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Superhydrophobic coatings comprised of electrospun nanofibers are a low-cost alternative to micro-fabricated
surfaces, and can be applied to substrates of any arbitrary geometry. Such coatings with orthogonally oriented
layers have properties that allow their wetting resistance to be predictable for a range of solid volume fractions,
fiber diameters, and contact angles. In this paper, we have presented a modeling strategy that solves for the air–
water interface shape over several layers of such coatings to predict the resistance of superhydrophobic fiber
coatings to hydrostatic pressures and to quantify the relationship betweenmicrostructure, meniscus penetration
depth, and wetted surface area of the fibers. Slip length predictions are also provided to shed some light on the
performance of such coatings in drag reduction applications. It was found that while failure pressure for a coating
riseswith reducingfiber spacing, there is a tradeoffwithwettedfiber surface area relative to a bare substrate. This
tradeoff can be offset, however, by using smaller fibers for an intended coating. This results in a higher failure
pressure for the same wetted area fraction. The results generated in this work are discussed in relation to
those reported in the literature whenever possible.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

A surface is regarded as superhydrophobic (SHP)when it exhibits an
apparent contact angle with water greater than 150°. This is often
achieved by applying a micro- or nano-scale roughness to a hydropho-
bic surface [1–4]. Such surfaces can be used for applications ranging
from self-cleaning and drag-reduction to corrosion resistance and
energy [4–6]. The essential attribute of SHP surfaces is their reduced
water–solid contact area (wetted area) which helps decrease the fric-
tion between a moving body of water and the surface. This is due to
the ability of SHP surfaces to trap air within their microstructure (see
e.g., [7–10]). For an SHP surface in contact with water, the solid area
in contact with water depends on both the surface morphology
and the hydrostatic and/or hydrodynamic conditions of the system. A
submerged SHP surface may be found to be in the Wenzel state (fully
wetted), the Cassie state (fully dry), or in a series of transition states
between the two extremes [9]. When an SHP surface comes into con-
tact with water, the air–water interface (AWI) may penetrate into
the pores of the surface depending on the wetting state of the sur-
face. If the AWI penetrates too deeply into the pores, the SHP surface
may no longer provide any drag reduction. In fact, it is quite possible
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that such a surface increases the drag force in certain hydrodynamic
conditions [10].

A significant number of studies have been devoted to the manufac-
ture and characterization of micro-fabricated roughness on a surface
to impart superhydrophobicity (see e.g., [5]). However, fabricating
micro- or nano-roughness remains a costly process, and applying
them to geometrieswith arbitrary curvatures remains difficult. An alter-
native is to achieve the desired roughness by applying a hydrophobic
material to the surface in the form of electrospun nanofibers [11–14]
or apply a coating on the surface of a fibrous material [15–17]. The
major problem with the conventional electrospinning process (or
fibrousmaterials in general), however, is the lack of control over the ori-
entation and spatial distribution of the fibers, making it difficult to pre-
dict the performance of the coating prior to its manufacturing. It has
been shown that the conventional electrospinning process can bemod-
ified to produce coatings with some additional control over the orienta-
tion of the fibers and their spacing (e.g., [18–21]). Producing coatings
with fiber layers arranged orthogonally with respect to one another
similar to the one shown in Fig. 1 provides a means for engineering
superhydrophobic coatings with more predictable performance. The
example SEM image shown in this figure is from an electrospun
superhydrophobic polystyrene mat with orthogonal fibers having an
average fiber diameter of 2.4 μm and a mat solid volume fraction
(SVF) of 7.5% [22,23]. Unlike coatings with random fiber orientations,
orthogonally layered fiber mats have a degree of order to them that
allows one to predict their overall performance based on an analysis
conducted on a small portion of their structure, i.e., the spaces between
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Fig. 1. SEM image of an electrospun superhydrophobic polystyrene mat with an average
fiber diameter of 2.4 μm showing fiber-layers deposited orthogonally with respect to
one another. The mat's average SVF and apparent water contact angle are about 7.5%
and 140°, respectively.

wetting (air)

non-wetting (water)

Fig. 2. Free body diagram of the balance of forces across the AWI between two parallel
fibers.
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the fibers conforming to a grid of rectangular cells. In this paper, we
study the ability of orthogonally layeredfibrous coatings to resist hydro-
static pressures. In particular, we obtain a critical pressure, the pressure
at which a wetting transition can be expected, for coatings with differ-
ent microstructures. This is accomplished by solving the surface energy
equation across the AWI in the rectangular unit cells of the coatings to
resolve the curvature of the interface to its minimum energy. These cal-
culations are performed using the finite-element Surface Evolver (SE)
code [24,25]. It is worth mentioning that the modeling methodology
presented here can also be used in applications involving oil–water sep-
aration [26–30], water transport in fuel cells [31–34], waterproof bar-
riers for underwater devices [35], and self-cleaning (e.g., [36,37])
among many others.

