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The Wenzel (WZ) to Cassie-Baxter (CB) transition of a water droplet on a periodic array of pillars was
investigated theoretically. Treating the WZ to CB transition as a phase transition, an analytical theory was
developed previously for the threshold value of the inter-pillar spacing, ST, below which the WZ to CB
transition occurs. Herein, the theory of ST was applied to the square array of rectangular, cylindrical, or
ellipsoidal pillars with a range of experimental sizes. The behavior of ST was examined by varying the
height and width of the pillars. The theory is shown to agree well with previous experiments. The present
analytic expressions of ST can provide guidelines for designing the surface structure forming the CB states
of water droplets.
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Introduction

Super-hydrophobic surfaces have extensive applications, such
as water harvesting,1 impermeable textiles,2,3 anti-fogging,4

self-cleaning paints, and glass windows.5,6 Typically, a water
droplet on a super-hydrophobic surface has a static contact
angle greater than 150� and a sliding angle less than 5�.7 Such
ultra-hydrophobicity can be achieved by decorating the surface
with an array of microscale pillars. Lotus leaves, which have
extremely high water repellency,8–11 have numerous micro pil-
lars on their surfaces.12–14 With the advances in nano- and
micro-electromechanical systems (NEMS and MEMS) tech-
nologies, various shapes of pillars can be constructed on the
micro- or nano-scale. The most widely manufactured arrays
are arrays of rectangular, cylindrical, or ellipsoidal pillars, even
though more sophisticated structures, such as mushroom-like
and dual-scale pillars are possible in principle.15,16

A water droplet resting on a pillared surface takes a Wenzel
(WZ) or Cassie-Baxter (CB) state. In the WZ state, a water
droplet fills the gap (groove) between pillars, fully contacting
the side walls of pillars (see Figure 1).17 In the CB state, how-
ever, the droplet only contacts the tops of the pillars while the
sidewalls of the pillars are dry. In other words, the inter-pillar
gap is filled with a liquid in the WZ state,18 whereas the gap is
in a vapor phase in the CB state.19 A water droplet in the CB
state has an enhanced contact angle and mobility20; therefore,
a pillared surface with a CB state is desired.
The WZ or CB state of a water droplet on a pillared sur-

face is determined by the surface geometry: shape, height H,
and width W of each pillar; and the spacing between neigh-
boring pillars, S (Figure 2). Knowing whether a droplet is in
the WZ or CB state is essential for predicting the contact

angle of that droplet using the CB,19 WZ,18 or more
advanced theory.21–24 A water droplet has a maximal con-
tact angle, hence maximal hydrophobicity,25 at the geometry
near the CB to WZ transition. Therefore, understanding how
these geometrical parameters affect the WZ or CB state of a
droplet provides important guidelines for designing super-
hydrophobic surfaces. Unfortunately, controlling and scan-
ning of these geometric parameters to determine the optimal
surface geometry (combination of H, W, and S) experimen-
tally are challenging, time consuming, and expensive. In this
respect, a simple theory capable of predicting the WZ or CB
state of a droplet on a pillared surface is desired.
The CB or WZ state of a water droplet is determined by

competition between the intermolecular cohesion and interfa-
cial energy of water confined between the pillars; as
S decreases, the water confined between the pillars decreases
its volume and hence its degree of cohesion. Below a certain
threshold value, ST, the confined water is destabilized and
evaporates because of the dominance of the liquid–solid
interfacial energy, giving rise to a CB state.26–32 Therefore,
the WZ to CB (CB to WZ) transition can be viewed as a dry-
ing (condensation) transition. Based on this view, a simple
analytical theory for ST was developed. The closed-form
expression of ST was obtained for a square array of rectangu-
lar, cylindrical, or ellipsoidal pillars as a function of W and
H of a pillar for a given pressure of a water droplet, P.
The theory was compared with Monte Carlo33–35 and

molecular dynamics36,37 simulations and shown to agree.
Owing to the limited sizes of the molecular simulations,
however, the previous applications of the theory were lim-
ited to nanoscale pillars. On the other hand, typical pillars
in experiments are on the micrometer scale. Herein, the
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theory of ST was applied to pillars with various experimen-
tal sizes and shapes. This study investigated how ST
behaves by systematically varying the geometric parameters
of pillars: W, H, and S. The theory was tested and showed
good agreement with previous experiments.

