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The dynamic characteristics of contact lines on inclined micropillared surfaces were investigated in this paper. It was observed
that the contact lines varied gradually to a ladder shape with the droplet sliding on micropillared surfaces under Wenzel state.
The dynamic deformation of contact lines would be more obvious under Wenzel state and Cassie impregnating state; however it
is negligible when the droplet is in one-dimensional scenario. Droplet layers formed during droplet sliding were left behind and
evaporated quickly and disappeared. Based on these characteristics, the comparison of experimental data with theoretical models
was discussed. It was found that energy barrier played an important role in analyzing wetting characteristics. Because of ignoring
the role of energy barrier, the model of sliding angle cannot predict the sliding angle on micropillared surfaces very well, especially
when the area fraction is small. This work is helpful to propose a more accuracy sliding angle model.

1. Introduction

Micro/nanostructured surfaces have attracted much atten-
tion in both academia and industry because of their great
application of drag reduction [1], anticorrosion [2–5], anti-
icing [6], waterproof coating [7], self-cleaning device [3, 8, 9],
medicine [10], and other fields. In recent years, the size of
microstructures can be controlled to nanolevel with the rapid
development of nanotechnology; research of the impact of
themicrostructures’ size and shape on wetting characteristics
is of great interest.

Wetting state is not only determined by solid-liquid con-
tact areas, but also related to wetting of three-phase contact
lines [11]. Gao andMcCarthy [12, 13] found that the advancing
and receding angle were actually the results that the contact
line overcomes the energy barrier. Thiele and Knobloch
[14] considered two types of heterogeneity: the front-end of
the film substrate was hydrophobic, while the rear-end was
hydrophilic; then the stick-slip motion of droplet was studied
numerically. Raj et al. [15] acquired two energy equations
about variation characteristics of three-phase contact line and
the wetting area when attempting to derive the contact angle
hysteresis model on superhydrophobic surfaces. Snoeijer and

Andreotti [16] discussed microscopic processes that were
proposed to resolve the moving contact line paradox and
identify the different dynamical regimes of contact line
motion.

For microstructured surfaces, the droplet started to slide
as the receding contact line detached from the top of a
pillar and jumped to the next pillar [17]. Based on this
hypothesis, Dorrer and Rühe [18] proposed that the energy
barrier was overcome by a meniscus detaching from pillars.
It was found that the energy barrier was mainly a function of
the wetted area between the droplet and an individual pillar,
and the advancing contact angle would reach 180∘ during the
advancing motion. Widom [19] also predicted the “pouring”
motion by considering the effect of line tension on droplet
contact angles and adhesion characteristics [20–23].

In fact, when a Cassie droplet is moved across a surface,
the advancing portion of the contact line simply lies down
onto the next roughness feature and this portion contributes
negligible resistance to droplet motion. The deformations
due to pinning [24] are localized at the receding region,
and as the contact line is displaced, it is hypothesized that
microcapillary bridges [25, 26] are formed at each pinning
site [27–29].The amplificatory images were actually captured
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Figure 1: (a) SEM image (𝑎 is the pillar spacing, ℎ is the height of the pillars, and 𝑟 is the width) and (b) wetting properties of micropillared
surfaces.

by environmental scanning electron microscope (ESEM)
[30].

In recent years, all proposed relations for sliding angle of
a droplet on a smooth surface were reduced into the following
unified model by Wolfram et al. [31, 32]:

sin𝛼 = 𝑘2𝜋𝑟
𝑚𝑔

, (1)

where 𝑚 denotes the droplet mass quality, 𝑔 is the gravity
acceleration, 𝑟 is the radius of the wetted area, and 𝑘 is a
constant. And Miwa et al. [33] assumed that the surface had
a series of uniform needles and proposed a model describing
sliding angles on rough surfaces in the following form:
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where 𝛼
0
is the sliding angle for smooth surfaces, 𝑉 is

the mass volume, 𝜃 is the equilibrium contact angle on a
rough surface, and 𝜃 is the equilibrium contact angle on
a flat surface. Furthermore, Lv et al. [34] derived a new
sliding angle model for micropillared hydrophobic surfaces
as follows:
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where 𝛾lv is the surface tension between droplet and vapor, 𝑓
is the area fraction of the surface, and 𝜙

0
is Young’s contact

angle. It was showed that the theoretical values are consistent
with the experimental data when the area fraction is low, but
not for larger area fraction.

To the author’s knowledge, the dynamical characteristics
of the contact line remain unclear in the previous research.
Here, dynamic characteristics of contact lines under different
wetting states on micropillared surfaces were investigated,
and the droplet layer effects on the sliding angle were
discussed, and then experimental results were comparedwith
theoretical models.