In the remainder of this paper, we will first establish the failure
criteria with which we define critical pressure for a given coating
(Section 2). We will then explain the details of constructing our
model in Section 3, and also present a mesh-independence study to
ensure that the numerical errors associated with our numerical cal-
culations are negligible. In Section 4, we conduct a parameter study
to determine the critical pressure of coatings with different fiber
diameters and porosities, as well as contact angles. In addition, we
will present an investigation on the effects of fiber size dissimilarity
on the performance of SHP coatings. Finally, we state our conclusions
in Section 5.
2. Critical capillary pressure

2.1. Coatings comprised of highly oriented fibers

In general, an SHP coating is regarded to have failed under hydro-
static pressures when the applied pressure is sufficiently high to over-
take the capillary pressure of the coating. The only exception to this is
the case of thin coatingswith the air under the AWI completely trapped,
like when a coating is fully submerged (in this case the entrapped air
significantly contributes to the coating's resistance against the hydro-
static pressure [38,39]). For thick coatings (i.e., coatings for which the
volume of the air displaced by a penetrating AWI is negligible compared
to the volume of the air in the coating), evenwhen submerged, the cap-
illary pressure is the dominant force balancing the hydrostatic pressure
exerted on the coating [40].
For fibrous coatingswith fibers highly oriented in a certain direction,
the capillary pressure can be derived from the balance of forces acting
on the AWI between the fibers (see Fig. 2) [40],

pFB ¼ −
2σ sin θþ αð Þ

l−d sinα
ð1Þ

where the center-to-center distance l is related to the coating's SVF ε,

l ¼ πd
4ε

: ð2Þ

The critical capillary pressure pFB
cr can then be obtained by differenti-

ating Eq. (1) with respect to α, setting it equal to zero. Thus, critical
capillary pressure across a bank of parallel fibers, expressed in terms
of SVF and critical immersion angle αcr, can be written as

pcrFB ¼ −
2ε
d
σ sin θþ αcrð Þ
π−4ε sinαcr : ð3Þ

It is worth mentioning that Eq. (3) was successfully used in our
previous study to produce a 2-D AWI tracking algorithm, and thereby
predictive pressure–saturation correlations, for porous media com-
prised of unidirectional fibers [41].

As mentioned earlier, Eqs. (1) and (3) are obtained for when the
AWI is only in contact with two parallel fibers (2-D geometries). For a
3-D fibrous coating composed of multiple layers of orthogonal fibers
like the one shown in Fig. 1, the capillary resistance is stronger, and
the solid–water contact area is different for each fiber-layer with
which the AWI is in contact. This is compounded by another issue: for
a single set of parallel fibers, complete wetting takes place when the
AWI penetrates deep enough to reach a critical profile, at a critical
immersion angle of αcr, where the balance of mechanical forces over
the AWI is no longer maintained [40,41]. As will be shown later in
Section 3, our study indicates that an AWI that straddles across two or
more layers of orthogonal fibers most often does not reach such a me-
chanical breaking point before it deflects laterally so as to meet itself
under the fibers (across the symmetry boundaries). At this point, the
AWI would probably coalesce with itself and break away from the first
layer of fibers, nullifying the SHP characteristics of the coating by sub-
merging the first layer. In such conditions, the capillary pressure right
before the AWI coalesces with itself is taken in this work as the critical
pressure (see the next section).

We previously used the Full Morphology (FM) algorithm to predict
the resistance of submerged SHPfibrous coatings under elevated hydro-
static pressures [40]. The underlying principle of the FM method is to
relate the size of the largest sphere that can fit into the void space
between thefibers at any point in the3-Ddomain to afictitious pressure



Symmetry

Sy
m

m
et

ry

Sy
m

m
et

ry

Symmetryb)

l

a)

x

y

z

r

α

dx

z

x

Water

Air

A

Water
Air

z

r α

r sinα

I

II

A

c)

d)

