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Abstract. Static shape of liquid droplets on textured surface draws signiﬁcant attention from the standpoint of
several engineering applications, ranging from heat transfer to bio-printing. This paper discusses the equilibrium
behavior of a nanoliter size droplet dispensed on a micropatterned surface. For a given combination of intrinsic
wettability of the surface, liquid surface tension and the geometric morphology of the textured surface, the liquid
droplet prefers to be on Cassie-Baxter, Wenzel or an intermediate, hybrid state. Here we have carried out an
energy-based simulation of nanoliter size droplets on micropatterned surface, using an open-source surface
evolver ﬂuid interface tool SE-FIT. A simpliﬁed periodic geometry of rectangular (straight or tapered) micropillars of speciﬁed dimensions is chosen for the micropatterned surface. For a given solid surface texture, we
found that droplet prefers to transit from Wenzel to Cassie state beyond a threshold intrinsic sessile contact angle
(which the liquid would have subtended on a microscopically smooth surface of the same solid material). This
critical transition contact angle is plotted against the roughness parameter. Present study helps in designing the
wettability-engineered surfaces for speciﬁc engineering applications.
Keywords.

Wettability; Cassie Baxter state; Wenzel state; microtextured surface; surface evolver.

1. Introduction
Behavior of liquid droplets dispensed on solid surfaces has
strong engineering relevance for different reasons. For
applications like self-cleaning surfaces [1] (e.g., on the top
coating of a solar photo-voltaic cell), one would require a
liquid droplet to roll-off very easily. On the other hand, for
applications like printing of biomarkers on micropatterned
surfaces [2], sticky surfaces are preferred where the dispensed liquid would wet the internal grooves and crevices
of the micropatterned substrates. Sometimes, an intermediate behavior between the above two types is also preferred. For example, researchers have found that a hybrid or
partial wetting condition offers the most favorable heat
transfer coefﬁcient during dropwise condensation [3].
The equilibrium behavior of liquid droplet on a solid
surface is dictated by the Young-Laplace equation [4, 5],
which relates the Laplace pressure p (the pressure difference across the liquid interface) with the mean curvature jm
of the interface, the gravity (g) and the surface tension (c)
as
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Where, Dq denotes the density difference between the
liquid and the gas and z is the height from solid surface (see
ﬁgure 1a).
The wettability of a substrate is ubiquitously represented
in term of the equilibrium contact angle of a sessile liquid
droplet on the solid surface, as given by the Young-Dupré
equation [6], i.e.,
csg ¼ csl þ c cos h:

ð2Þ

This equation is derived by balancing the surface tension
forces between the solid-liquid, solid-gas and liquid-gas interfaces at the triple contact line (the line where solid, liquid and
gaseous phases meet) of the sessile droplet surrounded by a gas.
For a droplet sitting on a ﬂat surface, the free gas-liquid
interface may be expressed as z ¼ f ðx; yÞ, while the equation of the footprint of the droplet may be expressed as
Sðx; yÞ ¼ 0. For such a conﬁguration, the mean curvature of
interface may be expressed as:
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Solution of Eq. (1) may be carried out to deduce the
interface shape of the sessile droplet resting on a smooth
surface under equilibrium by applying following boundary
conditions:
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Figure 1. (a) A static sessile droplet on a smooth surface.
(b) Picoliter-size droplets on a micropatterned surface.

