D MicroMac
Microstruct) with pulses of 10 ps and wavelength of 1064, 532 and 355 nm, respectively.
Therein, the beam diameter was smaller than 30 um. Contact angle measurements for structures
1-3 and 9-11 were performed on a Surftens Universal (OEG) goniometer. Analogously,
polymer-based surface topographies 4 and 12-14 were fabricated by hot embossing on a
Jenoptik HEX 03 using a silicon wafer with test patterns manufactured by photolithography
and subsequent etching. Hot embossing was carried out at 100 °C for PLGA and at 120 °C for

7
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COC. Water contact angle measurements were performed on a Kriss drop shape analyzer
(DSA 100).. For all surfaces constructed in the context of this work (cf. Table 1), the Young
contact angle of water was measured with the help of the goniometers reported above.
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60 scanning microscopy (CLSM) top view of a representative 2D-pillar topography corresponding
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to structure 4 in table 1, (f) pronounced anisotropic wetting by water (picture taken from
underneath the wetted sample of part (e), (g) Profile of an indicative sinusoidal topography
corresponding to structure 9 in table 1 measured by a mechanical profilometer (Veeco Dektrak-
8 with 0.7 um tip) and (h) CSLM 3D view of a representative 3D-pillar topography

corresponding to structure 13 in table 1.

(a)

(b)

(©)

Figure 2. Representative 2D schematic illustrations of the hierarchical two-level a) pillars on
sinusoids, b) sinusoids on sinusoids and c) three-level triple sinusoidal surface topographies
described in Table 2.

Table 1. Description of single-level surface topographies considered here. Symbols H, W and
D, correspond to pillar height, width and unit cell distance, respectively, whereas R and Ds
describe the fiber radius and unit cell distance, respectively. Finally, A and A represent the

10
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amplitude and wavelength of the sinusoidal topography, respectively. Experimental Young’s

contact angle Y of water on each surface is also reported.

Structure

Surface

H : Y [0
4 Topography Dimensions [um] material 0" [°] Ref.
silanized
1 2D Pillars H =0.253, W =25, Dp =50 silicon 116.7 | this work
wafer
silanized
2 2D Pillars | H=0.253, W =50, Dp =100 silicon 116.7 | this work
wafer
silanized
3 2D Pillars | H=0.253, W =100, Dy = 200 silicon 116.7 | this work
wafer
: _ _ _ this work
4 2D Pillars H=44,W=34,Dp=12 PLGA 72.7 & [71]
5 2D Pillars H =10, W =455, Dy, =90.6 CcoC 88.3 [72]
6 fibers R=18,Df=79 PDMS 105 [8]
7 fibers R=125,Ds=63 PDMS 105 [8]
8 fibers R=14,Ds=78 PDMS 105 [8]
9 sinusoidal A=86,1=225 aluminium | 67.1 | this work
10 sinusoidal A=96,1=280 aluminium | 67.1 | this work
11 sinusoidal A =90, 1=480 aluminium | 67.1 | this work
12 3D Pillars H=16,W=26,Dp=39 CcocC 93 this work
13 3D Pillars H=17,W=6.0,D,=104 CcoC 93 this work
14 3D Pillars H=18,W=39 D,=6.6 CocC 93 this work
15 3D Pillars H=8.6,W=44.7,D,=90.6 COoC 88.3 [72]
16 3D Pillars H=8.0,W=455,D,=90.6 CcoC 88.3 [72]
17 3D Pillars | H=10.0, W=10.0, D, =20.0 SMP 89 [73]

11
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18

3D Pillars

H =10.0, W=10.0, D, = 30.0

SMP

89

[73]

19

3D Pillars

H=10.0, W=10.0, D, =40.0

SMP

89

[73]

Table 2. Description of hierarchical multilevel surface topographies considered here. Symbols

are identical to Table 1. Subscripts 1, 2 and 3 (where applicable) denote different levels starting

from the finest towards coarser ones. Experimental Young’s contact angle " of water on each

surface is also reported.

