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ABSTRACT: Wet chemistry methods such as sol−gel provide a facile means of preparing coatings with controlled surface
chemistry and architecture. The manipulation of colloidal “building blocks,” film constituents, and reaction conditions makes it a
promising method for simple, scalable, and routine production of superhydrophobic coatings. Despite all of this, the practical
application of superhydrophobic coatings remains limited by low mechanical durability. The translation of chemistry to
mechanical strength within superhydrophobic films is severely hindered by the requisite physical structure. More specifically,
porosity and the surface architecture of roughness in sol−gel-derived films contribute significantly to poor mechanical properties.
These physical effects emphasize that collective structure and chemistry-based strategies are required. This challenge is not
unique to superhydrophobics, and there are many principles that can be drawn upon to greatly improve performance. The
delicate interplay between chemistry and physical structure has been highlighted through theory and characterization of porous
and rough interfaces within and outside the framework of superhydrophobics. Insights can further be drawn from biology.
Nature’s capacity for self-repair remains extremely challenging to mimic in materials. However, nature does demonstrate
strategies for structuring nano- and microbuilding blocks to achieve generally mutually exclusive properties. Difficulties with
characterization and example mechanical characterization methods have also been emphasized.
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1. INTRODUCTION

Superhydrophobicity, defined as exhibiting water contact angles
exceeding 150° and rolling angles less than 5°, is accompanied
by a myriad of potential applications including self-cleaning,1

anti-icing,2 and the prevention of marine biofouling.3,4 An
understanding of this behavior can be described by Young,5

Wenzel,6 and Cassie and Baxter;7 with the latter now used
extensively.8 Both Wenzel and Cassie−Baxter models describe
the enhancement of nonwetting properties through surface
roughness, and hence development of surface structures to
yield superhydrophobicity has been a prominent area of
research for some time.9,10 In particular, Cassie−Baxter
illustrates the development of a composite air−solid surface
with sufficient surface roughness, greatly reducing solid contact
points and thus adhesion of water droplets.11 However, this
reduced contact area also introduces fragility upon mechanical
load whereby the true area of contact is substantially reduced
yielding high contact pressures exceeding the materials
mechanical properties.12 As a consequence such structured
surfaces are highly prone to abrasion and rapidly lose
superhydrophobicity as a result of mechanical damage to
surface features and ensuing smoothening of the interface. The

mechanical frailty of these surfaces is a primary drawback for
many practical applications.13 While wetting studies and general
preparation methods have been and continue to be reported,
the mechanical durability is frequently overlooked. Yet the
fundamental understanding of this problem is vital to achieving
durable surfaces and thus any widespread practical applicability.
The eventual properties of a film will inherently depend on

its manufacture. To induce superhydrophobicity a process that
both generates surface roughness and alters surface chemistry is
necessary. Numerous procedures have been reported to prepare
superhydrophobic surfaces. Of these, two broad categories are
considered to be “top-down” or “bottom-up”. Top-down
denotes methods of inducing roughness by removing material
from a bulk matrixsuch as patterning by lithography14 or
etching techniques.15 Conversely, bottom-up describes rough-
ness and functionality constructed from the substrate upward,
typically as a thin film, through methods such as crystal
growth,16,17 layer-by-layer,18 chemical vapor deposition,19
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electrospinning,20 and sol−gel. Extensive reviews regarding
preparation of superhydrophobic materials have previously
been reported.10,21,22 While bottom-up strategies are generally
more versatile, many techniques can be limited by costs, scale,
and substrate constraints. Sol−gel processing is advantageous
owing to facile customization and scalability in terms of
tailoring chemistry toward prescribed properties23 and
applicability to most substrates.
With a specific focus on solution-based sol−gel-derived

coatings it will be demonstrated through conventional porosity,
beam models, and existing reports that regardless of chemical
strategies, the physical structure is paramount to achieving
mechanically durable surfaces. This will be further emphasized
through the hierarchical structuring of natural materials. While
there is a focus toward wet chemistry/bottom-up constructed
surfaces, many studies below are theoretical or produced via
lithographic means owing to higher reproducibility.22 Even so,
their findings still hold relevance to understanding and
determining structural integrity. Further, as correlations are
drawn toward sol−gel preparation, they may hold relevance to
other means of surface construction.

In parallel with the difficulty preparing mechanically robust
superhydrophobic films, superhydrophobic films are intrinsi-
cally nonideal samples for mechanical characterization. There is
a need to universally adopt methodology beyond pencil
hardness and similar techniques. The applicability of tribo-
logical principles in wear and characterization to these films will
be also emphasized.

2. THE BROAD SCOPE OF DURABILITY AND
CHALLENGES IN CHARACTERIZATION

Beyond the overall outcome of achieving durable and
nonwetting surfaces, characterizing these films is a challenge
in itself. The studies explored below will largely consider
material properties such as Young’s Modulus, E; however,
determining such parameters can be complicated. In fact,
despite the practical importance, systematic quantification of
durability of superhydrophobic films has been scarce and
focuses on the wettability rather than on the long-term stability.
This issue is noted in a review by Verho13 and more recently by
Xue.24 This is particularly true when durability is narrowed

Figure 1. (A) (upper) Schematic and (lower) photograph of water-jet abrasion setup reproduced from Davis et al.33 Copyright © 2014 American
Institute of Chemical Engineers (B) SEM of surfaces prepared by Deng et al.35 after tape-adhesion tests prior to and after covalently binding to
substrate. Copyright 2014 Wiley-CH Verlag GmbH & Co. KGaA, Weinheim. (C) Example cross-hatch testing performed by Sparks et al.42 with
varying degrees of removal. Copyright 2014 American Chemical Society. (D) Illustrated schematic of pencil hardness tests. (E) Schematic of sand
abrasion test driven by gravity, as performed by Deng et al.35 Copyright 2014 Wiley-CH Verlag GmbH & Co. KGaA, Weinheim.