Theory

The following summarizes the theory detailed in previous
work.34 In both WZ and CB states, it is assumed that a
macroscopic water droplet is sitting on top of pillars
(Figure 2(a)–(c), z > H), and the inter-pillar gap is negligi-
bly small compared to the droplet. The difference between
the grand potentials of the liquid and vapor confined in the
gap between pillars (z < H), ΔΩ, is given by

ΔΩ= PV+ γLVcosθfAS + γLVALV, ð1Þ

where V is the volume of the gap between the side walls
of the neighboring pillars; AS and ALV are the areas of
the side walls of the pillars and the liquid–vapor interface
in the CB state, respectively. P is the pressure of the liq-
uid droplet in excess of the vapor pressure. γLV is the
liquid–vapor interfacial tension, and θf is the intrinsic
contact angle of the droplet on a flat surface (see figure
2(d)).
By imposing ΔΩ = 0 at S = ST, ST can be derived for an

infinite square array of rectangular pillars as follows:

ST =W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4rγLV cos θf
PrW + γLV cos θf + 1ð Þf g

s
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" #
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where r is the aspect ratio, r = H/W. The ST for an array of
cylindrical pillars is given by

ST =W
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π

p
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Similarly, ST for an array of ellipsoidal pillars is
given by

where K =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−1= 4r2ð Þp

.
Consider the limiting cases by fixing the aspect ratio

in Eqs (2)–(4). In the limit of a vanishingly small pil-
lar width, W ! 0, Eqs (2)–(4) all reduce to ST ! 0.
Note the height of a pillar also vanishes in this limit
(because of the fixed aspect ratio). As the liquid on
top of the pillars easily fills the gap between
extremely short pillars, the only way to dry out the
inter-pillar gap is to reduce S to zero. In a large
W limit, Eq (2) approaches a constant independent of
the aspect ratio:

ST ! −
2γLV cos θf

P
: ð5Þ

In contrast, the ST for cylindrical and ellipsoidal pillars
becomes a linearly decreasing function of W,

ST ! −

ffiffiffi
π

p
γLV cos θfð Þ

P
− 1−

ffiffiffi
π

p
2

� �
W , ð6Þ

Figure 1. Schematic diagrams of the Wenzel (a) and Cassie-
Baxter (b) states of a water droplet on a periodic array of pillars.

Figure 2. Periodic square arrays of pillars studied (a)–(c) and
schematic diagram of the intrinsic contact angle θf of the droplet
on a flat surface (d). Arrays of rectangular (a), cylindrical (b), and
ellipsoidal (c) pillars are considered. W, H, and S are the width
and height of each pillar and the inter-pillar spacing between the
neighboring pillars, respectively.
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Note that the limiting value of ST for an array of cylindri-
cal pillars is independent of r, whereas the limit for an array
of ellipsoidal pillars depends on r.
ST given by Eqs (6) or (7) reaches zero at a sufficiently

large W. In other words, a water droplet on cylindrical or
ellipsoidal pillars cannot take the CB state above a thresh-
old value, WT. From Eqs (3) and (4), the WTs for cylindri-
cal and ellipsoidal pillars, respectively, are given by

WT =
γLV cos θf
1=4−1=πð Þ −

γLV cos θf + 1ð Þ
r

� �
1
P

� �
, ð8Þ

and

WT =
γLV 2 cos θf + 1ð Þ + πr cos θf arcsin Kð Þ=Kf g½ �

r π=3−2ð Þ
1
P

� �
:

ð9Þ

Eqs (8) and (9) were newly developed in this study. The
absence of a CB state for large values of W can be under-
stood as follows. Unlike the case of rectangular pillars, the
inter-pillar gap does not vanish by making S = 0 for cylin-
drical or ellipsoidal pillars. With increasing W, the liquid
confined between the cylindrical or ellipsoidal pillars at
S = 0 should increase in both volume and contact area with
pillar walls. It turns out that the increase in the volume is
faster than the increase in surface area.33 Consequently, the
cohesion of liquid (which scales with volume) dominates
over the hydrophobic surface (liquid–pillar interface) effect.
The WZ state is then always more stable than the CB state
above a threshold value, WT, as given by Eqs (8) and (9).
These results have important implications for designing pil-
lared surfaces. A hydrophobic surface texturized with rec-
tangular pillars is guaranteed to generate the CB state of a
droplet. In contrast, a surface decorated with cylindrical or
ellipsoidal pillars cannot induce a CB state if the pillars are
too wide (note also the aspect ratio is fixed here).
This study investigated how ST depends on the pillar

