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ABSTRACT
Friction, wear and corrosion play a central role in diverse systems and phenomena that at fi rst sight may seem 
unrelated. On closer scrutiny, however, bio-system phenomena such as the lotus leaf effect (hydrophobicity) 
and surface passivation are found to display common features that are shared by many tribological processes 
in technological (manufacturing and automotive) and geological (drilling and mining) applications. Through 
the process of natural selection, nature has produced surface textures and water-based lubricant systems that far 
outclass the best oil-based lubricants of most man-made devices. To emulate these systems is one of today’s 
great challenges.
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1 INTRODUCTION
Many terrestrial plants and animals are water-repellent due to hydrophobic surface components with 
microscopic roughness. These surfaces provide a very effective anti-adhesive property against par-
ticulate contamination. This self-cleaning mechanism, called the ‘Lotus-Effect’, is an important 
function of many micro-structured biological surfaces [1]. It is now recognized that the fascinating 
fl uid behaviors observed for the lotus plant, like the rolling and bouncing of liquid droplets and self-
cleaning of particle contaminants, arise from a combination of the low interfacial energy and the 
rough surface topography of waxy deposits covering their leaves [2].

2  NATURE’S SOLUTIONS TO CONTROL FRICTION, WEAR AND CORROSION

2.1 Hydrophobic surfaces

As shown in Fig. 1, the surface of the lotus leaf is covered with micro-protrusions, which are clothed 
in nano-protrusions. The nano-protrusions are composed of epicuticular wax crystalloids that are 
hydrophobic [3].   

Figure1: SEM images of the surface of a lotus leaf [3].
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The unusual wetting characteristics of superhydrophobic surfaces are governed by both their sur-
face chemical composition and surface geometric microstructure [4,5]; their wettability can be 
decreased by creating a local geometry with a large geometric area relative to the projected area [4]. 
The origin of the self-cleaning property of lotus leaves has been revealed to be a cooperative effect 
of micro- and nano-scale structures on their surfaces [5]. Cheng and his colleagues [6] emphasized 
the importance of the lotus leaf’s nanoscale hair-like structure on its self-cleaning ability. Barthlott 
et al. assumed that ‘Lotus effect’ can be transferred to artifi cial surfaces (e.g. cars, facades, foils) and 
hence fi nd an immense number of technical applications [1]. As the surface free energy of a solid 
surface decreases, hydrophobicity increases. Wetting properties are defi ned by the magnitude of 
contact angle. If the contact angle is lower than 90°, a material is hydrophilic (wettable), otherwise 
it is hydrophobic (non or low wettable). The contact angle is not only material property dependent, 
but it changes with the surrounding conditions, time and it also depends on the history of wetting [7]. 

The apparent contact angle (θ) between a rough surface and a liquid droplet can be determined 
using 

 cos cosq q( ) = ( )r T , (1)

where r is the roughness ratio (the actual surface area divided by the apparent surface area) and θT is 
the thermodynamic contact angle defi ned by
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where gsv is the solid–vapor surface energy, gsl is the solid–liquid interfacial energy and glv is the 
liquid–vapor surface energy (see Fig. 2). As roughness increases, air can be locally trapped under-
neath the liquid, resulting in the formation of a composite surface with a large contact angle, a 
phenomenon that is described using the following theoretical equation:

 ( ) ( )q q= − aircos coss Tf f , (3)

where fS is the fractional contact area between the liquid and the solid surface, and fair is the frac-
tional contact area between the liquid and the air underneath the droplet [8].

The successful advancement of micro-electro-mechanical systems (MEMS and NEMS [3,8]) 
with miniature moving parts, including micromotors, gears and transmissions, mechanical discrimi-
nators and optical microswitches, relies on the development of new wear resistant materials and 
surfaces with high hydrophobicity (water repellency) and low adhesion and friction. Other possible 
applications for durable water repellent surfaces range from micro-fl uidic devices to bipolar plates 

Figure 2:  The schematic illustration of surface tensions on a solid surface in contact with a water 
droplet, where gsv is the solid–vapor surface energy, gsl is the solid–liquid interfacial 
energy and glv is the liquid–vapor surface energy. 
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in proton exchange membrane (PEM) fuel cells [8,9]. This effect inspired the application of a similar 
mechanism in the solid–water-corrosive systems, namely the prevention of corrosion by repelling 
the corrosive electrolyte from a surface, making them easily roll off by an external force.

2.1.1 Hydrophobicity of metals
Superhydrophobic surfaces are of great importance for many industrial applications and may present 
a solution to the long-standing problems of environmental contamination and corrosion of metals 
[10]. The prospect of producing surfaces that repel water suggests huge opportunities in the area of 
corrosion inhibition for metal components, chemical and biological agent protection for clothing, 
antifouling for marine vehicles, among many other applications [6]. 