Fig. 3. (a) Visualization of a unit cell of an orthogonally layered fibrous coating com-
prised of four layers of fibers colored light blue, light red, dark blue, and dark red
progressing into the coating. (b) Overhead view of the simulation domain. (c) Illustration
of the energy contribution of afiber in thefirst layer of a coating aswater comes into contact
with it. Wetted surface area as a function of z is explicitly derived and coded into SE.
(d) Illustration of the volume of a fiber in the first layer and additional water that must
be accounted for in the model. Region I is deleted from the volume calculation. Region II
is added. Volume as a function of z is explicitly derived and coded into the model. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.).
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obtained from the Young–Laplace equation written for a capillary tube
[42,43]:

rsph ¼ 2σ cosθ
pFM

: ð4Þ

This method, while computationally fast and flexible especially for
studying randomly arranged 3-D fiber networks, is nonetheless an ap-
proximation treating the irregular void space between the fibers as a
collection of cylindrical pores. In other words, an AWI penetrating into
an electrospun coating does not necessarily conform to a spherical
shape with a radius obtained from the local inter-fiber distance inside
the 3-D fibrous structure. For the case of coatings comprised of parallel
fibers, the critical capillary pressure can simply be estimated based on
the size of the sphere that fits between the two fibers according to the
FM method:

pcrFM ¼ 4σ cosθ
l−d

: ð5Þ

In a previous paper, we compared the predictions of Eqs. (3) and (5)
for the simple case of two parallel fibers, and established a range of con-
tact angles and fiber spacing where the two approaches closely agree
[40].

2.2. Coatings comprised of orthogonal fibers

For geometries more complicated than the special case of highly
oriented fibers (e.g., fibrous coatings with random fiber orientations or
orthogonal layers), no analytical expressions have yet been proposed
for critical capillary pressure prediction. Except for the FM simulations
of ref. [40], the closest attempt in predicting the critical pressure of a
fibrous SHP coating with random fiber orientations is the work of ref.
[39] in which a 2-D projection of the 3-D geometry of a thin fibrous
coating was considered as the solution domain for solving an integro-
partial differential equation (IPDE) to estimate the coating's critical
pressure. Obviously, using the projected image of a 3-D structure is
only accurate if the coating is very thin. Additionally, in thework reported
in [39] the AWI was assumed to be pinned to the fibers (the inevitable
consequence of using a 2-D solution domain). Nevertheless, despite the
simplifications, thework of ref. [39] was the first to compare the perfor-
mance of coatings with random fiber orientations with their counter-
parts having orthogonal fibers. While simulating the exact shape of
the AWI in 3-D fibrous coatings comprised of fibers with random orien-
tations remains a challenge for the future, the current paper uses the
interfacial energy equation to numerically determine the shape of the
AWI (and so the critical capillary pressure) for coatings made up of
fibers with orthogonal orientations. More specifically, the modeling
methodology developed here allows the AWI to freely move around
the circumference of the fibers in response to hydrostatic pressures,
and therefore can provide highly accurate predictions for both the crit-
ical pressure and wetted area of fibrous SHP coatings.

3. Model construction and formulations

While a fibrous coating generally consists of many layers, we only
considered the first four layers of staggered fibers in our study. This is
because, according to our preliminary calculations, for the given range
of SVFs considered here, an AWI cannot penetrate into the coating
more deeply than four layers before the surface transition to theWenzel
state. Fig. 3a, represents a cell from a coating comprised of four orthog-
onally layered fibers. The fibers are color-coded by layer for illustration.
Here, l represents the center-to-center spacing between adjacent fibers
in the same layer. The layers have a staggered pattern, in order to better
characterize the spaces throughwhich anAWIwould penetrate into the
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coating. The domain has symmetry boundary conditions around the
outer fibers (see Fig. 3b).

The SE code is able to solve for the minimum-energy shape of an in-
terface between two immiscible fluids. The general form of the energy
equation being integrated in the code can be expressed as [44]:

E ¼ p∭dV−
X

σ cosθi∬dAi ð6Þ

where p is the applied pressure difference across the interface. The
summation refers to the energy contributed by the wetted area of
each fiber associated with the interface. To ensure proper calculation
of the fibers' energy contribution, the integrand dAi must be derived
for each fiber and applied explicitly in the code. Fig. 3c is a visualization
of the appropriate wetted-area element for the fibers in any layer of a
coating (the fiber is aligned in the x-direction). In our virtual coatings,
the fibers in the first layer are always oriented in the x-direction. The
positive z-direction is down into the coating with z = 0 at the top. The
AWI is symmetrically draped over the top of the fiber, pinned at angle
α from the top of the fiber. The area element dA for the fiber is thus
derived as

dA ¼ dαdx ð7Þ

where through geometry

α ¼ cos−1 1−2z=dð Þ: ð8Þ

A similarmodificationmust also bemade in the code for the calcula-
tion of the volume integral in Eq. (6). To better describe this, we show a
cross-section of a fiber in the first layer in contact with an AWI
intersecting at point A (at an angle α from the top) in Fig. 3d. Without
any correction, the contact line represented in 2-D by point A would
be projected in a straight line to the xy-plane, ignoring the overlapping
fiber and the excess water above the fiber. To compensate for this, we
write an additional volume integrand along the fiber. Two geometric
regions are drawn with the fiber in Fig. 3d: an overlapping circular
sector and trapezoid (regions I and II, respectively). Our volume inte-
grand is now obtained by subtracting the area of region I, and adding
the area of region II (area occupied by both regions I and II cancel).
Using the convention of Eq. (8), we have