A3=5,13=10

Stru;ture Topography Dimensions [um] r?]l;?;??:l 0¥ [] Ref.
0 | P | H-018w2032705 | pows | 1o |
| e | HS0BUS022709 | pows | w0 | [
| P | H=0RWEDIE D0 | povs | w0 |
n | een | MZ0Z84Z0% | eows | us |
|| AT eows | e | p
s || MSRAZS | eows | ws |
w || ASDURATSS s | e | r
p || A0 ason | ows | s |
0 || Agmatos vows | we |
0 |menien | mDmATOTe ows | w9 | [
0 |menien | ADULTNNS | ows | w9 | [
o || ADEASE ows | w0 | [
triple As =_0.075, Y - 0.15
32 sinusoidal A2=0.45,12=0.9 PDMS 110 [76]
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3. Results and Discussion

3.1 Single-level topographies

Figures 3 and 4 illustrate comparisons between calculated contact angles and their experimental
counterparts for the nineteen single-level surface topographies listed in Table 1. In particular,
figure 3 shows contact angle comparisons for 2D pillars, fibers, and sinusoidal topographies,
whereas figure 4 for 3D pillars. For the 2D pillars case, depicted in figure 3, the agreement
between experiment and model was gratifying resulting to an average error of about 6%. This
was, at least partially, attributed to the inherent assumption of our model pertaining to pinning
of the liquid at the corners of the pillars. This assumption hampered the droplet from intruding
in the free space between neighboring pillars thus causing artificially increased contact angles
as evinced by figure 3. Nonetheless, this discrepancy lay for three of the totally five tested
structures displaying this topography within the uncertainties of the experimental data. The
model results for the fiber topography, shown in figure 3, were substantially closer to their
experimental counterparts giving rise to an average error below 3%. Clearly, figure 3 shows
that the attained contact angles for the fiber topography were larger than the ones for 2D pillars,
thereby corroborating previous modeling observations and associated trends [67] relating this
behavior with the re-entrant geometry of the fiber topography.

The calculated contact angles for the sinusoidal topography were substantially smaller than the
previous two single-level topographies, namely 2D pillars and fibers. This observation
becomes apparent by juxtaposing the three topographies shown in figure 3 and is in excellent
agreement with recent theoretical predictions identifying fibers as the most efficacious amongst
the three single-level topographies for achieving high contact angles, followed, in order of
efficiency, by 2D pillars and finally sinusoidal surfaces [67]. Figure 3 shows that the agreement
between experimental measurements and model predictions for sinusoidal topographies was
remarkably good exhibiting an average error of only 4.6%.

Next, consideration of actual 3D surface topographies, instead of simplified semi-infinite 2D
structures, resulted in increased water contact angles and thus enhanced water repellency. This
behavior is illustrated in figure 4 for the 3D-pillars case and was attributed to an augmented
surface-to-volume ratio, generally more pronounced in 3D structures than in commensurate 2D
topographies, inducing thereby increased surface roughness and thus enhanced liquid-
repellency. The predicted contact angles were, once again, in reasonable accord with
experimental observations displaying average deviations of not more than 4.5%. Taken all

together, predicted contact angles for the four types of single-level topographies considered

13
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here (see Table 1) deviated, on average, from experimental measurements by less than 5%.
This discrepancy was, for most surface topographies examined here, within the statistical

uncertainties of experimental data.
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Figure 3. Contact angle comparison between model results (red) and experimental data (blue)
for eleven single-level topographies: structures 1-5, 6-8 and 9-11 correspond to 2D pillars,

fibers and sinusoid topographies, respectively (see Table 1 and Ref. [67]).
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Figure 4. Contact angle comparison between model results (red) and experimental data (blue)

for eight single-level topographies with 3D-pillars texture (see Table 1 and figure 1).

3.2 Multilevel topographies

It is well established in the literature that multilevel hierarchical surface topographies induced
enhanced liquid repellency. Figure 5 validates this consensus by illustrating calculated and
experimentally measured contact angles for two types of two-level topography. For most
structures in figure 5, contact angles lay in the vicinity of 140°, with two surfaces exhibiting
superhydrophobic behavior (6 > 150°). Structures 20-22 in figure 5 correspond to two-level
topographies featuring pillars (fine level) on top of sinusoids (coarse level), wherein the two
levels differed in size by at least one order of magnitude (see table 2). This observation
validates previous theoretical findings arguing that a size difference of at least one order of
magnitude between the superimposed surface patterns was required for achieving
superhydrophobicity [67]. Notwithstanding the significance and influence of multilevel
hierarchical structures on liquid repellency, the construction of such surfaces poses substantial
technological challenges. This is due to the intrinsic technological difficulties associated with
manufacturing of surface details on the submicron or even nanoscale.