2. Experimental Materials and Methods

Micropillared hydrophobic surfaces were fabricated by pho-
tolithography and etching of inductively coupled plasma
(ICP), with same side lengths, but different spaces and
heights, as shown in Figure 1(a). The pillars are uniformly
distributed in a rectangular grid with different area fraction
𝑓, where 𝑓 = 𝑎2/(𝑎 + 𝑟)2 and 𝑎 is the spacing between
the pillars. The thick silicon wafer (SU8-25) was first covered
with a photoresist layer by spin coating, and a lithography
mask was then covered on SU8-25 to form a mold. Then
polydimethylsiloxane (PDMS) was poured into a mold in a
vacuumoven at 90∘C for about 60minutes, and the remaining
PDMS polymer was removed from the silicon wafer. Finally,
the surface was soaked in anhydrous alcohol for 25 minutes
and then cleaned by ultrasonic cleaner for 5minutes and then
dried.

The sliding angle was related to the volume of the
droplet; that is, as the droplet size increased, the sliding angle
decreased. The contact angle was measured to be 113 ± 1∘ on
the PDMS surface, and droplets cannot slide off even when
the inclination angle was larger than 90∘.The contact angle of
droplet on square-pillar surface was 152 ± 2∘, and the sliding
angle was 19 ± 1∘, as shown in Figure 1(b).

In this study, water droplets with different volumes were
gently deposited on micropillared surfaces by a syringe. A
contact angle meter was utilized to measure sliding angles.
With increasing inclination angle, the droplet starts to
deform. When the inclination angle increases to a critical
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Figure 2: Contact line of a Wenzel state droplet on micropillared surfaces.

value, the droplet begins to slide. The instantaneous images
of the droplet on the surface were recorded with a high-speed
camera.

3. Results and Discussion

Various wetting states occur on rough surfaces; as a result, the
dynamic behaviors of receding contact lines were different
during droplet sliding process. Here, a Wenzel droplet was
deposited gently on a micropillared surface. The images
of receding contact line during the droplet moving were
captured and shown in Figure 2(a). The receding contact
line was about to move after 30 s and changed into a ladder
shape gradually, as shown in Figure 2(b). However, the
middle of contact line was always adhered to the pillars.
After 36 s, the droplet started to slide forward under gravity
due to the increasing inclination angle; both the left and
right sides of the contact line appeared to be a ladder shape
obviously, but the middle of contact line was still adhered to
the pillars which were enlarged in Figure 2(c). The gravity
component increases with the increasing of inclination angle;
the receding contact line was drawn along the direction of
moving. Then the middle of contact line was detached from
the pillars when the cohesive force reached a critical value
and droplet layer remained on the side of pillars, as shown
in Figure 2(d). Therefore, the profile of the receding contact
line was obviously varied with time, so that the apparent

contact angle of droplet and wetting area was constantly
changing, which causes the error between the theoretical data
and experimental results.

Except for the Wenzel and Cassie state, the Cassie
impregnating statewas also considered.The liquid penetrated
into grooves between pillars and pillar “islands” ahead of the
droplet were dry, as shown in Figure 3(a). Compared with the
Wenzel state depicted in Figure 3(b), the contact line of the
Cassie impregnating state was larger and wider (I indicated
the contact line for Wenzel state; II indicated the contact
line for Cassie impregnating state). During droplet sliding
process, the deformation of receding contact lines would be
more obvious; it was also shown in the difference between the
theoretical and experimental results.

Moreover, the different dimension of droplet wetting
also affected dynamic behaviors of contact lines; like Wenzel
state, all spaces between pillars underneath the droplet were
filledwith liquidwhichwas named two-dimensional scenario
[35, 36]. However, under external stimuli such as impact,
pressure, vibration, or electrowetting, only the spaces near the
contact line were filled with liquid as shown in Figure 4(a),
which was named one-dimensional scenario. If the wetting
state would not be transformed into the two-dimensional
scenario during droplet sliding process, the ladder-shape
steps were less than for Wenzel state due to the reducing
of wetting area, as shown in Figure 4(b) (III indicates the
boundary of liquid and air; IV indicates the contact line for
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Figure 4: One-dimensional scenario of Wenzel state.

Wenzel state). Therefore, the effect of deformation of contact
line was negligible.

When the inclination angle of solid surfaces reached a
critical value, the droplet began to slide slowly, as shown
in Figure 5. The volume of droplet here was 16 𝜇L, and
the area fraction was 0.17. It was observed that the droplet
sliding on the top of micropillars moved from one pillar to
another pillar. The yellow arrow indicated the position of
the droplet layer left behind on the micropillars, and the red
arrow indicated particularly the droplet layer. The droplet

layer began to evaporate quickly and then disappeared totally
so that the droplet layer can easily be ignored.