ACS Applied Materials & Interfaces Review

dx.doi.org/10.1021/am505487r | ACS Appl. Mater. Interfaces 2014, 6, 18380−1839418381



further to only consider mechanical properties, which is the
primary scope of this report. In particular, the preservation of
surface roughness against compressive and abrasive or shear
forces25 is of utmost importance.
Admittedly, mechanical durability is not the only aspect of

durability. The many other perspectives of interest toward the
robustness of these films includes long-term submersion, water
droplet impact, stability to UV,26 extreme pH, and solvent
environments. These issues have been collated in a recent
report by Malavasi et al.27 This report encompassed proposed
protocols for the standardized testing toward these factors are
evaluated by preservation of the receding contact angle after
cycles of each test. In general, stability of coatings against
factors such as pH or solvents can be greatly improved by
fluorination, which simultaneously improves nonwetting
properties. For particular applications regarding wetting
resistance, long-term submersion and droplet pressure, work
presented by Extrand,28 Tuteja et al.,29 and Zhao et al.30 is
particularly interesting. In some cases the presence of a water
droplet may induce structural change due to capillary pressure.
This has been demonstrated for high aspect ratio fibrillar
structures.31 Damage to very fragile particulate films due to
similar effects may also be expected; however, to our knowledge
this has not been extensively discussed. This report will assume
higher performance in mechanical tests should reflect resistance
to these effects. As structures increase in stiffness and repellency
this effect becomes less pronouced.32

2.1. Mechanical Robustness. Any loss or change in
surface roughness will alter performance in other tests.
Abrasion may cause a loss of aspect ratio impacting wetting
or alter surface chemistry. In this sense the longevity in practical
application is directly tied to mechanical durability, which still
remains the main practical hurdle to application. This was
demonstrated by Malavasi et al.27 where the abrasion test had
the most profound impact in their standardized testing. In this
case abrasion was caused by a water-jet test similar to tests
performed by Davis et al.33 and Jung and Bhusan.34 In these
tests the water pressure and stream−substrate distance and
angle are determining factors in how the substrate is abraded.
As the impact pressure is increased or applied in repeated
cycles, one would expect increased abrasion to the surface. Sand
abrasion is a similar test where sand grains are dropped from a
height onto the titled surface.35 The contact loadings can be
calculated from drop height, gravity, particle size, and density.
In many cases material spanning kim-wipes to sandpaper is
rubbed across the surface.36,37 These are generally observed
qualitatively or accompanied by a calculated loading pressure
from either touch or set weights. For tests including pencil
hardness,38 cross-hatch,39 or tape adhesion40,41 there are
typically American Society for Testing and Materials (ASTM)
guidelines. In pencil hardness tests a range of pencils spanning
9B (soft) to 9H (hard) are run across the surface until a pencil
fails to either scratch or gouge (delaminate) the film. These
ratings are then referred to as scratch or gouge pencil hardness
(not to be confused with material property hardness).
Depending on the ASTM procedure following the loading,
scratch length and requirements for a pass may vary. Cross-
hatch and tape adhesion are performed utilizing specific tape
brands, which are applied to the surface and subsequently
removed. Cross-hatch tests involve the scratching of the target
region of the film into a square grid or an X prior to the
adhesion test. Depending on the ASTM procedure the brand of
tape, adhesion time and pass grading may alter. Gradings are

typically based upon the regions removed, that is, complete
removal, removal at scratch lines, no removal, etc.
The majority of procedures employed (illustrated in Figure

1) could be considered macroscale techniques emanating from
industrial coating characterization. These techniques offer many
advantages in cost and time efficiency. In particular, they are
readily accessible to most laboratories, though obviously some
laboratories prefer differing methods. These methods are
typically validated with wetting angles from which nano- or
microdamage can be inferred. Moreover, in combination with
electron microscopy, very practical data regarding structure
performance can be rapidly attained. There is a tendency for
most reports to encompass only one or two of these tests,
which limits comparison between reports. More so, these tests
are highly variable from factors such as human error, tape
model, pencil model, water pressure, dropping height, etc.,
which all must be identical for true comparison.

2.2. Nanoindentation. Justification for the broad adoption
of these techniques discussed above may stem from the
difficulties in utilizing characterization on relevant length scales.
To improve understanding in a scientific context more sensitive
methods to quantify material properties would be ideal. When
probing nanoscale features such as those present on super-
hydrophobic films it would be desirable to utilize relative length
scale techniques such as nanoidentation.43−45 A nanoindenter
or atomic force microscopy (AFM) is able to record the
dynamic displacement of a tip through a material, and the
corresponding curve will directly reflect the mechanical
properties of the material. Resultant displacement versus load
graph and area of the indent can be utilized to determine
material properties. The analysis of depth-sensing nano-
indentation is unfortunately complicated by the presence of
surface roughness due to challenges in determining the contact
area between the indenter and the surface,46 illustrated in
Figure 2. This can lead to dramatic scatter of calculated results.
From a basic starting point, film penetrations are usually at a
low (<10) percentage of film thickness to avoid substrate
influence. At the same time, to avoid the scattering from
roughness, indents are performed to a depth of 20Ra.