Structures 23-31 in figure 5 correspond to “sinusoids on sinusoids” two-level topographies

giving rise to contact angles consistently smaller than the ones for “pillars on sinusoids”

15
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surfaces. Given that the surface material was in both cases the same (PDMS), the coarse level
was of the same type (sinusoids) and, more or less, on the same order of magnitude (table 2),
we discerned that the behavior of two-level topographies was greatly influenced by the upper
(finer) level. According to the single-level results reported in Section 3.1, 2D-pillar surfaces
exhibited, in general, larger contact angles than sinusoidal topographies. The behavior shown
in figure 5 is, therefore, consistent with this observation. For both types of two-level
topography considered here, the calculated contact angles were in notable accord with their
experimental counterparts. The average deviation for the “pillars on sinusoids” and “sinusoids
on sinusoids” topographies amounted to 4.7% and 3.2%, respectively, resulting in an average
deviation of 4% for the two-level topographies.

Finally, figure 6 shows the comparison between the predicted and the experimental contact
angle for a three-level topography with three levels of sinusoid, each having dimensions that
differed by one order of magnitude from the next one (table 2). Superhydrophobicity was
observed here as well, further validating the general belief that multilevel topographies enable
increased liquid-repellency. Indeed, this becomes clear by comparing the contact angles for
sinusoidal single-, two- and three-level topographies shown in figures 3 (structures 9-11), 4
(structures 23-31) and 5, respectively. The addition of a second level of sinusoidal patterns
almost doubled the observed contact angle, while incorporation of a third sinusoidal level
brought about an additional 12.5% contact angle increase. Again, our model predicted for this
three-level surface topography a contact angle that deviated only by 3.1% from the
experimentally measured value, well within the statistical uncertainty of the experimental
measurement. Taken all together, figures 5, 6 and the discussion therein confirmed the ability
of our model to predict very accurately the wetting behavior of surfaces exhibiting multilevel
hierarchical topographies.

16
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30 Figure 5. Contact angle comparison between model results (red) and experimental data (blue)
32 for twelve two-level surface topographies: Structures 20-22 describe “pillars on sinusoids”,
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Figure 6. Contact angle comparison between model results (red) and experimental data (blue)
for a three-level surface topography corresponding to three levels of sinusoids placed on top of
each other (see Table 2).

4. Conclusions

The objective of this work is twofold; on one side, we report the extension of the formalism of
our recently published wetting model [67] to account for 3D pillar topographies, while, on the
other hand, we provide compelling evidence on the validation of our model in capturing
accurately the wetting behavior across various topography types, surface materials and
hierarchy levels. Realistic engineered surfaces featuring single-, two- and three-level surface
topographies, found either in the literature or fabricated and analyzed in the context of this
work, were utilized for validation purposes. One-to-one comparison between modeling results
and experimental data validated our original theoretical hypothesis that, in general, multilevel
hierarchical topographies enable enhanced liquid-repellency, constituting thereby a valuable

tool for achieving superhydrophobicity.
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Of the four single-level surface topographies considered here, the 3D pillars exhibited the
highest contact angles, in some cases exceeding 150°, owed to increased surface-to-volume
ratio compared to the commensurate semi-infinite 2D textures. Subsequently, the fiber
topography, presenting re-entrant geometry, yielded the largest contact angles among the single
level 2D topographies, followed by the 2D pillars and sinusoidal topographies. Increased water
repellency was, in general, observed for two-level hierarchical surfaces, while three-level
sinusoidal hierarchical surfaces yielded contact angles as high as 165°. For the three-level
sinusoidal topography, addition of a second level of sinusoidal patterns almost doubled the
observed contact angle, while incorporation of a third sinusoidal level brought about an
additional 12.5% contact angle increase. In all cases of multilevel topographies considered
here, the different superposing levels had length scales differing in size from one another by at
least one order of magnitude.

Our model predictions were for all single-level topographies considered here in gratifying
agreement with experimental contact angle measurements resulting to an average error of
4.6%, well within the experimental statistical uncertainty. Analogous comparisons for two- and
three-level topographies resulted in average deviations of about 3.5%. Taken all together, our
refined wetting model captured remarkably well and within experimental inaccuracies the
wetting behavior of water on various materials exhibiting single- and multilevel hierarchical
roughness. Modelling wettability accurately across different wetting liquids, surface materials
and topographies sets the foundations of a generic surface design methodology enabling
tailored wetting properties for numerous technological applications relevant to packaging,
circular economy of materials, waste reduction, recycling, as well as conservation of energy

and natural resources.
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