To understand the process, a movement detail of the
receding contact line as shown in Figure 6(a) was hypoth-
esized, the wetting area at the top of the pillars remained
constant, and the receding contact angle was increased
gradually until the droplet sliding. It was shown in the
experimental results that a thin droplet layer was left on
the pillars as the droplet sliding on the pillars, as shown in
Figure 6(b).Therefore, thewetting area at the top of the pillars
still remained constant until the droplet completely separated
from the pillars. Meanwhile, the receding contact line was
constantly changing. In theoretical models, it was assumed
that the receding contact angle kept constant as the droplet
detached itself from the surface and the wetting area at the
top of the first pillar became smaller, without considering
droplet layers and the deformation of the receding contact
line. Therefore, for the simulation results, it resulted in a
smaller wetting area value [34].

To emphasize the deformation of contact lines and the
remaining layer, we measured the sliding angle of droplets,
comparing with theoretical models (see (3)), as shown in
Figure 7, respectively. When the area fraction was relatively
large (𝑓 > 0.15), the experimental data were in good
agreement with the theoretical model. However, the error
increased with the decrease of the area fraction.

When the area fraction was large (𝑓 > 0.15), the
receding contact angle was smaller than that of less area
fraction. Obviously, the component interfacial tension along
the direction of droplet motion would become smaller.
With the decreasing of the area fraction, the component of
surface tension 𝛾lv along the direction of droplet motion
would increase, as shown in Figure 8(f) (the red dashed line
indicated the air-liquid interface when the area fraction was
small). In other words, with the increasing of the spacing
between micropillars, the adhesion force would decrease.
However, it caused the increasing resistance of the surface
tension, resulting in the experimental results of sliding angle
which were larger than the theoretical model deduced (3).

Experimental results show that as the inclination angle
reached the critical value (sliding angle 𝛼), the receding
contact line of the droplet would move to the rear edge of
micropillars. The droplet was unstable and the direction of
𝛾sv and 𝛾sl suddenly changed, as shown in Figures 8(c) and
8(d). With the continuously increasing inclination angle, as
shown in Figure 8(f), the receding contact line would quickly
slide over the pillars andmove to the next pillars with droplet
layer left behind.

On the other hand, a droplet sliding on micropillared
hydrophobic surfaces overcame both the work of adhesion
and the corresponding energy barrier (EB). At present, the
specific expression of EBwas still unclear, but it was related to
the area fraction, the volume of droplet, the sliding angle, and
so forth. With the increasing spacing between micropillars,
the area fraction decreased, and the EB increased. As shown
in Figure 9, the reason that the micropillars affect the EB was
presented in this work. There were different receding contact
angles and sliding angle for the droplets due to the different
area fractions. It was obvious that the spacing between
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Figure 6: Detaching process of a droplet on micropillared surfaces.

micropillars in Figure 9(a)was less than in Figure 9(b) and the
corresponding sliding angle was larger than in Figure 9(b).
With the increasing inclination angle, the energy barrier of
the droplet decreased. Obviously, the energy barrier which
was overcome by droplets was that the energy barrier reached
the sliding angle, known as the critical energy barrier (critical
EB).

In Figure 9, a dotted line was drawn in front of the second
pillar near the receding contact line, the droplet was separated
into two parts, and their volumes were represented by 𝑉

1

and 𝑉
2
, respectively. The droplet first slid on the topside of

micropillars and then moved to the next pillars during the
sliding process. During this process, 𝑉

2
of the droplet above

the groove lost its support force from pillars, instead of the
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Figure 7: Comparison between experimental results and theoretical data.

drag force from 𝑉
1
. At this moment, there was a certain

resistance for 𝑉
2
to 𝑉
1
. The larger the volume of 𝑉

2
was, the

more the resistance existed. So the droplet would overcome
the EB in the sliding process. It was obvious that with the
increasing spacing between the pillars 𝑉

2
increased and 𝑉

1

decreased, and 𝑉
1
would decrease, so 𝑉

1
/𝑉
2
increased. As

shown in Figure 9(b), in order to show the distinction, the
two parts of the droplet were represented by 𝑉

1

and 𝑉
2

,
respectively. In Figure 9, 𝑉

2

/𝑉
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> 𝑉
2
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1
, and 𝑉

1
+ 𝑉
2
=

𝑉


1

+ 𝑉


2

, so the critical EB of the droplet in Figure 9(b)
was larger than that of Figure 9(a), which caused large error
between the experimental results and the theoretical data.

4. Summary and Conclusions

Here, the dynamic behaviors of contact lines onmicropillared
surfaces were investigated. A series of experiments were
performed to prove that droplet layer would be left behind
after droplet detached from pillars. Therefore, the wetting
area at the top of the pillars remained constant until the
droplet completely separated from these pillars. The contact

line changed into a ladder shape gradually and its shape
was changing with time, so that the wetting area and the
apparent contact angle were different at each instant. The
theoretical values with experimental results were compared
and analyzed by using force analysis of the receding contact
line. It was found that the energy barrier was an important
factor to construct a sliding angle model. Because of ignoring
the role of the energy barrier, the theoretical model was not
in accordance with experimental results, especially in small
area fraction.
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