46 It is
immediately apparent that thin superhydrophobic films are not
ideal for these measurements. Thus, the application to
superhydrophobic films is nontrivial; however, the parameters
are imperative in rationalizing coating performance. Procedure
and analysis of nanoindentation experiments has been
developed by Doerner and Nix47 and by Oliver and Pharr.48

Joslin and Oliver49 have further developed a procedure more
suited to rough surfaces; a succinct review on nanomechanical
characterization is provided by Bhushan50 and recently by
Palacio and Bhushan.51 At shallow penetration depths
employed to study rough films additional concerns are
substrate influences,46,50 scale effects,52−55 and surface effects.56

Scale dependence of nanostructures is noted further below.
For structures similar to those in Figure 2, standard approach

procedures in indentation experiments may result in difficulties
detecting the surface, and subsequently samples may be
damaged initiating contact. This has been improved upon by
a hybrid nanoindentation technique utilizing alternating current
force modulation, demonstrated by Asif et al.;57−59 Dynamic
stiffness measurements yielded enhanced sensitivity to
detecting and determining mechanics of surfaces. This avenue
may prove more applicable to displacement studies of highly
rough surface features.

ACS Applied Materials & Interfaces Review

dx.doi.org/10.1021/am505487r | ACS Appl. Mater. Interfaces 2014, 6, 18380−1839418382



An additional notable technique is the in situ indentation of
structures within scanning electron microscopes (SEMs).
Owing to the demand for miniaturization of electronic
materials, metallic nanorods and wires have received extensive
attention to their mechanical properties utilizing this technique.
Subsequently, there is a multitude of studies analyzing the
compression of metal pillars.60−62 This technique allows for
high-resolution visual interpretation and studying dynamic
failure events of local structures. Philippe63 demonstrates the
manipulation of a single nanowire bending upon strain induced
by an AFM tip, Figure 3. Precise manipulation allows for
dynamic capture of events and offers vast information regarding
the failure of nanostructures.
A review of in situ indentation techniques has recently been

reported by Nili.64 To our knowledge, this is a technique that is
yet to be employed in the study of superhydrophobics. Despite
the increased challenge that would arise with navigating
ultrarough surfaces such as attempting to land on single
asperities, this technique provides visual and quantitative means
to identifying and addressing the failure mode of nanostruc-
tures employed within superhydrophobics. Of particular
interest would be determining the extent to which desired
material properties are maintained from film precursors to
surface structures and the influence on the dynamic failure of
the structure.

2.3. Nanoscratching and Friction. Performed in a lateral
direction, indentation allows for micro and nanoscratch
experiments, which can be more readily interpreted allowing
qualitative trends to be developed. To an extent, this avoids
some of the strenuous experiment or analysis accompanied by
indentation. The scratch behavior can be influenced by tip
geometry and normal load.50 These experiments can provide
crucial understanding toward improving the abrasive resistance
of surface micro- and nanostructures. By simultaneously
performing a scratch and monitoring the friction coefficient,
mechanistic information can be inferred regarding the failure of
the surface asperities.65−67 Throughout application, the inter-
face will experience diverse loads with both normal and lateral
components. In this sense, scratch tests are perhaps more
meaningful to determine durability through determining
resistance to shear forces and wear at multiple length scales.
Jung and Bhushan34 demonstrate the characterization of
superhydrophobic films prepared through lithographic and
spray methods utilizing AFM. In contact mode, a 15 μm
borosilicate sphere was scanned at very low loads (100 nN)
across the surface. A similar experiment was performed using a
3 mm Sapphire ball at 10 mN. Variation in height scans before
and after wear scanned allowed damage to be inferred, in this
case comparison between surfaces of epoxy-nanotube compo-
site and lotus wax.
Beyond performing tests, rationalizing which mechanical

properties are desirable may not be immediately clear. Ideally,
the chemistry can readily be manipulated to engineer material
properties; however, the extent to which these properties
translate in surface structures may be limited, particularly in
porous or fine structures. This is discussed later in the review.
The material property hardness (H) can be interpreted in a
number of ways. Within this report hardness will be discussed
broadly as a measure of the material’s capacity to resist
permanent deformation from an opposing load. Examples
below will use specific values referring to indentation hardness.
From the definitions of the term, hardness is an ideal trait for
surface structures. However, materials with high hardness may
be too brittle and rapidly fail above the materials yield stress,
even more so considering amplified contact pressures.
Conversely, materials too soft may succumb to effects such as
capillary forces between asperities.31 For rationalizing wear
behavior, it has been reported the ratio H/E may be more

Figure 2. (upper) SEM of isolated “needlelike” sol−gel film prepared
from the aggregation of silica nanoparticles. Similar structures with
varying dimension are also present in fore- and background. (lower)
Idealized schematic representation of a sol−gel-derived super-
hydrophobic film. The surface exhibits multiscale roughness on similar
and greater scale to the indentation tip, discontinuities (pores) within
the structures, and nonuniformity between surface features. Such
variation in contact area between the tip and the surface leads to high
scatter in calculated material properties.

Figure 3. AFM tip employed for in situ bending experiments of
rhenium nanowires. Reproduced with permission from L. Philippe, I.
Peyrot, J. Michler, et al., Appl. Phys. Lett. 91, 111919, 2007.63

Copyright 2007 AIP Publishing.
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relevant. This term is a descriptor of the limit of elastic behavior
of the material. Similarly, the term H3/E2 can provide insight
into yielding behavior of the material; high values indicate
elastic, while low values indicate plastic behavior.68,69

