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Abstract  
      In this Chapter we demonstrate the feasibility of 
super-hydrophobic/hydrophilic and simultaneously 
super-attractive/repulsive surfaces, mimicking Nature 
thanks to hierarchical architectures. Super-hydrophobia
is found to take place for a number of ~2 hierarchical 
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levels, as observed in several plants, e.g. lotus. Moreover, the strength of the 
capillary attractive or repulsive interaction is found to be enormously 
enhanced by the hierarchical architecture. Thus, the analysis suggests the 
feasibility of innovative self-cleaning and simultaneously super-adhesive 
hierarchical materials, as observed in geckos. 
 
1. Introduction 
 Several natural materials exhibit super-hydrophobia, with contact angles 
between 150° and 165°, often a strategy for allowing a safe interaction with 
water, see the review on non-sticking drops by Quéré [1]. This is the case for 
the leaves of about 200 plants, including asphodelus, drosera, eucalyptus, 
euphorbia, gingko biloba, iris, tulipa and, perhaps the most famous, lotus            
[2, 3], Figure 1. Similarly, animals can be super-hydrophobic, as for the case 
of water strider legs, butterfly wings, duck feathers and bugs [4-6]. These 
surfaces are generally composed of intrinsic hydrophobic material (contact 
angle larger than 90°, often around 120°) with a two-level hierarchical 
micro-sized architecture. Super-hydrophobia (contact angle larger than 
~150°, see [1]) is extremely important, e.g., in micro/nano-fluidic devices for 
reducing the friction associated with the fluid flow, but also for self-
cleaning: super-hydrophobic materials are often called self-cleaning 
materials since drops are efficiently removed taking with them the dirty 
particles which were deposited on them [3, 7]. This effect is extremely 
important, (e.g., for producing self-cleaning skyscraper glass). Researchers 
[8] have proved that the adhesive setae of geckos become cleaner with 
repeated use; super-adhesion and self-cleaning are both probably a 
consequence of the hierarchical nature of the gecko foot. On the other hand, 
hydrophily (contact angle smaller than 90°) is needed to achieve high 
wettability, (e.g. for surfaces to be painted).  
 In this letter we demonstrate the feasibility of super-hydrophobic/ 
hydrophilic and simultaneously super-attractive/repulsive surfaces, mimicking 
Nature thanks to hierarchical architectures.  
 

2. Super-hydrophobic/hydrophilic and super-
attractive/repulsive surfaces 
 The contact angle (Figure 2a) between a liquid drop and a solid surface was 
found by Young [9] according to ( ) CSLSV γγγθ −=cos , where LVC γγ ≡  and the 
subscripts of the surface tensions describe the solid (S), liquid (L) and vapour 
(V) phases. Note that for ( ) 1>− CSLSV γγγ  the drop tends to spread 
completely on the surface and 0=θ , whereas for ( ) 1>− CSVSL γγγ  the drop 
is  in  a  pure non-wetting      state and 180=θ . According to the well-known  
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Figure 1. Super-hydrophobic behaviour in lotus leaves. Liquid drops of small (a), 
medium (b) or large size (c). Photos taken by the Author. 
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Figure 2. Contact angles for a drop on a flat surface (a) or on a rough surface in the 
Wenzel (b) or in the Fakir (c) state. 
 
Wenzel’s model [10, 11] the apparent contact angle Wθ  is a function of the 
surface roughness w , defined as the ratio of rough to planar surface areas, 
namely, θθ coscos wW =  (Figure 2b). The apparent contact angle varies also 
with the heterogeneous composition of the solid surface, as shown by Cassie 
and Baxter [12]. Consider a heterogeneous surface made up of different 
materials characterized by their intrinsic contact angles iθ  and let iϕ  be the 
area fraction of each of the species; the individual areas are assumed to be 
much smaller than the drop size. Accordingly, the apparent contact angle CBθ  
can be derived as ∑=

i
iiCB θϕθ coscos  [12]. 