width, W, by fixing the aspect ratio (r = H/W) to 2, a typi-
cal value for pillared surfaces in experiments. Figure 3 pre-
sents plots of ST vs. W for arrays of rectangular (solid
lines), cylindrical (broken lines), and ellipsoidal (dotted
lines) pillars. The results are shown for a high (1 MPa, top)
and a low (144 Pa, bottom) pressure of the droplet, P. The
intrinsic contact angle was taken from the experimental
value for a flat silicon surface coated with a plasma-
polymerized fluorocarbon (111.5�).25 Throughout this
work, an experimental surface tension value of γLV

(= 72.1 mN/m) was used. As shown in the figure, the ST
values for the arrays of rectangular pillars are larger than
those for the arrays of the cylindrical and ellipsoidal pillars.
This is because at the same value of S, the liquid confined
between the rectangular pillar walls has a smaller volume
than that of the cylindrical or ellipsoidal pillars. To have
the same volume between the pillar walls, the inter-pillar
spacing for the rectangular pillars should be larger than that
for cylindrical or ellipsoidal pillars. Consequently, the WZ
to CB transition occurs at a larger S value for an array of
rectangular pillars.
Consider the case, P = 1 MPa which is relevant to the

pressure of a droplet colliding with a surface with a speed
of 6 m/s.38 With increasing W, ST for an array of rectangu-
lar pillars increases gradually and reaches a plateau (ST =
50.4 nm). For the arrays of cylindrical and ellipsoidal pil-
lars however, ST first increases and then decreases with
increasing W. ST for cylindrical pillars reaches a maximum
of ST = 21 nm at W = 87.2 nm, then decreases and
becomes zero at W = 364 nm. For an array of ellipsoidal
pillars, ST reaches a maximum at W = 25.5 nm with
increasing W, then decreases to zero at W = 70.6 nm. Con-
sequently, above a threshold value of W, WT, the droplet on

Figure 3. Threshold inter-pillar spacing ST vs. the width of pillar
for a fixed aspect ratio. Two different Ps of 1 MPa (top) and
144 Pa (bottom) are considered. The theoretical ST is drawn for
the square arrays of rectangular, cylindrical, and ellipsoidal pillars
as the solid, broken, and dotted lines, respectively.
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an array of cylindrical or ellipsoidal pillars always remains
in the WZ state. As discussed above, the inter-pillar gap
does not vanish by making S = 0, for an array of cylindri-
cal or ellipsoidal pillars. As the width of the pillar increases
at S = 0 with an aspect ratio fixed to 2, the increase in vol-
ume between the pillar walls is faster than that in the sur-
face area. Consequently, the cohesion of liquid scaling with
volume dominates the hydrophobic surface effect for W.
Therefore, the WZ state is always more stable than CB
for W > WT.
Consider the lower pressure case, P = 144 Pa, which is

relevant to the pressure of a static droplet with a radius of
1 mm (according to the Young-Laplace equation,
P = 2γLV/R). The ST vs. W curve shows that the CB state
exists regardless of the pillar shape in the typical range of
experimental widths, W ≤ 50 μm, generated in MEMS or
NEMS. As observed for the high-pressure case (top of
Figure 3), ST for a given W increases as the pillar shape
changes from ellipsoidal to cylindrical and to rectangular.
The threshold, WT, can be estimated as 2.53 mm and
491 μm for cylindrical and ellipsoidal pillars, respectively.

Comparison with Experiments and Discussion

This theory was assessed by a comparison with the experi-
mental data provided by Zhu et al.39 who measured ST for
the CB to WZ transition by carefully controlling and scan-
ning the surface geometry. Figure 4 shows the results for
five different combinations of the width and aspect ratios of
rectangular pillars. In this calculation, the pressure of the
droplet, P, was obtained using the Young-Laplace equation,
where the radius of droplet R was taken to be 1 mm. The
intrinsic contact angle, 111.8�, reported in their experiment
was used.39 Figure 4 presents the theoretical ST vs. W curves for five different aspect ratios as lines. The

theoretical ST agrees well with the experimental results; the
experimental ST values (filled symbols, group 1 of Table 2
in Zhu et al.39) almost fall on the theoretical curves. The
relative deviation of the experiment from theory ranged
from 0.3 to 5.9%.
Fürstner et al.40 reported whether the droplet on an