Accordingly, through the determination of material properties
H and E, mechanical properties can be correlated to their
performance in mechanical tests such as scratching. Note that
through this methodology, the elastic modulus is reduced, that
is, becoming less stiff. This is in contrast to the conventional
approaches to strengthen materials, which is to increase the
rigidity of individual structures through methods such as cross-
linking.
An interesting example encompassing these wear principles is

provided by Skarmoutsou et al.70 studying the mechanical
properties of textured poly(methyl methacrylate) (PMMA)
induced by oxygen plasma. The material properties were
determined through nanoindentation methods and then
correlated to nanoscratch behavior. The wear performance of
surfaces was rationalized through analysis of friction behavior
and material H/E and H3/E2 ratios. A reduced data set is
provided in Figure 4 where it was shown that with high surface
roughness there was a significant decrease in mechanical
properties H and E. Furthermore, from property ratios H/E
and H3/E2 it was demonstrated that the rough surfaces
exhibited reduced wear resistance and increased plastic
behavior, respectively; both unfavorable for maintaining surface
geometry. This is further demonstrated through simultaneous
scratch and friction testing. Friction, a measure of resistance of
surfaces moving against each other, is thus highly dependent on
surface topology. Illustrated in Figure 5, the friction force
becomes increasingly nonlinear with normal load on the
textured sample. Considering Coulombs law of friction, friction
force = μFnormal (Fnormal denotes the force normal/perpendicular
to the surfae), where μ is the friction coefficient (gradient), μ
represents the friction modes during the scratch and should
remain constant (linear) if adhesion remains the only
contributor to friction. This trend, exhibiting a variable gradient
(μ) as a sharpening of the trend, is clearly evident. This increase
in friction is interpreted to result from the energy absorbed
during plastic deformation (plowing) of surface asperities.
Thus, as well as adhesion, there is a plowing factor contributing
to the friction coefficient with increasing load. This example
demonstrates how the complementary analysis of both
mechanical properties and scratch behavior can provide
understanding of the mechanisms of failure of superhydro-
phobic surfaces. Recently, a similar study was reported from the
same research groups.71 This methodology exemplifies a
relevant length scale technique for the mechanical character-
ization of these films.

3. SOL−GEL CONSTRUCTION OF
SUPERHYDROPHOBIC FILMS

From the previous section, sol−gel-derived superhydrophobics
were introduced in Figure 2 as challenging materials for
characterization. Sol−gel is a frequently utilized wet chemistry
approach for the production of roughened or porous
frameworks, and despite characterization challenges, there are
many also many advantages. Conceptualized as a “building
block” approach, sol−gel allows for fine control over surface
topology and chemistry through manipulating the sol
constituents and reaction conditions.72 A typical procedure
comprises the preparation of a colloidal solution whereby in
situ gelation occurs via covalent and physical bonding between

inorganic particles and binder matrix/precursors.73 During
deposition of the colloidal mixture the particles aggregate to
form hierarchical roughness as illustrated in Figure 6, while
binding agents act to interconnect between particles and adhere
to the substrate.
Mechanical durability issues in sol−gel-derived coatings

emanate from the manner in which particles aggregate during
deposition. While many studies have reported improved
mechanical and thermal properties of materials upon the
addition of nanoparticles,76−80 these improvements, referred to

Figure 4. Hardness (H) and Young’s modulus (E) values determined
through nanoindentation methods on smooth and plasma roughened
PMMA. Plasma etching increasingly roughens the PMMA with time.
Wear resistance is determined through H/E ratio, and plasticity as H3/
Er

2 are also plotted. Reproduced with permission from A. Skarmoutsou
et al., 2012, Nanotechnology, 23, 505711.70 Copyright 2012 IOP
Publishing.
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as the “filler effect,” are achieved at low particle loading, often as
low as 0.1%.81 The positive reinforcement of this effect is
strongly dependent on interfacial interaction and therefore
highly dependent on the surface properties of filler and matrix
utilized.76−78,80 At high loadings, particles become a substantial
film component, resulting in particles interacting with
themselves rather than the polymer matrix, disrupting material
properties.77,81 At particle loadings sufficient to generate surface
roughness that is required in superhydrophobic coatings this
effect is no longer present, and at this loading particles are in

fact detrimental to the properties of the material. In effect, such
a film will become very brittle, with the weakest fracture points
existing between particle agglomerates.
To enhance durability it is desirable to increase linkages

between particles through chemical bonding. Covalent bonds
can be introduced between particles to impart more improved
physical traits than physical binding.75 This procedure was first
reported by Zhang et al.82 in a 1997 patent. Many similar
procedures have subsequently been reported in open literature.
In general variations primarily exist in the organic functionality
of the linking agents used. Example functionalities explored
include epoxy−amine,83,84 acrylate,85 silanes, and silox-
anes.75,86,87 A range of other chemistries have also been
explored.10,88−91 Typically, the utilization of advantageous high
strength bonds is inherently limited due typical hydrophilic
character.37 Conversely, use of hydrophobic terminal groups
(i.e., alkyl) inhibits networks and induces porosity,92 a difficulty
discussed below. These linkages are also limited by the particle
loading required and the degree to which intrinsic bulk
properties are reduced at high particle loading. This is an
important consideration as an increase in linking agents
effectively smoothes the surface, Figure 7.

The scope of chemistry already explored is indicative of
overarching limitations such as those frequently overlooked
regarding the geometry of surface roughness. As discussed, the
aggregation of particles typically yields “needlelike” structures
with considerable edge effects.65 This structure is desirable for
minimizing solid−water interactions; however, it is limited in
durability.11 The reduced contact area from needlelike
architectures ensures high contact pressures and are readily
abraded, increasingly so beyond the yield stress of the material.
In this regard, surface architecture of superhydrophobic
coatings typically presents a compromise between surface
wettability and mechanical properties.
Promising alternatives are “craterlike” structures, where

roughness does not protrude per se but represents a voids/
pore network across a planar film. In a procedure similar to the
one above, sol−gel synthesis was employed to create a gel;
however, roughness was engineered not primarily through
particle aggregation but through the removal of a sacrificial
template.38 Akin to those of needlelike structures, the
properties of these structures can be tuned through altering
linking groups. These structures exhibit increased solid area to
distribute load and improved lateral stability compared to
structures exhibited in Figures 2 and 6. Despite yielding
substantially higher abrasive resistance, these films have
surprisingly received quite minimal attention with only few
publications further exploring crater roughness.93−99 Recently,
additional research exploring similar morphologies were
reported, namely, a sol−gel preparation100 (Figure 8) and

Figure 5. Friction force vs normal load for smooth and roughened
PMMA substrate. The increasing nonlinear trend for the roughened
sample indicates plastic deformation through plowing of surface
asperities. Reproduced by permission of A. Skarmoutsou et al., 2012,
Nanotechnology, 23, 505711.70 Copyright 2012 IOP Publishing. All
Rights Reserved.