dV ¼ −
1
8
d2αdxþ 2zþ d

8
d sinαdx: ð9Þ

Thus for a given pressure the SE code with customized area and vol-
ume elements (Eqs. (7) and (9)) solves for the minimum-energy shape
p = 0.6 kPa

p = 4.5 kPa

a)

d)

b)

e)

p = 1.5

p = 4.6

Fig. 4. Sample simulation domain after refiningmesh density and solving for theminimumener
at its critical pressure when p = 4.6 kPa. This critical AWI is shown in (e) and (f) from two di
interpretation of the references to color in this figure, the reader is referred to the web version
of the AWI, reporting back the volume, AWI depth, and wetted surface
area of the fibers in contact with the water.

Figs. 4a–4e show AWI examples obtained from our SE calculations
for a coating with an SVF of 10% and a fiber diameter of 10 μm at differ-
ent pressures. The red and blue fibers have a Young–Laplace contact
angle (YLCA) of 130° and 100°, respectively. The initial setup has the
AWI in contact only with fibers on first layer. As pressure increases
the AWI penetrates deeper into the pore space between the fibers and
wets fibers of the lower layers. As can be seen in Fig. 4e, for a given pres-
sure of 4.60 kPa, the AWI has deflected sufficiently to come into contact
with the fourth fiber layer without breaking off from the first layer.
Fig. 4f shows the same AWI but from a view that better illustrates the
failure condition.

For a submerged body, as mentioned earlier, SHP surfaces can be
used for skin-drag reduction purposes. The reduction in the skin-
friction drag is often described by slip length [5]. An expression for
slip length over SHP monofilament woven screens is suggested in ref.
[36] as:

b ¼ l
3π

ln
2 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−Aw
p� �
πAw

 !
ð10Þ

where Aw is dimensionless wetted area. Note that Eq. (10) was orig-
inally developed for planar structures, i.e., Aw never exceeds 1. None-
theless, in the lack of a better alternative, we apply this formula as a
means of studying the effects of pressure on slip length, but only as
long as Aw ≤ 1.

To ensure that the results presented here are not dependent on the
choice of mesh-size considered for the numerical calculations, we con-
sidered a fibrous structure with an SVF of 10%, a fiber diameter of
10 μm, and an YLCA of 120°.We considered uniformly distributed trian-
gular elementswith varying densities andmonitored howmeshdensity
λ influenced the critical capillary pressure and wetted area. As it can be
seen in Fig. 5, the simulations reach a state of mesh-independence at a
mesh density of about d

λ ¼ 10. For the numerical results presented in

this paper, a mesh density of d
λ = 10 or greater was considered.

4. Results and discussion

4.1. Coatings with unimodal fiber diameter distributions

Fig. 6a shows critical capillary pressure and wetted area values for
coatings comprised 10-μm fibers and a YLCA of 120°. Note that Aw = 1
is the surface area of the substrate as if the coatings were not applied.
As shown graphically in the insets of Fig. 6a, at low SVFs the AWI is in
p = 2.5 kPa

p = 4.6 kPa

c)

f)

 kPa

 kPa

gy shape andwetted area calculated by SE at different capillary pressures (a–e). The AWI is
fferent viewpoints. Note that the AWI is approaching the symmetry boundary in (f). (For
of this article.)
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contact with four fiber-layers at the moment of failure (when the AWI
swells laterally to cross the symmetry boundary). At higher SVFs
however, the failure occurs when the AWI is in contact with three
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Fig. 6. (a) Critical pressure and wetted area fraction as a function of SVF for fibers with equal sp
Bottom inset: AWI is only three layers deep before meeting symmetry boundary. (b) Dimension
diameter of 10 μm and an YLCA of 120°. (c) Critical pressure as a function of SVF for three diff
(c) Red-shaded regions showoverhead views of imaginary pores that onemay assume to be form
obtained for the actual multi-layer coating with an SVF of 10%, fiber diameter of 10 μm, and YLC
color in this figure legend, the reader is referred to the web version of this article.).
fiber-layers only, and that is the reason why there is a slight change in
the slope of the wetted in Fig. 6a for SVFs greater than about 10%.
Note in this figure that, critical pressure rises in a relatively linear
fashion as SVF increases. This linear rise is in spite of the number of
layers in contact with the AWI. It can be seen that, while a less porous
SHP coating has a higher critical pressure for a given fiber size and
YLCA, this effect comes at the expense of increased wetted area,
i.e., potentially more friction with water. Fig. 6b shows the dimen-
sionless slip length as a function of SVF for the same coatings. It can
be seen slip length decreases with increasing the coating's SVF. As
expected, slip length is smaller for coatings with larger wetted area.
Note that Eq. (10) is only valid for when Aw b 1.