B:C: 1 : f ðSÞ ¼ 0; where Sðx; yÞ ¼ 0
_

B:C: 2 : rf :n ¼ jrf j sin h on Sðx; yÞ ¼ 0

ð4Þ
ð5Þ

While the ﬁrst boundary condition (BC 1) represents a
ﬂat surface where the liquid-air interface meets the solid
substrate, the second boundary condition (BC 2) speciﬁes
the wettability of the surface in terms of the contact angle
(see ﬁgure 1a). Solution of Eq. (1) in conjunction with
Eqs. (3) through (5), along withRR the constraint of the total
conserved volume, i.e., Vliq ¼ f ðx; yÞdxdy leads to estimation of the surface proﬁle of the liquid droplet. It is clear
from the above that the Young-Laplace equation cannot be
treated as an ordinary boundary value problem. Moreover,
complicated shape of the substrate, e.g., micro-roughness
structures, offers additional complexity in the BC 1 and BC
2. Therefore, the estimation of the shape of a droplet sitting
on a rough, micro-patterned surface (see ﬁgure 1b) requires
use of a more involved surface evolver approach.
For a given pair of liquid and solid, the droplet behavior
differs from smooth surface to rough surface. Wenzel [7]
and Cassie-Baxter [8] introduced the idea of two different
equilibrium states of liquid droplets on rough surfaces. The
liquid can rest on a rough surface in either Wenzel state or
Cassie-Baxter state, depending upon the intrinsic wettability and surface morphology. Johnson and Dettre [9] showed
that there are multiple equilibrium states for droplet sitting
on a rough surface. He experimentally showed that
depending upon roughness ratio r; a droplet prefers to be on
either of the two stable wettability regimes. Onda et al [10]
compared theoratical and expermental results of wettability
behaviour of droplets on rough surfaces. They expressed
contact angle as a function of fractal dimension. Öner and
McCarthy [11] developed different surfaces which contained pillars of different size, shape and separation. They
recorded and compared the contact angle hysteresis for
those surfaces. Those results are useful for development of
self-cleaning surfaces. Marmur et al [12] proposed a
mathematical-thermodynamic perspective of Cassie-Wenzel transition. He deﬁned the conditions to dictate the
transition between Wenzel and Cassie states. Patankar et al
[13] showed mathematically that for most of the surfaces,
Cassie-Baxter and Wenzel states are basically two local
minima of the surface energy, which are separated by an
energy barrier. This implies that one of the states is a
metastable one and would transit to the other, depending on

whichever has tle lower global minimum. An amount of
work have to be done to overcome that barrier and to transit
the droplet from one state to another state. David and
Neumann [14] proposed a model of energy barrier to
explain the transition between these states. All these studies
indicate that the wetting behavior is controlled by minimization of energy of the system.
Our present work focuses on how a liquid droplet
behaves on a three dimensional micropatterned surface. We
investigate numerically, using an open-source surfaceevolver ﬂuid interface tool (SE-FIT), the parameters
responsible for the transition from Wenzel state to CassieBaxter state and vice versa. As a simpliﬁed representative
surface geometry, we have considered four pillars that
represent one unit of micropatterned surface roughness cell.
We try to identify the relationship between the intrinsic
contact angle between the solid and the liquid, and the
geometric features of the surface micro-textures; combined
effect of these dictates whether a given volume of water
dispensed between the pillars would transit from a Wenzel
to a Cassie state. Our study will help in identifying the key
wettability tuning parameters for developing ‘‘smart’’ surfaces suited for speciﬁc engineering applications. The surfaces investigated here are amenable to standard
microfabrication procedures. For example, the hierarchical
roughness structures may be prepared by selective physical
and/or chemical etching [15] and surfaces may be rendered
hydrophobic through appropriate silanization [16].

2. Geometry deﬁnition
Figure 2 shows a representative micropatterned surface on
which the liquid droplet behavior is investigated. A simpliﬁed representative surface geometry is chosen, where we
have considered four pillars that represent one unit of
micropatterned surface roughness cell. The pillars are
assumed to have cross section a9b at their base, and height
h. The pillars are oriented on the substrate with spacing of
s and w (see ﬁgure 2a and b). The surface of the pillars and
the base substrate are assumed smooth for the purpose of
computation, although in reality they have nano-scale
hierarchical roughness. The intrinsic contact angle of the
solid substrate, which is dictated by the surface energy and
nano-scale roughness features (below the resolution of the
present numerical analysis), are assumed to vary between
50 (hydrophilic) to 150 (superhydrophobic). We investigate the inﬂuence of the distance between the pillars on the
transition behavior. Four different conﬁgurations were
studied, viz., surface having (a) homogeneous wettability
and parallel (uniform cross-sectioned) micro-pillars,
(b) heterogeneous wettability and parallel micro-pillars,
(c) homogeneous wettability and non-parallel (tapered
cross-sectioned) micro-pillars, and (d) heterogeneous wettability and tapered cross-sectioned microstructure. When a
given volume of liquid is dispensed on the micro-textured
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3.1 Surface deﬁnition
A scaled geometric model was ﬁrst built, in terms of vertices, edges, faces and a body. The meshing algorithm of
the software breaks every face into triangular facets. Proper
directions were imparted while constructing edges and
faces to avoid any irregularity. The liquid pool is assigned
as a body by grouping individual faces that enclose the
initially deﬁned liquid volume (see ﬁgure 2c). The pillars
and the ﬂoor of the surfaces did not require separate
assigning as bodies, but they emerged when the constraints
(for the water as it evolved) were imposed (see the next
section). All dimensions are speciﬁed in SI units by default.