 A droplet can sit on a solid surface in two distinct configurations or states 
(Figure 2b,c). It is said to be in Wenzel state (Figure 2b) when it is conformal with 
the topography. The other state in which a droplet can rest on the surface is called 
the Fakir state, after Quéré [13], where it is not conformal with the topography and 
only touches the tops of the protrusions on the surface (Figure 2c). The observed 
state should be the one of smaller contact angle, as can be evinced by energy 
minimization [14].  
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 Let us consider a hierarchical surface (Figure 3). The first level is 
composed by pillars in fraction ϕ (as in Figure 2b,c). Each pillar is itself 
structured in n sub-pillars in a self-similar (fractal) manner, and so on. Thus, 
the pillar fraction at the hierarchical level N is ϕN, whereas the related number 
of pillars at the level N is nN. Applying the Cassie and Baxter law [12] for the 
described composite (solid/air) hierarchical surface (the contact angle in air is 
by definition equal to 180°) we find for the hierarchical fakir state: 

 
( ) ( ) 11coscos −+= θϕθ NN
F              (1) 

 

 Note that for N = 0 ( ) θθ coscos 0 =F  as it must be, whereas for N=1 
( ) ( ) 11coscos 1 −+= θϕθF , as already deduced for the case described in Figure 2c 

[15]. Eq. (1) quantifies the crucial role of hierarchy and suggests that 
hierarchical surfaces are fundamental to realize super-hydrophobic materials 
(effective contact angle larger than 150≈SHphoθ ), since we predict 

( ) 180=∞
Fθ . The minimum number of hierarchical levels necessary to achieve 

super-hydrophobia is thus: 
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and the logarithmic dependence suggests that just a few hierarchical levels are 
practically required. 
 By geometrical argument the roughness w of the introduced hierarchical 
surface (Figure 3) can be calculated in closed form. The roughness at the 
hierarchical level k is given by ( ) ( ) ASw k

L
k += 1  in which A is the nominal 

contact area and ( )k
LS  is the total lateral surface area of the pillars. The pillar at 

the level k has an equivalent radius kr  and a length kl  and the                      
pillar slenderness s, defined as the ratio between its lateral and base areas, is 

 
Figure 3. A hierarchical surface (with N=2 levels). 
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kk rls 2= . The air surface area at the level k can be computed as ( )kA ϕ−1  or 
equivalently as 2

k
k rnA π− , thus we deduce ( ) 2

0
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Note that the result becomes independent from n (and that 
( )( ) ( )( )010 === ϕϕ Nww , ( ) ϕsw +=11 , whereas ( )( ) ∞==≠ 11 ϕNw ). Thus we 

find for the hierarchical Wenzel state:   
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Eq. (4) suggests that hierarchical surfaces can be interesting also to realize 
super-hydrophilic materials, since we predict ( ) ( ) θθ coscos ∞∞ = wW  with 

( ) ( )ϕϕ −+=∞ 11 sw ; thus if 0cos >θ  ( ) 0→∞
Wθ , for ∞→s  or 1→ϕ . 

However note that for 0cos <θ , ( ) 180→∞
Wθ  ( ∞→s  or 1→ϕ ), and thus 

super-hydrophobia can take place also in the Wenzel state, without invoking 
fakir drops. The minimum number of hierarchical levels necessary to render 
the surface super-hydrophobic/hydrophilic is thus: 
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where effective contact angles smaller than SHphiθ  define super-hydrophily.  

 Comparing ( )N
Wθ  and ( )N

Fθ , we find that the Fakir state is activated at each 
hierarchical level for (we omit here second order problems, related to 
metastability, contact angle hystheresis and limit of the Wenzel’s approach, for 
which the reader should refer to the review by Quèrè [1]): 
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Note that the result is independent from N and 90→WFθ  for ∞→s  or 

1→ϕ , and thus a hydrophobic\hydrophilic material composed by sufficiently 
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slender or spaced pillars surely will/will not activate fakir drops and will 
become super-hydrophobic\hydrophilic for a large enough number of 
hierarchical levels. Thus hierarchy can enhance the intrinsic property of a 
material. The role of hierarchy is summarized in Figure 4.  
 For example, for plausibly values of  ϕ = 0.5 and s=10 we find from eq. 
(6) θWF = 95.2o; thus assuming θ = 95o the Fakir state is not activated and the 
Wenzel state prevails (if the Fakir state still prevails it is metastable, see [1]). 
From eq. (3) ( ) 61 =w , ( ) 5.82 =w , ( ) 75.93 =w  and ( ) 375.104 =w ; accordingly 
from eq. (4) ( ) 1221 ≈Wθ , ( ) 1382 ≈Wθ , ( ) 1483 ≈Wθ  and ( ) 1554 ≈Wθ , thus N=4 
hierarchical levels are required for activating super-hydrophobia (from eq. (5) 