Fig. 6c shows the critical pressure versus SVF for coatings with
square unit cells consisting of fiberswith an YLCA of 120° and diameters
ranging from 5 to 15 μm. As can be seen in the figure, the critical pres-
sure increases with increasing the SVF of the coating, as expected, and
the relationship is almost linear. Fig. 6c also shows an inverse linear
relationship between fiber diameter and critical pressure (e.g., coatings
with fibers three times smaller have a critical pressure three times
higher for the same SVF). This relationship is consistent with that
given analytically in Eqs. (3) and (5) (critical pressure scales with the
inverse of fiber diameter at a constant SVF):

pcr2
pcr1

¼ d1
d2

: ð11Þ

w
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less slip length as a function of SVF at the critical pressure for fibrous coatings with a fiber
erent sets of coatings varying by fiber diameter. All coatings have a contact angle of 120°.
ed by two or four layers offibers in using Eqs. (3), (5), or (11). The critical pressure values

A of 120° using our SE simulations is pcr=4.8 kPa. (For interpretation of the references to
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Therefore, one can easily extend the critical capillary pressures
obtained for a coating with a fiber diameter of 10 μm to other coat-
ings with different fiber diameters. Note that wetted area is indepen-
dent of fiber diameter, and since critical pressure is observed to vary
linearly with fiber diameter, a higher desired critical pressure can be
achieved by using smaller fibers when the SVF is kept constant.

It is worth mentioning that it is convenient to display our results in
terms of the SVF of the coatings, as opposed to more scale-specific
metrics such as fiber spacing or fiber count. The SVF property, derived
in relation to fiber spacing in Eq. (2), and the observed trends that
accompany it are consistent across all length scales, whereas other
more experimentally convenient systems of measurement are not. If
fiber count per unit length happened to be the preferred metric, it is
simply the inverse of fiber spacing l—and so the inverse of Eq. (2) (see
e.g., ref. [45]).

As mentioned earlier, there are no analytical expressions to pre-
dict the critical pressure of SHP fibrous coatings beyond those having
highly oriented fibers. Representing the 3-D structure of a pair of or-
thogonal fiber-layers with an unrealistic square-shape opening
(i.e., treating the two orthogonal layers as one layer of interpenetrating
fibers), Litster et al. [31] suggested an expression for the critical pres-
sure of their fictitious media as follows:

pcrLit ¼
2σ cosθ
l−d

: ð12Þ

Eq. (12) is in fact a modified form of the Young–Laplace equation.
Predictions of Eqs. (5), (12), and (3) are compared with the results
of our simulations in Fig. 6d for a coatingwith an SVF of 10%, fiber diam-
eter of 10 μm, and an YLCA of 120°. This was done for both the case of a
pore size accounting for only the first two layers, and a pore size
accounting for the first four layers (red shaded regions in Fig. 6d).
As is shown in this figure, Eqs. (3) and (5) agree well with one another
for both modeled pores, and agree with our SE simulations of the
coating pcr = 4.8 kPa. Eq. (12) does not agree with any other data
for any assumed pore size. It is important to note that, while the
FM method (Eq. (5)) agrees well with the FB equation (Eq. (3)) and
our SE simulations for the given set of properties, it was established in
ref. [40] that this agreement is heavily dependent on the choice of
YLCA, with the neighborhood of 120° being the only area with close
agreement.
Table 1
Comparison between the simulation data obtained for a four-layer fibrous coating and the ex
contact angle of 124°.

Current study: fibrous coatings, four layers

d (μm) 1/2 (μm) Critical pressure (Pa) Slip length (μm)

140 598 310 63
254 906 195 79
508 1412 125 86
508 2114 80 220
254 1694 110 –
In the absence of experimental data for critical pressure and
slip length of superhydrophobic fibrous coatings with orthogonal
fibers, here we only compare our numerical simulations with the mea-
surements of Ref. [36] which were conducted for a series of monofila-
ment woven screens enhanced with an SHP coating. Table 1 reports
the experimental data of ref. [36] along with our numerical simulations
results obtained for orthogonal fibrous coating with matching fiber
diameter and spacing. Despite the obvious geometric differences be-
tween our fibrous coatings and the woven screens and also the inaccu-
racies involved in using the slip length equation for such surfaces, the
reasonable agreement between the computational and experimental
data is appreciable. One should also recognize the approximate nature
of critical pressure measurements conducted by vertically immersing
amesh intowater (ref. [36]), as different parts of themeshwould be ex-
posed to different hydrostatic pressures at different depths.