3.2 Imposition of constraints

Figure 2. Geometry of the micropatterned surface (a) top view,
(b) front view, (c) isometric view, showing the initial (assumed)
shape of the dispensed liquid. Vertices A, B and C have different
constraints as speciﬁed in section 3.2.

surface, the droplet evolves its shape so as to minimize the
total surface and gravitational potential energy.

3. Simulation
We have used an open-source surface-evolver ﬂuid interface tool, SE-FIT to evaluate the stable shape of a liquid
volume dispensed on the microtextured surface. The
interactive tool can simulate equilibrium behavior of liquid
droplets on two- and three-dimensional surfaces, guided by
different constraints and energy integrals deﬁned by the
user [17], e.g., energies due to surface tension, gravitational
potential, electrostatic force or magnetic force. The software minimizes the total energy (using a gradient descent
algorithm) to ﬁnd the ﬁnal equilibrium shape of a liquid
droplet [18]. In SE-FIT, the initial liquid pool is assumed in
any arbitrary user-deﬁned form (e.g., a square block of the
speciﬁed volume in the crevices of the micro-pillar geometry as shown in ﬁgure 2.). The solution advances through
intermediate liquid shapes (which may not necessarily
correlate with the physical shape of the intermediate transiting shape of the droplet, since SE-FIT does not capture
the dynamic behavior of the ﬂuid) and ﬁnally converges to
a steady-state morphology ensuing minimum total energy.
The basic building blocks of the SE-FIT model adopted in
the study are described in the next section.

Three different types of constraints were used in surface
evolver for minimization of energy, e.g., Vertices, Edges,
Facets and Bodies. If any edge was constrained, then all
vertices generated on that edge assumed those constraints
inherently. The present simulation required mostly two
types of vertices: those which were ﬁxed at a place (e.g., the
vertices demarcating the corners of each pillar, see vertex A
in ﬁgure 2c) or they were constrained to move in a plane
(e.g., the vertices deﬁning the liquid volume, see vertex B
in ﬁgure 2c). Besides, one-sided constrains were also used
to restrict a vertex to a speciﬁc region on a plane (where the
constraint function has non-negative or non-positive value).
For example, the vertices deﬁning the solid-liquid contact
lines at the roof of the pillars were assigned one-sided
constraints so that they did not detach from the edge of the
roof (see vertex C of ﬁgure 2c). Depending upon the
locations in the geometry, vertices were assigned with one
more than one constraint simultaneously (maximum three
constraints). When vertices moved during simulation,
Newton’s method is used to enforce the constraints and
prevent the solution from diverging [17].

3.3 Computation of energy
SE-FIT simulates any kind of energy derived from a conservative force ﬁeld (e.g., surface energy, gravitational
energy, electrostatic energy) that can be expressed in terms
of surface integral. The most important type of energy in
SE-FIT is the surface energy, which is evaluated as a
product of surface area and surface tension. Surface energy
in X-Y plane can be written as,
E ¼ r cos hxdy ¼ r cos hydx

ð6Þ

By default, the surface energy is added in the total energy
by SE. In the present analysis, the surface energy of distilled water (70 mJ/m2) is speciﬁed for the liquid-gas
interfaces. For the liquid-solid surfaces additional attribute
was required to be added, where equivalent amount of
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surface energy was added as surface integral (see Eq. (6)).
Surface energy of the intrinsic solid surface (i.e., the theoretically smooth surface of the same material) is incorporated in the model by specifying the sessile contact angle
of the liquid at every mating surface.
Gravitation energy can be expressed as surface integral
by divergence theorem, i.e.,
ZZZ
ZZ
~
E ¼ Gq
zdV ¼
z2~
k dS
ð7Þ
This integral is computed by SE-FIT over each surface
that bounds the body. Considering the extremely small
features (*100 lm) on the surface, and the droplet size
(*1 nL, corresponding to a spherical droplet of 62 lm
radius) much below the capillary dimension (*2.7 mm for
water), the effect of gravitational potential energy could
safely be neglected.
Similarly, pressure energy is also calculated in SE-FIT
for each surface by following expression.
ZZ
~dS
~
E ¼ P
zk
ð8Þ