Figure 6. SEM image of superhydrophobic surface prepared through
sol−gel preparation, coupled with idealized schematic of example sol−
gel preparation of superhydrophobic coatings derived from the
aggregation of silica nanoparticles, bridged covalently by PDMS
chains.74,75

Figure 7. Idealized schematic of the inverse relationship between
cross-linking and surface roughness.
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lithographic/molding prepration.101 The latter provides an
exemplary figure modeling the contrast between protruding and
holelike asperities. The stress distribution calculation for an
individual cone and inverse cone is reproduced in Figure 9.

From further comparison below it can be further demonstrated
that the exploration and control of different architectures hold
critical importance to bridging dichotomy between roughness
and durability.

4. POROSITY
“Needlelike” and “craterlike” structures in a broad sense can be
considered as simply mesoporous and macroporous bodies,
where porosity is defined in eq 1. Needlelike structures are
essentially nonclose packed stacking of spheres with substantial
voids between asperities, and craterlike is analogous to
honeycombs or foams.

ρ

ρ
= −porosity 1 sample

bulk (1)

Many porous materials akin to honeycomb and foams have
been termed “cellular solids” and exhibit structures that are
desirable for diverse applications owing to their lightweight,
high surface areas, and tunable thermal and mechanical
properties.102 The mechanical properties of these porous
materials have been studied extensively at the macroscale, and
a number of porosity theorems have been developed, which
subsequently could provide perspective on superhydrophobic
films. Previously, two material properties were introduced for
interpreting wear behavior. In this discussion particular
importance is again placed on mechanical properties hardness
(H) and elastic modulus (E).50 In this application the yield
stress is also important. Classically for basic open and closed
cell foams a direct power-law relationship can be applied
between the mechanical properties of a solid material and that
of the same material with a degree of porosity, eq 2.102,103

ρ
ρ

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟E E

n

film ref
film

ref (2)

where E and ρ refer to elastic modulus and density,
respectively; subscript film refers to a porous film and ref
denotes a reference solid material; and exponent n is dependent
on the failure mechanism. This model was adapted to allow
modeling of porous structures that deviate from simple open/
closed foams, eq 3.104

= −A
A

aP(1 )n

0 (3)

where A and A0 represent the material property of a porous and
nonporous sample, and α and f are fitting parameters; material
constant, a, describes the packing geometry factor, while n
describes the pore geometry as above. These predictive models
can be adapted to fit multiple mechanical properties105 and
subsequently applied to describe smaller-scale influences of
structure including ratio of wall thickness between pores to
pore diameter102,103 as well as interconnectivity driven by pore
wall imperfections.106,107 Bellet108 demonstrated as the porosity
of silicon was increased to 90% the modulus was reduced by 2
orders of magnitude. Diverse examples of application are
reported.104,106,109−111 While the power-law, eq 2, cannot be
quantitatively assumed without comprehensive understanding
of the structure103 it does provide some insight into what
properties one can expect in engineering porous films.
The minimum solid area model is also used to describe

properties of porous materials112−114 describing relationships of
a number of material properties such as hardness, compressive
strength, wear, tensile strength, etc., by

= −A A e bp
poroous 0 (4)

where Aporous is a property of a porous material, A0 is the
property of the corresponding nonporous material, b is a
parameter that reflects the character of porosity and the
property being measured (i.e., compressive or tensile), and p
indicates the volume fraction porosity. The character of the
pores describes whether they are present as spherical or
cylindrical pores within a matrix or pores between stacked
particles. Depending on the stacking of particles or the ordering
of the pores, b will either increase or decrease.113 This model
may be more appropriate for needlelike coatings, which are
essentially randomly stacked particles and craterlike coatings,
which are essentially spherical pores within a matrix. It is

Figure 8. SEM and overlay schematic of the preparation of a porous
craterlike surface through the thermal decomposition of polymer
spheres within a methyltrimethoxysilane matrix. Reproduced with
permission from B. P. Dyett, A. H. Wu, and R. N. Lamb, ACS Applied
Materials & Interfaces, Article ASAP. Copyright 2014 American
Chemical Society.100

Figure 9. Stress distribution calculation by finite element method,
exemplifying the contrast between protruding needlelike features and
hole- or craterlike features under equivalent loading. A loading of 4 N
across 5 mm radius circular area was chosen to simulate a finger
brushing across the textured polyurethaneacrylate (E = 400 MPa).
Reproduced with permission from J. G. Kim, H. J. Choi, K. C. Park, R.
E. Cohen, G. H. McKinley, and G. Barbastathis (2014), DOI:
10.1002/smll.201303051. Copyright 2014 Wiley-CH Verlag GmbH &
Co. KGaA, Weinheim, Germany.101
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important to note that this model can be valid for only certain
porosity ranges if changes in the stacking of particles/pore
(value of b changes) occur with changing porosity.110 Diaz and
Hampshire109 demonstrate that eqs 3 and 4 can be utilized to
describe Young’s modulus of silicon nitride, describing Young’s
modulus halving across 0−25% porosity.
From eqs 2−4 it is shown that mechanical properties are