We also studied coatings comprised of fiber-layers with different
YLCAs (e.g., coatingmade up of two different polymers) and also tested
the effects of alternating the order of these layers in the coatings. Fig. 7a
shows the effect of YLCA on critical pressure when the SVF and fiber
diameter are kept at 10% and 10 μm, respectively. It can be observed
that critical pressure increases with YLCA while the wetted area de-
creases. The insets in Fig. 7a show examples of the critical AWI in such
coatings with the red and blue fibers having YLCAs of 100° and 130° re-
spectively. It can be seen that the AWI for the more hydrophobic struc-
ture has a tighter curvature than the other, corresponding to its higher
critical pressure. The increased hydrophobicity of the blue coating is
also observed to result in a lower wetted surface area, whereas more
of the AWI is draped over the fibers of the red structure. Fig. 7b shows
dimensionless slip length at the critical pressure for the same coatings
as a function of YLCA. Unlike wetted area, dimensionless slip length
seems to increase with YLCA. Note in Fig. 7b that dimensionless slip
length becomes negative when the wetted area is too large. Figs. 7c
and 7d show the critical pressure, wetted area, and dimensionless slip
length versus SVF, alternating which of the two fiber types is in the
even- or odd-numbered layers (see the red and blue fibers in the inset
of Fig. 7c). It can be seen that coatingswith themore hydrophobic fibers
on top have higher critical pressure and wetted area and consequently
lower slip length. Interestingly however, wetted area (and slip length)
for coatings with SVFs greater than about 12.5% is independent of the
order by which the fiber-layers are stacked. This is again due to the
fact that, at the moment of failure, the AWI over a high-SVF coating
is in contact with three layers of fibers as opposed to four layers.
perimental data of ref. [36] obtained for a woven monofilament screen with a matching

Experiments of ref. [36]: woven mesh

R (μm) D (μm) Critical pressure (Pa) Slip length (μm)

70 229 190 82 to 102
127 326 180 143 to 171
254 452 112 170 to 218
254 805 56 198 to 228
127 720 28 –
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Comparing the data points for an SVF of 10% to that of Figs. 6 and 7a
show that introducing multiple hydrophobicities results in an overall
lower critical pressure and higher wetted area (lower slip length)
than if only the more hydrophobic fiber type were used to produce
the coating.

4.2. Coatings with bimodal fiber diameter distributions

Here, we examine the performance of orthogonally laid SHP fibrous
coatings when alternating layers are comprised of fibers with different
diameters. Fig. 8a shows an AWI example inwhich fiber layers alternate
in size for each layer. For such coatings, SVF must be defined over two
layers (one fine fiber layer and one coarse). The ordered nature of
such structures allows one to observe that the center-to-center spacing
between the coarse and fine fibers lc and lf in a unit cell can be related to
their corresponding number densities in the whole coating as to lf/lc =
nc/nf. For our bimodal coatings, we define SVF as

ε ¼ π
4l f lc

d2c l f þ d2f lc
d f þ dc

: ð13Þ

The coarse and fine fiber spacing lc and lf can be determined from
Eq. (13) to be

lc ¼ π
4εnc

ncd
2
c þ nf d

2
f

dc þ df
ð14aÞ
l f ¼
π

4εnf

ncd
2
c þ nf d

2
f

dc þ df
ð14bÞ

where nc and nf are respective number fractions for coarse and fine fi-
bers (e.g., for nc = 0.1, 10% of all fibers in an area of the coating are
coarse fibers). It may also be convenient to express component fiber
makeup in terms of coarse and fine mass fraction mc andmf. These can
be calculated from geometry as [46]:

mc ¼
d2c l f

d2c l f þ d2f lc
¼ ncd

2
c

ncd
2
c þ nf d

2
f

ð15aÞ

mf ¼
d2f lc

d2f lc þ d2c l f
¼ nf d

2
f

ncd
2
c þ nf d

2
f

: ð15bÞ

The results reported in this section are in terms of nc, and like the
cases mentioned in Section 4.1, there are trends that apply beyond the
specific dimensions used in this paper. More specifically, it has been
observed in our simulations that there is a range of nc (0.2 or lower)
in which critical pressure can be predicted analytically (i.e., without
numerical simulations) via Eq. (3). This is because the AWI only
comes into contact with the first two layers, and the domain size
ratio lf/lc is sufficient to allow the influence of the second layer to be
neglected, hence the validity of Eq. (3).