( ) 2.3=W
SHphoN ). On the other hand, assuming 100=θ  fakir drops are activated 

and from eq. (1) ( ) 1261 ≈Fθ , ( ) 1432 ≈Fθ  and ( ) 1543 ≈Fθ , thus N=3 
hierarchical levels are sufficient to achieve super-hydrophobia (from eq. (2) 

( ) 6.2=F
SHphoN ). 
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Figure 4. Effective contact angle ( )N

WF ,
* θθ =  as a function of the intrinsic one θ  by 

varying the number N of hierarchical levels. Thus, super-hydrophobic/hydrophilic 
surfaces can be obtained by an opportune design of the hierarchical architecture, 
according to this phase diagram and reported equations (note that metastable fakir drops 
could be observed also in the Wenzel region, dotted line, see [1]). 
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 The capillary force between a hierarchical surface and a flat plane can also 
be derived, according to the well-known Laplace’s law [16], as a function of 
the contact angle. Some insects, such as the beetle Hemisphaerota cyanea, use 
capillary to stick to their substrate, generating a force close to 1g (i.e. 60 times 
its body mass) for more than 2min [17], allowing them to resist attacking ants; 
tokay geckos use the same principle (in addition to van der Waals forces) to 
generate their tremendous adhesion [18], that could probably be scaled-up in 
order to produce a Spiderman Suit  [19] (see also the related New Scientist 
story: Gecko inspired suit could have you climbing the wall, by J. Palmer, 28 
April, 2007). Between a spherical surface (contact angle θ ) of radius r0 and a 
flat plate (contact angle θP), the capillary attractive or repulsive force is 
predicted to be ( )PCC rF θθγπ coscos2 0 += [20]. Thus, for a spherical pillar of                
size r0 composed by N hierarchical levels the force is 

( ) ( )PCN
NN

C rnF θθγπ coscos2 +=  and the nominal strength ( ) ( ) ( )2
0rF N

C
N

C πσ =  
becomes: 
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Note that for N=0 such a capillary strength corresponds to the previously 
discussed law. For N=1 the strength scales as n , in agreement with a recent 
discussion [21]: splitting up the contact into n sub-contacts would result in a 
stronger interaction (with a cut-off at the theoretical strength): smaller is 
stronger [22]. This explains the observed miniaturized size of biological 
contacts. Introducing the previously computed contact angle related to the 
hierarchical surface allows one to evaluate the hierarchical capillary force, 
with or without activation of the Fakir state. Super-attraction/repulsion can be 
achieved due to hierarchy, as emphasized by ( ) ( ) ( ) 20 N

C
N

C nϕσσ ≈ .  
 
3. Conclusions 
 Summarizing, the analysis demonstrates and quantifies that super-
hydrophobic/hydrophilic and simultaneously super-attractive/repulsive 
surfaces can be realized, mimicking lotus leaves, thanks to hierarchical 
architectures. For example, assuming 5.0=ϕ , n=s=10 and 120≈θ  (as in 
lotus leaves, Figure 1), the analysis shows that fakir drops are activated and 
only two hierarchical levels are required to achieve super-hydrophobia 
( 2.95=> WFθθ , ( ) 9.1=F

SHphoN ; ( ) 1391 ≈Fθ , ( ) 1512 ≈Fθ ), in agreement with 
direct observations on super-hydrophobic plants. Simultaneously, we deduce 

( ) ( )01 2.2 CC σσ ≈ , ( ) ( )02 0.5 CC σσ ≈  and ( ) ( )03 2.11 CC σσ ≈ , i.e. just three hierarchical 
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levels (or even two, if 1≈ϕ  and 10≈n ) are sufficient to enhance the capillary 
strength by one order of magnitude, generating super-attractive ( ( ) 00 >Cσ ) or 
super-repulsive ( ( ) 00 <Cσ ) surfaces.  
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