array of rectangular or cylindrical pillars is in the WZ or
CB state by changing the spacing between the pillars and
the height of the pillar. To compare with their experiment,
the radius of the water droplet, R (1.39 mm) from the vol-
ume of the droplet reported in their experiment40 was set
using the relation between the volume and radius of a
water droplet on a surface (note that the droplet is a trun-
cated sphere that forms a finite contact angle with the sur-
face).41 The calculated pressure P was 103.4 Pa. The
intrinsic contact angle (120.6�) reported by Fürstner
et al.40 was also used.
The top of Figure 5 presents the theoretical STs as lines

for the arrays of rectangular pillars with three different
aspect ratios (0.52, 1.03, and 1.98) used in the experiment.
Note, for the S values above (below) these lines, the theory

Figure 4. Comparison of the theoretical ST with that of the experi-
ment by Zhu et al.39 The theoretical ST for an array of rectangular
pillars is plotted vs. W for five different aspect ratios, rs, used in
the experiment (0.53, 0.64, 0.80, 1.06, and 1.73). The theoretical
and experimental ST values are drawn as lines and filled symbols,
respectively.

Figure 5. Theoretical prediction of the CB or WZ state for differ-
ent combinations of H and S. The theoretical ST vs. H is drawn as
a line for the arrays of rectangular (top) and cylindrical (bottom)
pillars with the aspect ratios, rs, used in the experiment by Fürst-
ner et al.40 The experimental WZ (CB) states are drawn as filled
(open) symbols.
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predicts that the droplet should exist in the WZ (CB) state.
Drawn as square symbols are the experimental combina-
tions of S and H. The WZ (CB) state is drawn as a filled
(empty) square. The experimental observations as to
whether the droplet is in the WZ or CB state were in good
agreement with theory; the experimental state for r = 0.52
and H = 1 μm is a WZ state (drawn as a black filled
square), as the theory predicts. The other two data points,
H = 2 μm at r = 1.03 and H = 4 μm at r = 1.98, were
found experimentally to be in the CB states, and are drawn
as red and blue empty squares, respectively. These are also
consistent with the proposed theory as they are below the
theoretical curves drawn as red broken and blue dotted
lines.
The bottom of Figure 5 shows the experimental states for

the arrays of cylindrical pillars. For three different aspect
ratios (r = 1.21, 2.24, and 4.40, drawn in different colors),
the WZ or CB state of the droplet was determined experi-
mentally for five different S values. The WZ and CB states
determined in the experiment are drawn as filled and open
circles, respectively. The theoretical STs values are also
drawn as lines. Again, for the S values above (below) these
lines, the theory predicts that the droplet should exist in the
WZ (CB) state. For r = 1.21, the experimental droplet was
in the WZ state (represented as filled black circles) for all
five S values considered. This is consistent with the pro-
posed theory because these points are above the theoretical
curve (black solid line). For aspect ratios of 2.24 and 4.40,
the experimental droplets existed in the WZ (filled circles)
or CB (open circles) states depending on S. For both aspect
ratios, one of the experimental data points corresponding to
the CB state was above the theoretical line. With the excep-
tion of this, the remaining data points agreed with the pro-
posed theory. Overall, the proposed theory shows good
agreement with the experiment.

Conclusion

In various disciplines, superhydrophobic surfaces decorated
with micro- and nano-pillars have been used extensively.
The hydrophobicity of such a pillared surface depends criti-
cally on whether the water droplet on the surface is in the
CB or WZ state. Therefore, it is important to understand
how the CB or WZ state of the droplet depends on the
width, height, and shape of a pillar, as well as the spacing
between pillars. As controlling and scanning these geomet-
ric parameters are experimentally challenging, a theoretical
investigation of these pillar geometries is needed. Here, this
study investigated theoretically how the surface geometry,
especially the interpillar spacing, affects the WZ-to-CB
transition of a water droplet for an array of rectangular,
cylindrical, or ellipsoidal pillars. The threshold interpillar
spacing below which the WZ to CB transition occurs was
examined by varying the size and shape of the pillar. The
threshold spacing for an array of rectangular pillars
behaved qualitatively differently from that of an array of

cylindrical or ellipsoidal pillars. The present theory was
found to be in accordance with the experiments reported by
Zhu et al.39 and Fürstner et al.40
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