124 T.M. Bucher et al. / Surface & Coatings Technology 277 (2015) 117–127
Fig. 8b and 8c present the critical pressure versus SVF and contact
angle, respectively, for bimodal coatings comprised of fibers with diam-
eters 10 and 50 μm at an SVF of 10%. The coarse fiber number fraction is
nc = 0.1, and as can be seen in the inset figure, the aspect ratio of the
df = 10 µm, Rcf = 5,
nc = 0.1, θ = 120°
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SVF = 10%

c)

A / 2fd

/ 2fl

cl

fla)

Solid Volume Fraction (%)

pcr
(k

P
a)

5 10 15

2

4

6

8 Force Balance for Parallel Fibers
Full Morphology Method
Current Simulations

Contact Angle (degree)

pcr
(k

P
a)

100 120 140
0

2

4

6

Force Balance for Parallel Fibers
Full Morphology Method
Current Simulations
unit cell is so large that the coating can actually be treated as a bank of
parallel fibers with a diameter equal to that of the fine fibers (10 μm).
Perfect agreement between our simulations and the FB analytical equa-
tion (Eq. (3)) is evident. The trend predicted by the FM method, which
was previously reported in ref. [40], is also shown for comparison. In
Fig. 8c, one can observe that FM method deviates from the two other
methods for its purely geometric basis. In fact, the agreement between
the predictions of Eq. (3) and the SE simulations is expected for any
bimodal coatings in which the AWI does not come into contact with
the third layer (wets only fibers on the first and second layers). There-
fore, Eq. (3) and the geometry laid out in the inset of Fig. 8b can be
used to analytically determine whether or not this condition applies to
a given coating. This is done by calculating the depth of the critical
AWI hcr between two parallel fibers as:

hcr ¼ h1 þ h2 ¼ r f þ r f cos π−αcrð Þ� �
þ σ=pcr−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ=pcrð Þ2− l f =2−r f sinαcr

� �2q� �
: ð16Þ

In this equation, h1 is the depth of the immersion point Ameasured
from the top of the fiber and h2 is the AWI maximum depth below the
immersion point. If hcr is less than dc + df then Eq. (3) can be used to
predict the critical pressure of the coating. Otherwise, numerical simu-
lations such as those presented in this paper are needed. It is worth
mentioning that for coatings with the top layer made of coarse fibers,
the AWImost often comes into contact with three layers of fibers before
failure occurs (unlesswhen nc is very close to one), making it difficult to
produce an analytical expression for predicting the critical pressure.

Fig. 9a (fine fibers on top) and Fig. 9b (coarse fibers on top) show
examples of the AWI over bimodal coatings with a coarse-to-fine fiber
diameter ratio of Rcf = 4 and different coarse fiber number fractions at
themoment of failure. It can be seen in Fig. 9a that the AWI is in contact
with two layers of fibers when nc =0.1 and 0.2, but comes into contact
with the third and fourth layers for nc ≥ 0.3. For coatings with the coarse
fibers on top (Fig. 9b), the AWI remains in contact with three or four
layers unless nc is very close to one (greater than at least nc = 0.9, not
shown).

Figs. 10a–10f show the critical pressure, wetted area, and slip length
for bimodal coatings with different coarse fiber number fractions and
coarse-to-fine fiber diameter ratios. Fine fiber diameter, SVF, and YLCA
are all held at 10 μm, 10%, and 120°, respectively. Figs. 10a, 10b, and
10c present the results for when the first layer is made of fine fibers,
and Figs. 10d, 10e, and 10f show the results with the coarse fibers on
top. For better comparison between the critical pressure of bimodal
and unimodal coatings, the critical pressure of the unimodal coating
comprised of fibers with a diameter of 10 μm and the same YLCA and
SVF (i.e., pcr ≅ 4.8 kPa from Fig. 6) is shown in Fig. 10a and Fig. 10d
with red dashed line. It can be seen that adding larger fibers (either by
increasing Rcf or nc) to a coating comprised of finer fibers results in a de-
crease in the coatings resistance against elevated pressures. This conclu-
sion is in agreement with our previous observation reported in [40].
Figs. 10b and 10e show the corresponding wetted area Aw for each of
the coatings shown in Fig. 10a and Figs. 10d (note that the area of the
coating's unit cell (i.e., lclf) increases with nc). Recall that for a unimodal
coating with an SVF of 10%, fiber diameter of 10 μm, and an YLCA of
Fig. 8. (a) Sample domain for a coating with bimodal fiber diameter distribution. Coating
has an SVF of 10%, fine and coarse fiber diameters of 10 and 50 μm respectively, and a
coarse fiber number fraction nc of 0.1. (b) Critical pressure as a function of SVF. Simulation
results are comparedwith analytical force balance relation and the FullMorphologymeth-
od (Eqs. (3) and (5)) from Bucher et al. [40]. Inset shows the geometry of the interface for
calculatingmeniscus depth for Eq. (16). (c) Critical pressure as a function of contact angle
for coatings. Simulation results are compared with analytical force balance relation and
the FullMorphologymethod (Eqs. (3) and (5)) fromBucher et al. [40]. Inset shows sample
domain of a bimodal fibrous coating with an aspect ratio sufficient to facilitate the use of
the force balance Eq. (3) across parallel fibers to predict critical pressure.
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120°, a critical wetted area fraction of Aw ≅ 0.8 was reported in Fig. 6.
This value is shown in Figs. 10b and 10e for comparison. It can be seen
that, adding larger fibers (either by increasing Rcf or nc) to a coating
comprised of finer fibers affects the coatings' wetted area fraction in a
somewhat more complicated manner. For coatings with the top layer
comprised of finer fibers, the critical wetted area is significantly smaller
at low coarse fiber number fractions but it increases with nc as can be
seen in Fig. 10b. For coatings with the coarse fibers on top, the critical
wetted area fraction generally decreases with nc. Exceptions to this
trend are coatings for which the AWI transitions from wetting three
layers to wetting four layers when the coarse number fraction is in-
creases (see the AWIs shown in Fig. 10b and the inset images in
Fig. 10e). From these results, one can generally conclude that adding
larger fibers to a unimodal coating comprised of small fibers can ad-
versely affect the coating's critical pressure but improve its critical wet-
ted area fraction if the coarse fibers are not added to the first layer. It is
worthmentioning that while hcr decreases with increasing Rcf (pcrscales
predictably with overall fiber size scale Eq. (10)), Aw is fixed across all
applicable scales. Thus, pcr can be raised by using smaller fibers, but Aw
will be preserved. The slip length results shown in Figs. 10c and 10f cor-
respond to coatings with their first layer on topmade of fine and coarse
fibers, respectively. It can be seen that slip length is bigger at lower nc
values for coatings with the top layer comprised of the finer fibers. On
the other hand, for coatingswith the coarse fibers on top, dimensionless
slip length generally increases with nc. As explained before, exceptions
to these trends are when the AWI transitions from wetting three layers
to wetting four layers, as the coarse number fraction is increased.