Generally, metals are hydrophilic or wettable. To create a hydrophobic surface on a metal, there 
are some methods such as creation of surface patterns, using some chemicals and a combination of 
surface patterns and chemicals. The two main methods of applying suffi cient pattern are etching a 
metal substrate and electroless deposition of a metal coating onto the substrate. Other methods that 
produce metal-based superhydrophobic surfaces include sulfur treatment, either with sulfur gas or 
direct mixing of a thiol solution with a metal (Cd or Zn) salt solution. Electrochemical methods to 
provide roughness have also been reported for indium tin oxide (ITO)-coated glass and doped sili-
con. A range of techniques including anodization has been successfully applied to Al. Between 
presented reports, there are two different approaches to lowering the surface energy of the roughened 
surfaces: the use of fl uorinated silanes or of fl uorinated thiols. For metals, the range of compounds 
that could be used to lower the surface energy is much larger since there are numerous functional 
groups that bind to metals. Despite the diversity of approaches, which have been applied to creating 
superhydrophobic metal surfaces, there are just two factors, which dominate the ultimate perfor-
mance. One is the roughness or texture of the surface, and the second is the nature of the surface 
modifying layer [6]. Generally, metal oxides are more hydrophobic than the metal, so the wettability 
may become lower with increase in the amount of metal oxide [11,12]. The weaker wetting proper-
ties of aluminum, brass and stainless steel can be explained by the process of passivation, 
e.g. covering with the thin layer of oxide. The zinc, aluminum or chromium oxides are hydrophobic. 
The passivation of copper is not such a rapid process as it is in the case of aluminum, zinc or chro-
mium, so the surface of copper plate remains hydrophilic [7]. 

Wu and his collaborators fabricated stainless steel-based superhydrophobic surfaces by micro-
structuring using a femtosecond laser and the method of silanization [13]. They proved that these 
micro- and submicron double-scale structure surfaces yield apparent contact angles higher than 
those on single-scale structure surfaces, and the maximum value was 166.3°. Also, their results 
confi rm that the fraction of air between the water droplet and the double-scale surface was large, 
which is the important reason of superhydrophobicity of the surface (Fig. 3). This provides a 
simple and easily controlled method for fabricating stainless steel-based superhydrophobic sur-
faces [13]. 

Nickel-based alloys have been studied and used as biomaterials due to their corrosion resistance 
and excellent metallurgical compatibility with alloying elements. Shi et al. have studied the tribo-
chemical behavior of nickel sheets on exposure to a mixture of biomaterial solutions (cell culture 
media). The nickel sheets used in this research were designed as fi lters (see Fig. 4). They found that 
the droplet contact angle of the Ni sample is 128.3°, which shows the dry nickel samples are hydro-
phobic [16]. 

Hexagonal-shaped nickel micromeshes (see Fig. 5) were designed and fabricated and their 
water-repellent and water-proofi ng abilities were investigated by Lee and his collaborators [3]. 
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By the effect of the micromesh and PPFC coating, the contact angles were increased sharply from 
63° of the non-coated fl at nickel to 140° of the PPFC-coated micromesh to modify the surface 
from hydrophilic to superhydrophobic. The hole size and increasing the lattice width of the 
micromesh are necessary to improve the water-proofi ng ability. The proposed nickel micromesh 
sheets can be applied to many application areas that require water-blocking yet must allow pas-
sage of gases or sound waves. Examples include water-proof phones/speakers and water-proof 
gas detectors [3]. 

Lotus leaf surface-textured nanocrystalline (NC) Ni fi lms, developed by replicating the original 
biotexture, modifi ed using a selective electrodeposition and a PFPE solution treatment were fabri-
cated by Shafi ei and Alpas (see Fig. 6). The superhydrophobicity of the NC Ni fi lms is attributed to 
successful development of a multi-level surface roughness (where a nanoscale surface texture was 
superimposed on a microscale structure of protuberances) with a low surface energy [8]. 

Figure 3:  Schematic illustration of laser-induced periodic surface structure (LIPSS) covered with 
nanoparticles formed at fl uences 0.08 J/cm2. (a) The alternating array of LIPSS and 
nanoparticles. (b) The local interaction of the sort water interface with the top of LIPSS [13].

Figure 4:  Surface and microstructure of Ni; SEM images: (a) overview, (b) pentagon and (c) pore [16].  

Figure 5:  Fabricated nickel micromesh sheet: (left) photograph of a nickel micromesh prototype 
unit, (middle and right) magnifi ed SEM images of the micromesh [3].
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3 LESSONS LEARNED FROM NATURE

3.1 Corrosion control through surface patterning and roughness

The challenge in forming heterogeneous interfaces from hydrophilic materials lies in designing 
surface topographies that will lead to stable air/vapor entrapment. There are two main parameters 
that are important for creating heterogeneous solid–liquid interfaces. One is the topology of the 
surface and the other is the nature of the surface layer. The mechanism of roughness-induced hetero-
geneous wetting is complicated and involves effects over various length scales. The composite 
interface is fragile, since transition to a homogeneous interface is irreversible, and therefore the 
stability of a composite interface is crucial and should be addressed for the successful development 
of corrosion-resistant surfaces. 