3.4 Method of solution
The liquid droplet of a given volume was ﬁrst assumed to
be half-sunk in the groove created between the pillar
structure as shown in ﬁgure 2 and the contact angles
between water and the pillar walls were speciﬁed. The grids
were progressively reﬁned at various stages of iteration
using the ‘‘reﬁnement feature’’ – the number of facets was
gradually increased from *103 to *104 until the converged energy difference between the ﬁnally chosen grid
and the previous (coarser) grid fell below *10-8 J. The
grid independent SE-FIT solution was used to estimate the
ﬁnal converged shape of the liquid. The simulation results
were validated against standard liquid (e.g., DI water) on
smooth Silicon surface, and the droplet shapes (calculated
in terms of mean curvature) fell within ±1 % of values
reported in the literature [19].
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volume touches all the pillars at the beginning of the
simulation. Fixed dimensions of the ﬁgure are h = 100 lm,
a = b = 66 lm; while the inter-pillar gap s = w is treated as
variable. The volume of the droplet is also varied to
investigate its effect on the Cassie-Wenzel transition.
Simulations were conducted for both the cases of homogeneous wettability (the intrinsic contact angles of all the
vertical and horizontal surfaces being identical) and hybrid
wettability (the substrate being hydrophilic at the top of the
pillar and hydrophobic on the sidewalls) of the textured
surface. Besides the geometry of ﬁgure 2, roughness attributes with non-parallel pillar conﬁgurations, featuring
tapered pillars having bases wider than the pillar tips, were
also considered. The extent of tapering is quantiﬁed by the
angle made by the side wall of the pillars with the vertical.

4.1 Parallel micropillars with homogeneous
wettability
To begin with, we investigate the liquid behavior on a
chemically homogeneous, micro-textured surface. When a
0.65 nL volume of liquid droplet was dispensed on the
micro-textured surface two distinct behaviors were
observed.
When the 0.65 nL droplet was dispensed on a
micropatterned surface with h = 100 and s = w = 25 lm,
ﬁgure 3a shows that the equilibrium position of the liquid
droplet corresponds to an immersed conﬁguration within
the micro-pillars, i.e., a stable Wenzel state. On the contrary, for h = 135 and s = w = 33 lm (ﬁgure 3c), the
liquid droplet preferred to reside completely above the
pillars, which is a typical Cassie-Baxter mode of wetting.
Figure 3b shows an intermediate step of transition towards
Cassie-Baxter state from initial condition. In this state, a
part of the liquid has risen above the pillars while the rest
remains submerged. The minimum contact angle at the ﬁrst
instance of transit is denoted as hcritical in the rest of the
document. If the intrinsic contact angle (h) is chosen such
that h \ hcritical, the ﬁnal state of liquid corresponds to a
stable Wenzel; for h [ hcritical, the Cassie-Baxter mode is
preferred. It is important to note, however, that the

4. Results and discussion
Our objective was to identify different geometrical and
surface parameters which are accountable for the behavior
of a droplet in a micropatterned surface. To get the insight
of the behavior, we built a geometry that simulates a wettability-engineered, micropatterned surfaces. As shown in
the ﬁgure 2, a micro-pillared structure is considered where
a speciﬁed volume Vliq of liquid is initially laid on the
pillars while touching the top face of the pillars. Shape of
the initially dispensed droplet, as shown in ﬁgure 2 is
arbitrary chosen, only with the pre-requisite that the liquid