inversely proportional to a power-law of porosity. These
porosity models have been employed for a diverse range of
structured surfaces outside the niche focus of superhydropho-
bics including porous silica110,115 and anodized alumi-
num.116−119 Notably, in the pursuit of low dielectrics, porous
materials are often prepared via similar chemical strategies to
sol−gel superhydrophobics. The characterization of porosity is
paramount for these materials and routinely demonstrate the
complication of balancing porosity to desired mechanical
properties.120 Aerogels also exhibit distinct similarities in
chemistry and are typically prepared in analogous sol−gel
reactions. To this end, improving mechanical properties has
been a design concern for some time. General design strategies
to improve mechanical properties encompass using higher solid
contents to increase density directly, promoting particle
necking (analogous to Figure 7) or integration of organic
polymer networks. A recent spotlight article by Randall et al.121

outlines these approaches and the recent progress toward
robust aerogels. As a consequence the use of aerogel structural
motif is attracting more interest toward superhydrophobics.36

It could not be expected for all superhydrophobic reports to
characterize porosity, given the often complex nature of the
material and techniques.122 Yet at the same time, given the
prevalence of voids and porosity within superhydrophobic
films, these relations provide one perspective of the underlining
challenge toward achieving both a durable and super-
hydrophobic surface. Further, akin to aerogels, minimizing
porosity could be stated as one crucial design consideration.

5. BEAM THEORY
From another perspective, assuming a surface is repeating
similar asperities, analyzing a single asperity is a reasonable
starting point. A simple geometric approach could be to
consider each asperity as an individual pillar and apply
conventional Euler beam buckling theory.123,124

π=F
EI

KL( )cr

2

2
(5)

where Fcr is the critical force, E is elastic modulus, I is the
moment of inertia, L is the length of the pillar, and K is a factor
that describes the support of the pillar; for pillars fixed at one
end and one end free, K = 2. This model describes the force at
which an elastic pillar will buckle based on geometric properties
L and I and material property E. In effect, the critical force is
inversely proportional to the “fineness” of the pillar. As the
aspect ratio increases, which is desirable for minimizing wetting,
the rigidity of the pillar is substantially reduced, illustrated in
Figure 10.
Beam theory has been applied to many periodic array

structures31,125 including those designed to be superhydropho-
bic.30,32,71 Yu et al.123 utilized this model to study the
mechanical durability of lotus leaf structure in regard to
withstanding the impact pressure of falling rain drops and
hydraulic pressure. The asperities were analyzed through Euler
instability where a pillar will become unstable and buckle upon

a critical force applied to it. This study arrived at the conclusion
that the requirements for superhydrophobicity and mechanical
stability are conflicting. Also that hierarchical structure is
necessary to meet the mechanical requirement of withstanding
heavy rain. Similar theoretical analysis was performed by Wang
et al.126 regarding pillar analysis as above on nanotube forests. It
was determined that the forest indentation stiffness scaled
linearly with the density of tubes per area, elastic modulus, the
radius of the indenter, and the moment of inertia (r4 for circular
cross section) and inversely with the square of nanotube length,
as per eq 5. Effectively, durability increases with increased solid
to withstand load and with reducing aspect ratio, conflicting
with superhydrophobicity requirements.
Asperities considered within this model describe perfect

geometric pillars through the moment of inertia variable, I,
which is derived from the cross-sectional area of the column.
Application to experimental structures is not readily applicable
where the cross section is nonuniform,124 such as the needlelike
structure illustrated in Figure 2 where the radius of the
structure is reducing toward the film edge, and is nonuniform
between asperities. That said, utilizing mean average across a
unit cell, approximations have been demonstrated for
homogeneous honeycomb structures:127

= * −I
bh

P
12

(1 )
3

(6)

where b and h are unit cell lengths, and P is porosity. This
provides a key example where porosity will directly reduce
buckling resistance through the geometric variable I.
Evaluation of both porosity and beam theory raises concern.

First, considering the exponential decrease in E with porosity
(eqs 2−4) and then in combination with beam buckling theory
in eqs 5 and 6, one could expect a cumulative reduction in
resistance, increasingly so as the structure became sharper.
Clearly, in isolation or combination of these two approaches for
predicting mechanical properties, the structural requirements
for achieving superhydrophobicity are exceedingly unfavorable
for durability.
In reverse, these relations also present opportunity to

dramatically improve mechanical durability by where possible
minimizing porosity and minimizing the aspect ratio of surface
features. The wettability of periodic structures with varying
spacing and aspect ratios has been performed on lithography
surfaces,14 and it is likely there is a window of opportunity28 to
improve mechanical properties while minimizing any com-

Figure 10. Illustration of cylindrical column considered under Euler
beam buckling theory used to describe elastic pillar stability, utilizing a
modulus of 72 GPa.
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promise to wettability through varying aspect ratio and asperity
density. Similarly, structures with broadening cross sections
(Figures 2 and 9) toward the substrate exhibit improved
resistance. This strategy approach was included in the recent
report by Park et al.128 While maintaining the low solid area,
the resistance of the overall structure is enhanced. In each case,
there will be a threshold at which a loss of wetting properties
due to decreasing aspect ratio becomes too severe. In terms of
asperity design the hindered load-bearing capacity introduced
from (eqs 2−6) also provides additional rationale to shift
toward structures with reduced contact pressures38,101 such as
those depicted in Figure 9.