A patterned surface with composite heterogeneous solid–liquid–air interface is notable as it has 
the features of liquid repellency and low surface energy. The effect of surface patterning on the 
 corrosion behavior of a metal (nickel) was investigated [17–19]. The idea originates in the ‘lotus 
leaf’ effect and it is based on the fact that hydrophobic (low or non-wettable) surfaces can decrease 
the contact area between a corrosive solution and a surface. Special surface patterns with similar to 
the lotus leaf micro-texture were created on pure nickel sheets (Fig. 7). The corrosion behavior 
of those surfaces was investigated [14–19] by using a dynamic polarization method in H2SO4 solu-
tion. All patterned samples showed vastly superior corrosion resistance compared with a reference 
smooth polished sample [17]. A further investigation (EDS and SEM) in the nature of the formed 
 electrolyte–metallic interface on the patterned samples showed the formation of heterogeneous wet-
ting, characteristic for hydrophobic surfaces [17]. 

To clearly underline the hydrophobic nature of the patterned surfaces, their corrosion resistance 
was compared with similar size unidirectional random roughness on nickel surfaces [18]. A smoother 
surface in the case of the unidirectional rough surfaces will result in lower corrosion rate (Fig. 8). 
The introduction of the unidirectional random roughness effectively increases the wettability of the 
surface, which in turn increases the area of the contact between the electrolyte and the metal surface, 
and leads to increase in the corrosion rate. In contrast, the patterned surfaces have the highest rough-
ness (Fig. 8) but showed the smallest corrosion rate compared with the unidirectional random 
roughness samples. This result is consistently repeated in the roughness measurements, EIS analy-
sis, potentiodynamic polarization tests and SEM images [18].       

Figure 6:  A PFPE solution treatment of the surface created a nanotextured layer on the ‘‘Ni 
crowns” [8].
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3.2 Hydrophobicity in tribology

In addition to improving corrosion resistance, the surface texturing has gained momentum as a way 
to control the friction, which is involved in various applications and systems, such as components of 
internal combustion engines, dies and punches of the metal-forming processes and MEMS. 

Under dry friction, the area of contact is the crucial parameter that controls both the mechanical 
and adhesive components of the friction force. This why, mimicking the ‘lotus leaf’ surface texture 
to engineer the real area of contact is a promising approach to control friction. Analytically, it has 

Figure 7:  SEM of the nickel sheets before and after the corrosion test. (a1) Reference sample before 
corrosion test. (a2) Reference sample after corrosion test. (b1) Sample D30L60 after 
corrosion test. (b2) Sample D30L60 after corrosion test. (c1) Sample D20L30 before 
corrosion test. (c2) Sample D20L30 after corrosion test [18].
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been proven that friction can be minimized at specifi c real contact area [20,21]. In two- and three-
dimensional fi nite element models, normal and sliding contact between a rigid indenter and 
elastic–plastic surfaces, which are textured by circular and hexagonal dimples of different sizes and 
densities, are simulated and analyzed [21]. Circular craters of different sizes and densities are fabri-
cated using laser ablation on hardened tool steel samples, whereas the hexagonal dimples are 
fabricated using photo-lithography. The dimples are arranged in adjacent equilateral triangles lay-
out. Coeffi cients of friction were measured using a scratch tester under dry sliding conditions and 
constant load. 

Figure 9 displays the average coeffi cient of friction of each sample that has different dimple 
sizes (D) and different spacings between the dimples (L). The plain sample has the highest COF, 

Figure 8: Corrosion rate values for different surface roughnesses.

Figure 9: Friction coeffi cient of the reference sample and all patterned samples (error of 2.5%).
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surpassing the COF of any patterned samples. The maximum friction reduction achieved with the 
selected patterning is ~14% (Table 1). This clearly shows that under dry sliding contact condition, 
the selected textures reduce friction. This is mainly due to the reduction of the contact area, which 
in turn leads to reduction in the adhesion component of the friction force. Also, the surface dimples 
created due to patterning entrap any wear debris, and therefore reduce the number of the asperities 
that interlock with the counter surface. The overall result is less plowing force and less plastic 
deformation. 

In addition, adhesion forces, measured using an atomic force microscope (AFM), showed expo-
nential decrease with the increase in the spatial texture density. The dimensionless spatial texture 
density (D/L) defi ned as the ratio of the size of the crater (D) to the distance between the centers of 
two consecutive craters (L), was identifi ed to be the most signifi cant texturing parameter. A mini-
mum coeffi cient of friction exits at values of spatial texture densities that lie between 0.25 and 0.5.

4 CONCLUDING REMARKS
The unique functionality of the surface patterning, inspired by the ‘lotus leaf’ effect, has been 
described in an attempt to draw out some of the potential for biomimetic-based design in corrosion 
protection and tribology. The paper discusses the potential strategies to mimic the functionality of 
the ‘lotus leaf’ and identifi es fruitful research areas to achieve the potential gains from a biomimetic 
approach in tribology and corrosion protection.
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