Figure 3. (a) Final equilibrium position in Wenzel state for a
0.65 nL water droplet when h = 100 and s = w = 25 lm. For
h = 135 and s = w = 33 lm the droplet rises upward (b), and
eventually assumes a stable Cassie state (c).
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transition is possible only when the solid surface is
intrinsically hydrophobic, i.e., h [ 90 is invoked in the
simulation.
It ensues from the foregoing discussion that, whether the
droplet would display Wenzel behavior or Cassie-Baxter
behavior, would depend upon the micro-pillar spacing, the
intrinsic contact angle of the pillar surfaces and the volume
of the dispensed liquid. Herein, we seek to identify the
dependence of two key parameters, viz, the micro-pillar
spacing (s and w) and the intrinsic contact angle (h) for the
homogeneous wettability scenario. Simulations were carried out for three different liquid volumes, viz., Vliq = 0.50,
0.65 and 1 nL, for different s = w values. The other geometrical parameters remained unchanged, i.e., h = 100 lm,
a = b = 66 lm. Figure 4 shows the variation of the hcritical
with the pillar spacing (s = w) for the three distinct liquid
volumes. As seen from ﬁgure 4, hcritical increases with
s. For h \ 90, i.e., hydrophilic substrate, the Wenzel state
is the only possible stable conﬁguration. It is also observed
from ﬁgure 4 that the tendency of transitioning from
Wenzel to Cassie-Baxter state is favored for larger droplet
volumes. Thus, for a given s, a larger volume of water
droplet would transit to the Cassie-Baxter conﬁguration for
a lower hcritical value. This also implies that a narrower
inter-pillar spacing would enhance the tendency of transitioning to Cassie-Baxter mode for an intrinsic hydrophobic
surface.
The regime R1 denotes the combination of the intrinsic h
and the pillar spacing for which all the droplets (of Vliq= 0.50, 0.65 and 1 nL) would exhibit Cassie-Baxter state.
On the contrary, in regime R4, all the droplets would
exhibit Wenzel state. The regime R2 and R3 corresponds to

Figure 4. Variation of hcritical as a function of micro-pillar
spacing for three different droplet volumes. Regime R1 denotes
Cassie-Baxter state for all droplets, R4 denotes Wenzel state for
all, while R2 and R3 denote Cassie-Baxter for the larger and
Wenzel state for the smaller droplets.
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a set of h and s (=w) for which the larger droplet would
prefer to stay in Cassie-Baxter mode but the smaller droplet
would show Wenzel behavior (e.g., in R2, the 0.5 nL
droplet would exhibit Wenzel behavior, while the two other
droplet will exhibit Cassie morphology). This observation
is signiﬁcant to explain the behavior of droplets whose
diameter changes with time, for example, during dropwise
condensation (droplet volume increases with time due to
condensate accumulation) or drying (droplet volume
shrinks due to evaporation). For a condensing surface,
generally, the condensation begins with nucleation on the
pillar surfaces, and the condensate starts growing within the
crevices of the micro-texture (see ﬁgure 5a). As the droplet
grows beyond a speciﬁc size, the Wenzel-to-Cassie transition condition is met, and the droplet would jump out of the
grooves in the microstructure to collect at the top of the
pillars (ﬁgure 5b). Such types of transitions were indeed
observed on ultrahydrophobic surfaces in a condensing
situation by a few researchers [20, 21].

4.2 Parallel micropillars with hybrid wettability
Next, we investigated the droplet behavior on a hybrid
surface (a surface where contact angle is not same everywhere). For the micro-pillar surfaces studied here, the top
surfaces of micropillars were rendered hydrophilic and the
side walls were treated hydrophobic. We deﬁne a parameter
a to denote the intrinsic contact angle of pillar-tops for the
hybrid surfaces. All the other parameters remain the same
as the homogeneous surfaces. Like in the previous section,
we looked for dependence of two key parameters, viz, the
micro-pillar spacing (s = w) and the intrinsic contact angle
(h) for different a. Here h is the contact angle of side walls
only.
Equilibrium droplet morphology with the hybrid surface
was compared with that on the homogeneous surface to
investigate the effect of a. Simulations were executed for
0.65 nL droplet volume and three different hydrophilic
pillar-tops, viz., a = 80, 75 and 70. It is important to note