On a final note, calling back to Section 4.1, while SVF is useful for
reporting the trends in this paper across a broad size scale, it may
not be a practical basis for coating characterization experimentally.
However, establishing fiber spacing lf and lcor fiber count per distance
in the first few layers is more attainable via microscopy. Local or statis-
tical SVF for a bimodal coating can then be calculated using Eq. (12). The
number fractions nc and nf can then be determined via Eqs. (13a) and
(13b).
5. Conclusions

Our results show that the shape of the AWI that penetrates into the
void space between the fibers of a coating are scalable with fiber diam-
eter, making critical pressure from one fiber diameter to another equal
to the inverse of the fibers' diameter ratio. This allows the trends illus-
trated in this paper to apply across the micro- or nano-scales. Our
results also show the degree to which critical pressure improves with
increasing SVF, but shows a limitation to this benefit due to wetted
area of the coating becoming greater than the surface area of the sub-
strate for higher SVFs, which causes significant slip length reduction.
This tradeoff between critical pressure and wetted area (slip length)
can be offset by introducing bimodality in fiber diameter over alternat-
ing layers, the finer of the two fiber sizes on top. This reduces critical
pressure somewhat, but reduces wetted contact area to a greater de-
gree. The critical pressure reduction can simply be addressed by using
smaller fibers for the coating, as this would still preserve the reduced
contact area. Finally, our results also show that, while critical pressure
is higher andwetted area is lower formore hydrophobic fibers, alternat-
ing hydrophobicity from one layer to the next results in a somewhat
lower critical pressure and somewhat higher wetted area than if only
the more hydrophobic fibers were used. The effect of the order in
which hydrophobicity is used in the layers of the coating is relatively
minimal. Overall, bimodality in fiber size has a much more positive
impact on the performance of orthogonal coatings.
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Nomenclature
A area
Aw wetted area, the ratio of solid–liquid area over the unit cell

area
b slip length
d fiber diameter
E energy
h depth of AWI
l center-to-center distance between fibers
nj number fraction of fiber with diameter dj
x x-coordinate
z z-coordinate
rsph radius of the largest sphere fitted into the void space between

the fibers in Full Morphology Method
α immersion angle
p pressure
pLit critical pressure suggested by Litster et al. (2005)
pFB pressure calculated using force balance method
pFM pressure in Full Morphology method
Rcf ratio of the coarse-to-fine diameter
w width of AWI
ε solid volume fraction



127T.M. Bucher et al. / Surface & Coatings Technology 277 (2015) 117–127
θ Young–Laplace contact angle
λ mesh size
σ surface tension

Abbreviations
SE surface evolver
FB force balance
FM full morphology
AWI air water interface
SVF solid volume fraction
YLCA Young–Laplace contact angle

Subscript
c coarse fiber
f fine fiber

Superscript
cr the value correspondent to critical pressure
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