6. INFLUENCE OF SCALE
The discussion of both porosity and beam theory have been
discussed as design themes encompassing broad challenges to
designing mechanically robust superhydrophobic films. As
discussed and witnessed in figures within the report, many
superhydrophobic films rely on nanoscale motifs. Owing to the
increase in surface area to volume ratios, the quantitative
evaluation of both porosity and beam theory becomes more
complex and deviates from standard values.129,130 In fact as size
reduces to the order of 10 nm,131 interfacial stresses can
significantly enhance or decrease material properties. This still
remains a burgeoning area of research; in particular, complete
experimental understanding for complex (i.e., rough) surfaces is
still in progress.132 To this effect these parameters will not be
extensively discussed further; however, substantial reviews
encompassing investigation of scale-dependency of material
properties have been reported.55,132,133

7. HIERARCHICAL SURFACES
In most cases superhydrophobic surfaces exhibit hierarchical
roughness, typically as both nano and microscopic features.
There are many examples reporting the favorability of surfaces
with two or more roughness length scales with regard to
wetting. In particular, stabilizing the Cassie−Baxter wetting
state.134 This has been postulated as the reasoning behind its
presence in natural superhydrophobic surfaces such as the lotus
leaf.123 In the context of mechanical robustness, it has been
proposed and demonstrated that relatively larger microscale
features withstand more force or even shelter and protect more
fragile nanoscale asperities.13,25,37,135 This effect is often
depicted by schematics similar to those in Figure 11. In this

sense, upon the onset of wear, the remaining microroughness
and the sheltered nanofeatures may preserve sufficient
phobicity. Various methods for producing microroughness
include templating,74 dual-scale particulates,83,136 substrate
roughening (i.e., sandblasting),137 and lithography.135

The immediate concern with utilizing microroughness may
be the loss of wetting properties. A recent report by Huoviven
et al.138 studied the shielding capacity of micropillars among

nanofeatures of polypropylene surfaces, schematics and images
of which are shown in Figure 12.

With increasing fractions of protective pillars the wear
resistance increased, to the detriment of wetting properties.
The protective density of 15% was determined to be optimal,
maintaining superhydrophobic contact angles and increasing
resistance to compressive and abrasive forces, 2- and 3-fold,
respectively. This engineered arrangement of microfeatures
could be repeated for other surface preparations.
However, the performance of this sheltering strategy may

vary. In the same manner as the scratch and friction tests
mentioned above, the size and speed of the marring body may
influence the penetration depth and therefore asperity
deformation. Owing to light-scattering effects the scale of
microroughness will also be limited128,139 for films in
applications where transparency is vital, that is, windows or
solar panels.
Notwithstanding, the benefits of large features can be

rationalized from a broad range of perspectives. Depending
on the nature of roughness atop of the micron features, the
large features diminish contact pressures simply through
increased solid area contact. Consequently, in more cases the
loading should be less than the yield strength of the material.
Further, if these large structures are analyzed from the same
beam theory perspective as above it is readily apparent how
these microfeatures can yield improved durability and
sheltering effects. Ignoring the material properties (E), the
traditional buckling formula is dependent on the geometric
propertymoment area of inertia. These values for common
geometries are readily available124 for which values scale with
the length value raised to the fourth power. In the imaginary
case of one scale exhibiting length 2 and a second scale had a
length of 10, the moments of inertia would include factors of 24

and 104, respectively. It follows that compared to nano, any
microstructure should be considerably more resistant to any
failure, which can be governed by cross-sectional area; including
buckling or bending. This size relation was also noted by Butt
et al.140 From this perspective it is therefore practical to rely on
higher aspect ratio microstructures sheltering lower aspect ratio
nanostructures. From another perspective, the source of
microroughness is usually a non or minimally porous material.
In the case of sand blasting or lithography the material is
usually the substrate. Thus, as well as avoiding film adhesion

Figure 11. Idealized schematic illustrating the protective nature of
microasperities over nanofeatures.

Figure 12. (upper) Schematic representation of protective pillar
strategy. (lower) Corresponding example SEMs of surfaces studied by
Huviven et al.138 Reproduced with permission from E. Huovinen, L.
Takkunen, T. Korpela, M. Suvanto, T. T. Pakkanen, and T. A.
Pakkanen, Langmuir, 2014 30 (5), 1435−1443. Copyright 2014
American Chemical Society.
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issues, the porosity difficulties stated above are irrelevant. For
particle-constructed films (Figure 6) it could be inferred that
reduced particle loadings would be required to achieve
sufficient roughness, minimizing any particle loading or
porosity issues. Similarly, hierarchically templated craterlike
films may allow sufficient roughness at reduced porosities.

8. LESSONS FROM NATURE
Often, nature has provided significant material science
inspirations toward material science, superhydrophobicity
being one example. Natural superhydrophobic surfaces such
as the lotus leaf have attracted considerable characterization and
biomimetic strategies.141 The use of hierarchical roughness akin
to the lotus leaf has attracted considerable attention toward its
mechanical advantages as discussed above. Unfortunately
beyond this, the blueprint for mechanically robust super-
hydrophobic films is not conveyed in natural surfaces. Given
nature’s ability to repair itself, the difficulties faced by synthetic
thin films are of minimal consequence.
In fact many of these surfaces are constructed by relatively

soft materials, and from this perspective pursuing self-healing
coatings would be highly desirable. Examples of self-healing
superhydrophobic coatings are discussed in reviews by Verho13

and Xue.24 In general, the repair is limited to chemical
functionality, and repairing surface features remains out of
reach. There are some reports that exhibit repeating layers of
surface structure whereby the roughness is maintained upon the
loss of one or many layers until a minimal film thickness is
reached. Some longevity can be achieved utilizing these self-
affine structures, such as those presented by Jin et al.36