Figure 5. Droplet transitioning from the Wenzel state at 0.65 nL
to Cassie-Baxter state after growing to 1 nL on the same surface
having s = w = 30 lm, and h = 110.
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that for hybrid surface, hcritical refers only to the critical
contact angle of the side walls, and not the pillar tops
(which are, in fact, hydrophilic). Figure 6 describes the
variation of hcritical as a function of s (=w) for different
values of a.
It can be seen from ﬁgure 6 that hydrophilicity of pillartops (a) is an important factor that governs the behavior of
droplets on microstructured surface. Surfaces with a
hydrophilic top shows a greater preference to transitioning
into Cassie-Baxter state than its homogeneous counterpart.
For example, a surface with s = w = 40 lm exhibited
Wenzel to Cassie transformation of a 0.65 nL volume
droplet if the intrinsic contact angle on the pillar walls
exceeded hcritical = 134 for a homogeneous surface, but the
same micropattern exhibited such transition of the droplet
for a much lower h of the walls (hcritical = 120) when the
intrinsic contact angle of the pillar top was a = 70.
Therefore, hybrid surfaces are found to offer energetically
more favorable condition for the droplets to emerge with
stable Cassie shape.
As the hydrophilicity of pillar-top decreases, the afﬁnity
towards Cassie-Baxter state also decreases, albeit only by a
small margin. For a = 75 and 80, the hybrid surface
shows transition at hcritical*122 and 123, respectively.
Therefore, it may be argued that a mild hydrophilicity (i.e.,
a slightly less than 90) should be sufﬁcient to promote the
Wenzel to Cassie transition. This is an important ﬁnding
from the point of view of designing self-cleaning surfaces,
which require both an easy Wenzel to Cassie transition, and
at the same time a low adhesion at the pillar tops [22]. If the
pillar-tops are highly hydrophilic in nature (e.g., low a), the
droplets will have a strong bias towards assuming Cassie
Baxter morphology, but at the same time, they will remain
pinned to the pillar tips, and will not roll-off easily. Such

sticky hydrophobic surfaces will not be suitable for
self-cleaning operation [23].
For the hybrid surfaces, we can also see from ﬁgure 6
that the hcritical vs s (=w) line becomes vertical at *s =
w = 53 lm. This implies that beyond an inter-pillar spacing, increasing contact angle of the side-walls (h) does not
help transition to Cassie-Baxter state. It happens because of
de-pinning of liquid-air surface from pillar corners. Interpillar spacing for this case with 0.65 nL volume droplet
were large enough at s = w*53 lm so that the droplet
could not remain pinned at the pillar tops (see ﬁgure 7).
Such phenomenon was also reported in energy-based
analyses of droplet behaviors on textured surfaces by
Patankar [24].
To estimate the effect of droplet volume on the transition
on hybrid surface, we chose a = 80 and plotted hcritical vs
s (=w) for Vliq = 0.5, 0.65 and 1 nL. Like on the homogeneous surface (ﬁgure 4), a larger droplet volume was
found to favor the Wenzel to Cassie transition for hybrid
surfaces also (see ﬁgure 8; the zones R1 through R4
describe same conditions as in ﬁgure 4).
Like the trend in ﬁgure 6, the critical inter-pillar spacing
at which de-pinning of liquid-air surface occurs is also
noticeable in ﬁgure 8. Figure 6 shows that surfaces with
different a de-pinned at same inter-pillar spacing. On the
contrary, Fig 8 shows that this de-pinning length is sensitive to droplet volume. For droplet volumes of 0.5, 0.65 and
1.0 nL, de-pinning phenomenon occurred at inter-pillar
spacing of 45, 53 and 67 lm, respectively. Larger droplets
could remain pinned at larger inter-pillar spacing. It is
worth noting that on homogeneous surface (ﬁgure 4),
hcritical up to 150 (the maximum intrinsic angle used in the
parametric study) was achieved for the coarser pillar mesh
and we did not notice any de-pinning for homogeneous
surface.

Figure 6. Variation of hcritical, for a 0.65 nL droplet, as a
function of micro-pillar spacing (s = w) for three different values
of a (70, 75 and 80).

Figure 7. De-pinning of droplet having volume of 0.65 nL, side
wall contact angle h = 145, pillar-top contact angle a = 70 and
s = w = 53 lm.
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Figure 9. (a) parallel micro-pillars, (b) 2 tapered (non-parallel)
micro-pillars.

Figure 8. Variation of hcritical as a function of micro-pillar
spacing for three different droplet volumes. The pillar top contact
angle a = 80 for all cases. Regimes R1 through R4 denote the
Cassie or Wenzel behaviors of sessile droplet as explained in
ﬁgure 4.

4.3 Tapered micropillars with homogeneous
wettability
Although we assumed so far that the micropillar structures
were parallel, meaning that the pillar cross section area did
not differ from root to tip, in actual practice, standard
microfabrication techniques often render small tapering
angles – the pillar cross sections are usually slightly the
larger at the base [15]. Tapered structures have their own
signiﬁcance in the literature pool of capillary dynamics:
liquid volumes dispensed on tapered pillars and needles
experience unbalanced capillary forces, and exhibit pumpless transport [25]. To capture this important feature of
droplet behavior, we extended our investigation for tapered
microstructures as well. Figure 9 illustrates the difference
between the parallel (the kind of structure so far discussed)
and the non-parallel, tapered microstructures.
Simulations were conducted in the four-pillar representation of the microstructured surface, where inter-pillar
spacing was reduced towards the pillar bottom (as compared to the parallel-pillar case) to render the tapering. The
surface was assumed homogeneous for this case.
We ran the simulations for 1 and 2 tapered
microstructured surfaces and compared them with our
previous results for a given droplet volume (Vliq= 0.65 nL). The variation of the hcritical with the pillar
spacing (s = w) for three different microstructures are
shown in ﬁgure 10. At small inter-pillar spacing(s = w \ 23 lm), the hcritical lines of non-parallel/tapered surfaces are found to coincide with the hcritical line for
parallel pillars. The trend starts to differ for coarser pillar
spacing, where non-parallel micro-pillars show lower hcritical values for a given value of pillar-spacing. For example,

a 2 taper angle is found to reduce the hcritical from 150 to
133. For applications where Cassie-Baxter wetting is
desirable, tapered pillars therefore offer signiﬁcant
improvement than the parallel pillars. Further, it is also
obvious from ﬁgure 10 that the improvement (in terms of
afﬁnity towards Cassie state) is seen to be more for larger
inter-pillar spacing.
It is intuitive that a liquid droplet tends to minimize its
footprint on a hydrophobic surface. In the present case, side
walls of the micro-pillars are hydrophobic in nature. So the
droplet tries to follow the divergent pillar structure upward
to minimize its footprint [26].
This is the reason behind the enhanced tendency of the
droplet to transit to Cassie-Baxter state. As we can see form
ﬁgure 10 that 2 tapered pillar have lower hcritical for same
inter-pillar spacing than 1 tapered pillars. So, tapering of
pillars has an effect on hcritical. Liu et al [27] experimentally
got similar results where they found that a droplet is
impacting on a superhydrophobic surface showed higher

Figure 10. Variation of hcritical as a function of micro-pillar
spacing for three different micro-pillar structures for a droplet
volume of 0.65 nL.
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bouncing after impacting on tapered micro-pillar array than
that on parallel micro-pillars.
Clearly, the results show that a Cassie-Baxter wettability
of a microstructure can be enhanced by using non-parallel
micro pillars. Such designs do not involve complex
microfabrication, but are more amenable to standard
microfabrication protocols. This type of tapered
microstructured surfaces are beneﬁcial for self-cleaning
operation; as the pillar-tops are also superhydrophobic, they
would offer low roll-off angle [12].

4.4 Tapered micropillars with hybrid wettability
We further extended our investigation for surfaces which
are both hybrid and non-parallel in nature. Understandably,
this type of surface is most complex among the four types
investigated here. Pillars and droplet dimensions were
chosen same as the previous cases. Figure 11 shows the
variation of the hcritical with the pillar spacing (s = w) for a
hybrid (pillar top has a = 80) and non-parallel micro-pillars tapered at 1, with a droplet of 0.65 nL volume. For
comparison, ﬁgure 11 also shows the hcritical versus pillar
spacing (s = w) plots for the parallel pillar hybrid surface
for the same set of parameters. The two plot coincide with
each other for pillar spacing \37, beyond which the
tapered hybrid surface shows progressively lower hcritical
than the parallel-hybrid surface. In fact, the tapered hybrid
pillar structure is found to offer the most favorable condition for Wenzel to Cassie transition as compared to all three
other cases (see ﬁgure 11). Even the depinning effect,
observed with parallel hybrid micropillars at large values of
pillar spacing, is less pronounced for tapered hybrid
micropillar structure. The hcritical curve for tapered hybrid