Eventually, however, a nonreplenishing surface will entirely
diminish.
Removed from superhydrophobicity and the prospect of self-

healing, other facets of nature do however provide insight into
designing structures to resist mechanical failure. In the same
manner as requirements for superhydrophobicity and robust-
ness are conflicting, in general hardness and toughness are also
conflicting. This has been a long-term consideration for
engineering materials, and conveniently nature has demon-
strated how to address this dichotomy through hierarchical
design of nano and microscale materials.142 In a direct sense,
for surface architecture, hard and tough asperity is advanta-
geous over hard yet brittle asperity, which may rapidly fail
under exacerbated loads. In a theoretical sense this emphasizes
rationalizing structures beyond the routine use of two scales
and chemical cross-links.
Interestingly, natural materials can achieve both hardness and

toughness through clever hierarchical structures utilizing
building blocks not too dissimilar to those used to synthetically
prepare superhydrophobic films. Replicating these strategies
within surface asperities may consequently yield more robust
superhydrophobic films.
Biomaterials and their properties have attracted considerable

research attention, and many extensive reviews have been
reported.143−145 In general there are some recurring aspects to
how nature designs tough materials:146,147 hybrid composites
with anisotropic building blocks and multiple toughening
mechanisms.
To contrast one example, a simple sol−gel superhydrophobic

coating, which can be prepared using relatively hard, brittle
silica isotropic nanoparticles and soft, tough polydimethylsilox-
ane (PDMS). Nacre, a biocomposite found in mollusc shells,
utilizes hard, brittle anisotropic platelets of aragonite and soft

protein polymers. The brittle component in nacre constitutes
up to 95% of the material, maintaining hardness yet also
demonstrating improved toughness.148 The hierarchical con-
struction allows nacre to surpass the properties of what would
be expected for standard composite material. The use of large
plates within nacre as a brick and mortar approach produces a
large interface between the protein and subsequent plates. This
results in significant energy requirement due to friction to
dislocate plates, which is further enhanced by nanoasperities
between the plates. Owing to the anisotropy and positioning,
the plates are mechanically complementary and reinforce one
another. In contrast to spherical silica nanoparticles, such
mechanisms are not available. The chemistry of the system also
exhibits hierarchical toughening mechanisms. To provide
toughness nature utilizes soft protein matrix to distribute
energy across large areas and prevent failure through energy
dissipation mechanisms. Initially upon loading, the “sacrifi-
cial”149 hydrogen bonds are ruptured and expended to unravel
protein molecules against entropy prior to more permanent
deformation. Mimicking this polymer design has also attracted
significant attention.150 Replicating intricate hierarchical
structures is experimentally challenging. Anisotropic building
blocks are in general more difficult to prepare, and then
controlling aggregation is an additional challenge. More so,
completely mimicking such within spray- or spin-coating
systems will be a dubious task. Nonetheless, several materials
have been reported to mimic nacre structure and exhibit
extraordinary properties utilizing ice crystal-templating,151

alumina platelets,152 and montmorillonite.153

The hierarchical construction of asperities in this manner
may be a pathway to improving mechanical robustness. To our
knowledge this has not been reported thus far. However,
recently, a nacre-like structure prepared utilizing graphene
sheets was rendered superhydrophobic with a silica, polystyrene
sphere post-treatment.154 Besides brick and mortar approaches,
fiber and fiber bundles142,143 are frequently used by nature to
inhibit crack propagation by bridging interfaces. Fibers,155

rods,156 and tubes are anisotropic building blocks, which are
more readily obtained and utilized; consequently, the use of
fibers has long been utilized in manmade materials, and a wide
range of fibrous materials are available.157,158 Given the scale of
features employed in superhydrophobics carbon nanotubes are
of particular interest and have been utilized as roughening
agents.159−161 Contributing to roughness, fibers/tubes could
promote the hierarchical roughness at reduced porosity levels
for surface structures, which are reliant on roughness, which is
not protruding from the surface, such as craterlike structures.
Reinforcing fibers could be employed to garner long-range
internal interface between existing materials, facilitating
mechanisms discussed above. Moreover, given the cellular
nature of craterlike structures, there is opportunity for fiber
reinforcement162 of the struts between voids, which are most
likely to fail under axial loading.
Natural materials highlight the importance of physical

structure and exemplify complementary approaches in material
construction. As hierarchical construction is routinely used
toward improving wetting properties, there is opportunity to
explore hierarchically rationalized asperities with capacities to
dissipate energy or resist failures.

9. CONCLUSION
The lack of mechanical stability of surface structures is a clear
challenge for practical application of superhydrophobic films.
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Many superhydrophobic coatings generally fail to adequately
address both mechanical and chemical issues. From existing
porosity and beam models, eqs 2−5, and corresponding
experimental reports, it is recognizable that the requirements
for mechanical durability and superhydrophobicity are indeed
conflicting. This emphasizes the importance of addressing
physical structure in addition to chemical strategies. Specifically,
where possible, strategies should encompass minimizing
porosity and controlling the geometry of surface features.
This will involve a delicate compromise and balance between
wetting properties through minimizing water-adhesion points
yet maximizing solid content to resist load, for example,
needlelike protrusions designed with lower aspect ratios, higher
packing density, or avoided entirely in favor of more abrasive
resistant craterlike structures. Nature highlights that the manner
in which asperities are constructed offers significant oppor-
tunity to improve mechanical properties in both complemen-
tary geometry and chemical designs. In parallel, mechanical
studies encompassing tribological principles are able to provide
insight toward asperity failure at relevant length scales through
interpretation of friction and scratch profiles. While quantitative
measurements are inherently complicated, the utilization of
hybrid or in situ nanoindentation is capable of identifying
failure dynamics of asperities through manipulation of single
asperities, which is a crucial missing element of current
characterization.
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