Figure 11. Variation of hcritical as a function of micro-pillar
spacing for different micro-pillar structures for a droplet volume
of 0.65 nL.
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micropillar does experience a jump of nearly 10 at s =
w = 53 lm, but Wenzel to Cassie transformation could be
observed with pillar spacing values as large as 65 lm for
the intrinsic contact angle h = 150. This is in distinct
difference from the trend shown by hybrid tapered
micropillars.

5. Conclusion
A numerical simulation of nanoliter volume liquid droplets
on micro-textured surfaces of an intrinsic hydrophobic
surface has been carried out using an open source surfaceevolver ﬂuid interface tool (SE-FIT). A 3-D micro-pillar
construction with speciﬁed spacing between the pillars has
been assumed to represent the micro-textured surface.
The following salient observations were made regarding
the transition of the liquid droplet from a Wenzel state to a
Cassie-Baxter state.
• The aforementioned transition occurs only when the
substrate material is intrinsically hydrophobic (i.e., the
intrinsic contact angle of the liquid on the pillar surface
h \ 90). For larger values of h, the liquid transits to
Cassie-Baxter state more easily. The value of h above
which the droplet in the micro-pillar array would prefer
to exist in Cassie-Baxter state is characterized by
hcritical.
• The value hcritical. increases with the pillar spacing,
implying that an intrinsically superhydrophobic
micropillar array will more readily yield Cassie-Baxter
transition if the pillar spacing is smaller. Thus, high
aspect ratio grooves of superhydrophobic micro-textures show greater tendency towards Cassie state.
• For a given set of geometrical conﬁguration and h, the
liquid droplet exhibits preference towards transition to
Cassie state for a larger dispensed volume.
• For a given geometry and droplet volume, hybrid
surfaces, comprising of a superhydrophobic walls of
the pillar and hydrophilic pillar-tops, is advantageous
for transition of the droplet to Cassie-Baxter State.
• Tapered pillared structures have lower hcritical than
their parallel counter-parts for a given surface condition and droplet volume.
• De-pinning of liquid-air interface from pillar-top
corners are observed for hybrid micropillar array with
large pillar spacing; this enforces Wenzel state as
favorable stable response for the liquid volumes. The
inﬂuence of de-pinning in resisting transition to Cassie
state is less pronounced in tapered hybrid surfaces.
Findings of the simulation show avenues of suitably
tuning the effective wettability of a micro-textured surface
to suite speciﬁc engineering applications. The study provides a few key design insights that lends to fabrication of
optimal surfaces for future experimental investigations as
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well as practical applications. Depending upon the liquid
surface tension and the intrinsic wettability of the substrate,
one may choose the appropriate type of micropillar (e.g.,
straight or tapered, homogenous or hybrid) and a range of
micropillar dimensions for a desirable behavior (e.g., Cassie- Baxter or Wenzel wetting) of a sessile droplet. For
example, the hcritical versus pillar-spacing curves exhibit
less slope for the hybrid and tapered surfaces (as compared
to the homogeneous, parallel micropillar textured surfaces).
Therefore, such surfaces may be preferred for applications
that warrants a more favorable Cassie-Baxter state transition, particularly for low surface tension liquids or high
surface energy substrates (i.e., contact angle is low).
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Appendix A
Validation of the SE-Fit simulation
As mentioned section 3.4, the simulation results were validated against the shape of a DI water droplet on smooth
Silicon surface, and the droplet shapes (calculated in terms
of mean curvature) fell within ±1 % of values reported in
the literature [19]. Also, for two different sessile-droplet
contact angles (viz., 30 and 150), simulations were

Figure 12. Droplet volume versus maximum droplet height for
sessile droplets on smooth surfaces for two different sessiledroplet contact angles. Data points show SE-Fit simulation results,
line denotes analytical solution following spherical cap assumption [19].
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carried out to compare the SE-Fit simulation results against
the standard spherical cap droplet shape. The plots of
droplet volume versus droplet height results showed
excellent match (see ﬁgure 12).
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